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Mechanical and Electrical Properties of Graphene Oxide
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Abstract: Copper–tungsten (Cu-W) composites are widely used in high-power and -temperature
electrical applications. The combination of these metals, however, leads to compromised physical and
electrical properties. Herein, we produce Cu-W-graphene oxide (Cu-W-GO) composites to address
this challenge. To ensure uniform density composites, the as-received metal powders were flattened
into a flake morphology by ball milling and then mixed with up to 0.5 wt.% GO flakes. The green
forms were processed using spark plasma sintering. The GO was found to be well-dispersed amongst
the metallic phases in the final composite. The addition of GO reduced the relative density of the
composites slightly (4.7% decrease in relative density at 0.5 wt% GO loading for the composites
processed at 1000 ◦C). X-ray diffraction confirmed good phase purity and that no carbide phases
were produced. GO was found to improve the mechanical properties of the Cu-W, with an optimal
loading of 0.1 wt.% GO found for ultimate compression strength and strain to failure, and 0.3 wt.%
optimal loading for the 0.2% offset yield strength. Significantly, the electrical conductivity increased
by up to 25% with the addition of 0.1 wt.% GO but decreased with higher GO loadings.

Keywords: nanomaterials; metal matrix composites; mechanical testing; electrical conductivity

1. Introduction

Copper–tungsten (Cu-W) composites are used in electrical contacts, heat sinks in
high voltage power devices and arc-resistant electrodes due to their unique combination
of properties. In particular, Cu-W composites possess a high hardness, relatively good
electrical and thermal conductivities, a low thermal expansion coefficient, and high oxi-
dation, erosion and arc resistances at extremely high temperatures [1]. Cu-W composites
are produced typically by the high temperature infiltration of liquid Cu into a porous W
skeleton. This route, however, leads to poor uniformity of the microstructure and thus
to relatively low thermal and electrical conductivities due to scattering from defects and
voids [2,3]. It is also difficult to fabricate a fully dense Cu-W composite using this method,
leading to poor hardness and arc erosion resistance, limiting the operating life of high
voltage (e.g., 200 kV) switch gear made from such materials [1]. Hence, innovative methods
such as mechanochemical synthesis [4], powder injection moulding [5], mechanical alloy-
ing [6], spark plasma sintering [7], and novel additives such as graphene [8] are required to
improve the physical properties of the Cu-W composites for all applications.

Graphene, with its good mechanical and electrical properties [9], is potentially an
excellent reinforcement for Cu-W composites. Although progress in graphene reinforced
metal matrix composites (MMCs) is far behind that of polymer matrices [10–12], interest in

Materials 2022, 15, 7736. https://doi.org/10.3390/ma15217736 https://www.mdpi.com/journal/materials
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graphene-MMCs has grown rapidly over the last decade [13–19], with Al matrix compos-
ites [20–22] being the most researched. Powder metallurgy (PM) is the most widely used
route for producing graphene-MMCs [21,23–27] with other approaches including molecular
level mixing between carbon nanotubes [28] or graphene oxide and the metal ions [13,19],
chemical vapour deposition of or graphene on metal foils or powders [14,18,29] and elec-
trodeposition/electroless deposition [27]. Under the right conditions, graphene is found
to enhance the properties of the MMCs. For example, Li et al. [30] reported that graphene
oxide (GO) could be dispersed in the Al through a direct electrostatic interaction, to give
a 18% and 17% increase in elastic modulus and hardness upon the addition of 0.3 wt.%
GO. Dong et al. [31–33] improved the arc erosion properties, electrical conductivity and
mechanical properties of 70 wt.% W-30 wt.% Cu composites by adding reduced graphene
oxide (rGO). More recently, the same group has shown that precoating the graphene oxide
with tungsten carbide can control the interface between the Cu and graphene [34].

In this present study we explore a powder production route for Cu-W-GO composites
across a range of graphene concentrations. It is well known that there is an optimal
loading of graphene to enhance physical properties for both polymer and metal matrix
composites. However, previous research generally used a single graphene loading in a
given study to establish whether graphene can give benefits in Cu-W composites rather
exploring the role of the GO concentration in controlling the structure and properties
of the composite. Importantly, ball milling was used in this present study to flatten the
Cu and W flakes to ensure a good packing between the flakes and the GO in the green
composite. These dispersions were then processed using spark plasma sintering at 1000
and 1100 ◦C, temperatures chosen to be just below and the above the melting point of the
Cu. The microstructure of the resulting materials was characterised using a combination
of X-ray diffraction (XRD), Raman spectroscopy and electron microscopy as a function of
GO loading. The role of GO loading upon the microstructure, mechanical properties and
electrical properties of the composites was then established.

2. Materials and Methods

2.1. Composite Production

Cu and W powders were purchased from Beijing Youyan Powder New Materials
Company. Scanning electron microscopy (SEM) demonstrated that the Cu powders com-
prised dendritic aggregates with a primary particle size of 1–2 μm (Figure 1a), characteristic
of materials produced by the electrolysis production route [1]. The W had a polyhedral
morphology (Figure 1b), indicating it was produced by the reduction of tungsten oxides [2].
The W powders had a bimodal diameter distribution, with the modes at 2.5 μm and 0.5 μm.
Some nanoparticles were seen on the surface of W powders and were assumed to be
tungsten oxides.

GO suspensions with a concentration of 1 mg/mL in deionised water were prepared
using a modified Hummers method, as described elsewhere [35]. Electron microscopy
showed that the GO was primarily monolayer with the diameters of the flakes bimodally
distributed with modes at ~20 μm and ~7.5 μm. XPS showed that the C/O ratio in the GO
was 2.62.

Preliminary trials found that mixing the as-received materials resulted in a poor
dispersion of powder in the green composites (Figure S1). Hence, the as-received metal
powders were ball-milled to flatten them so that high packing densities could be achieved
during sintering (Figure 1d,c). The Cu and W powders were milled separately in a 500 mL
ZrO2 grinding jar using 2 mm ZrO2 grinding balls (ball-to-powder weight ratio of 20:1) at a
speed of 350 rpm (Retsch PM100) in an ethanol dispersant. A milling cycle of 5 min milling
followed by 15 min rest was used to prevent the temperature rising above the boiling point
of the ethanol. The powders were processed for a total milling time of an hour, which was
found to be the optimal time for obtaining flat, high aspect ratio flakes. The flakes were
collected and the mixed in a mass ratio of 20:80 Cu:W in ethanol and stirred for 15 min at
300 rpm. The mixed flakes were finally added to the GO suspension such that the final
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composites would have nominal loadings of 0, 0.1, 0.3 or 0.5 wt.% GO. This Cu-W-GO
mixture was stirred for a further 30 min at 300 rpm and then dried on a hot plate.

 

Figure 1. SEM images for raw (a) Cu, (b) W powders, (c) Cu flakes ball milled for 1 h, (d) W flakes
ball milled for 1 h, (e) the flattened Cu-W powders with GO flakes (darker area), (f) the final bulk
Cu-W-GO composite produced by SPS in the top and side view.

The Cu-W-GO mixtures were consolidated by SPS (FCT HPD 25; FCT Systeme GmbH).
Then, 50 g of the mixed Cu-W-GO powder was poured into a graphite mold lined with a
graphite foil so that the sample could be easily removed after processing. The green pellets
were heated initially from room temperature to the sintering temperature of either 1000 ◦C
or 1100 ◦C. When the sintering temperature had been reached, the ram applied a pressure
of 60 MPa for 5 min, after which the ram pressure was released, and the sample was cooled
to room temperature. A ramp rate of 50 ◦C/min was used for heating and cooling. No
loss of Cu was found for samples sintered at 1000 ◦C, whereas a little Cu was lost for the
samples sintered at 1100 ◦C due to evaporation.

2.2. Characterisation

The morphology and the size of the as-received and milled metal powders were
studied using scanning electron microscopy (SEM, Tescan Mira3 FEG-SEM). The relative
density of the composite samples was measured by using an Ohaus analytic balance
with a density determination kit based on Archimedes’ principle. Transmission electron
microscopy (TEM, FEI Tecnai TF30 FEG-TEM), SEM (ZEISS Sigma FEG-SEM) and Raman
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spectroscopy (Renishaw inVia Raman System with 633 nm HeNe laser), X-ray photoelectron
spectroscopy (XPS) were used to study the as-produced GO. These samples were prepared
by depositing a drop of an aqueous solution of the as-made GO onto the relevant sample
holder. SEM and Raman spectroscopy was also used to measure the morphology of
polished sections of the sintered composites, including the state of dispersion of GO in the
composite. X-ray diffraction (XRD, PANalytical X’Pert Pro X’Celerator X-ray diffractometer
with Cu Kα radiation (λ = 0.15418 nm) was used on the polished samples to identify the
phase of the sintered materials, including any potential interfacial carbides.

Nanoindentation (MTS nanoindenter XP) tests were conducted on the polished sam-
ples to determine the Young’s Modulus of the composites. For each sample, 64 points (an
array of 8 × 8) were indented with a spacing of 50 μm and a depth of 1000 nm, at a strain
rate of 0.05 s−1. Mechanical compression tests were conducted on the Cu-W-GO composites
using an Instron 5569 H1549 50 kN T300 static testing machine at room temperature. Pillar
samples with an aspect ratio of 1.5 (3 mm diameter, 4.5 mm height) were cut from SPS
bars using electrical discharge machining with their loading axis parallel to the extrusion
direction. These pillars were compressed uniaxially at a cross-head displacement rate of
0.3 mm/min until failure. The tests were performed using lubrication in order to minimise
friction between the pillar and the anvils. The load–displacement data from the load frame
were corrected for machine compliance prior to calculating the stress and strain.

The electrical conductivity of the samples was measured in the length direction using
a four-point probe. The spacing between the probes was 1.1 mm. The test specimens were
machined to around 15 mm (length) × 4 mm (width) × 2 mm (thickness) in dimensions
and the accurate size of the specimens measured using a spiral micrometer. The specimens
were polished with grinding paper (grit size P1200) before each test. For each GO loading,
three specimens were tested.

3. Results and Discussion

3.1. Morphology of the Metal Powders following Ball Milling

A uniform dispersion of the GO within the Cu and W powders is key to obtaining
good physical properties. However, it was difficult to produce the composites from the
as-received metallic powders due to topological incompatibility between the matrix and
the filler. Thus, wet ball milling was introduced to transform the as-received metal powders
into flakes. The Cu and W powders were milled for different times (10 min, 20 min, 30 min,
40 min, 50 min, 60 min, 120 min, 180 min and 240 min) and then examined using SEM.

The morphology of the Cu powders varied with the ball milling time and is illustrated
in Figures S2 and S3 at low and high magnification, respectively. The dendritic Cu powders
went through the processes of deformation, cold welding, squeezing, and finally fracturing
during the ball milling. The aim of the milling process in this work was to obtain flakes
with the maximum possible aspect ratio before fracture occurred such that the flakes had
a high, flat surface area to form an interface with the GO, whilst maintaining the good
mechanical properties of the metal. SEM analysis demonstrated that 60 min ball milling
was optimal and produced the largest and thinnest flakes, without fracture.

The morphology of the W powders also changed during the ball milling process
(Figures S4 and S5). Similar to the Cu, the W powders gradually experienced deformation,
cold welding, squeezing and fracturing steps during the ball milling process. However, due
to the bimodal powder diameter distribution, the morphological transformation was not
uniform within the W sample; the larger W polygonal powders flattened into flakes after
only 10 min milling, whereas the smaller W powder particle were flattened much slower
and finally became flakes after 40 min milling. The surface of the larger W powders became
very smooth after milling for 30 min whereas the surfaces of smaller powder particles was
smooth by 60 min. Above 60 min, cracks or defects started to form.

4
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3.2. Microstructure of the GO

TEM imaging and SAED demonstrated that the GO was predominantly monolayer
with some folding and wrinkling of the flakes (Figure 2a). SEM showed that the diameters
of the flakes were bimodally distributed with modes at ~20 μm and ~7.5 μm. Raman
spectroscopy showed the characteristic D and G bands at 1340 cm−1 and 1586 cm−1

(Figure 2b) upon a fluorescence background. The intensity of the D and G bands are
approximately equal which is characteristic of as-made GO [35].

 

Figure 2. Characterization of the as-produced GO: (a) TEM image of GO on lacey carbon film with
an inset showing a selected area electron diffraction (SAED) pattern, (b) Raman spectrum with the
characteristic D and G bands, and (c) an XPS survey spectrum and (d) an XPS C 1s spectrum.

As is shown in Figure 2c, only the C 1s and O 1s peaks were identified from the survey
XPS spectrum, indicating the absence of impurities. The functional groups of GO can be
analysed from the C 1s spectrum (Figure 2d). Based on Cao et al. [36], C 1s was assigned
to 284.8 eV, and composed of sp2 C, sp3 C, C-O, C=O, and O-C=O. Specifically, the C 1s
and O 1s accounted for 72.4 at. % and 27.6 at. %, respectively to give a C/O ratio of 2.62.
The atomic percentages of sp2 C, sp3 C, C-O, C=O, and O-C=O were 39.12%, 0.47%, 51.62%,
4.91%, and 3.87%, respectively.

Maintaining the structural integrity and high aspect ratio of the GO flakes is vital for
mechanical reinforcement. Ball milling of Cu, W and GO together was found to result in
folding and restacking of the GO. Instead, we added the GO suspensions to the powders
after all the ball milling steps had been completed.

3.3. Microstructure of the Cu-W-GO Composites

The Cu-W-GO composite bars produced by SPS were 20 mm in diameter and 14 mm
high (Figure 1f). The theoretical density for the unreinforced Cu-W is 15.15 g/cm3 whereas
the measured density of the sample sintered at 1000 ◦C was 13.9 g/cm3, giving a relative
density of 91.7% (Figure 3). The relative density decreased to 91.1%, 89.7%, and 86.4%
upon the addition of 0.1, 0.3 and 0.5 wt.% graphene, respectively. The relative density
for unreinforced composite at 1100 ◦C was significantly higher (97.5%) than that sintered
at 1000 ◦C but the addition to the graphene led to larger decrease in the relative density,
with a density of just 76.9% being obtained at 0.5 wt.% GO loading. Similar decreases in
relative density have been observed in metal matrix graphene composites produced by
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powder metallurgy which is due to the graphene frustrating the packing and sintering of
the powders, leading to the formation of pores [26]. The larger decrease in relative density
that we observed at the higher sintering temperature and with higher GO loadings may be
due to the GO keeping the structure more open, allowing Cu vapor to escape.

 

Figure 3. (a) Theoretical and experimental densities and (b) relative densities for the Cu-W matrix
composites with different loadings of GO, processed at 1000 ◦C and 1100 ◦C.

SEM images and EDS mappings of the Cu-W and Cu-W-0.1 wt.% GO composites
sintered at 1000 ◦C are shown in Figure 4 and Figures S6–S10, respectively. It can be seen
that the initial flake morphology was preserved during sintering, justifying the ball milling
processed used to flatten the powders prior to use. The phases are aligned perpendicular
to the direction of loading during the sintering processes. Furthermore, it was found that
the Cu and W were uniformly dispersed in the bulk composites with the Cu dispersed at
the grain boundaries of W and vice versa.

 

Figure 4. SEM micrographs for polished sections of (a,c) Cu-W and (b,d) Cu-W-0.1 wt.% GO sintered
at 1000 ◦C viewed parallel (a,b) and perpendicular (c,d) to the extrusion direction.
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The EDS results for the Cu-W and Cu-W-0.5 wt.% GO sintered at 1000 ◦C and 1100 ◦C
are shown in Figures S6–S10, including the SEM, the combined image, and the elemental
maps for Cu, W, O and C, and the integrated spectrum for the whole mapping area. Notably,
the C element was mapped for comparison with the composites with GO incorporated. In
general, the Cu and W phases were uniformly uniformly dispersedin the Cu-W sample,
with a good Cu continuous network. This was to the result of the Cu being able to flow
around the W during the processing at high temperature, leading to interconnection of
the phases. A few oxide particles, which probably formed during the high temperature
sintering process, are located at the grain boundaries of the W. The composition of the
mapping area was 77.3 wt.% W, 21.9 wt.% Cu, and 0.8 wt.% C, a little lower than the
nominal of Cu-W 20/80 ratio.

In comparison, more oxide particles were present in the Cu-W-0.5 wt.% GO composites.
GO rather than graphene was used to produce a good slurry and hence a better distribution
in the green pieces. However, GO is highly oxidative at high temperature, hence as it
was reduced during heating, it would have oxidised the metals. In addition, dispersion
of the phases in the 0.5 wt.% sample was less homogeneous than the Cu-W composite;
the continuity of the Cu in the composite is interrupted by the pores and the oxides. The
elemental composition of the composites was 63.8 wt.% W, 32.3 wt.% Cu, 2.1 wt.% C and
1.8 wt.% O. The percentage ratio of Cu-W is a little higher than the initial 20/80 and relative
high oxygen content is believed to be from the tungsten oxides as well as the GO.

The elemental distribution and microstructure for composites processed at 1100 ◦C is
very similar to the composites sintered at 1000 ◦C. A small difference is that the agglom-
eration is more severe for composites at 1100 ◦C than that at 1000 ◦C, especially for the
composite with higher loadings of GO such as 0.5 wt.%.

A good dispersion of the GO (at this stage reduced) in the final sintered Cu-W com-
posite is key in obtaining good physical properties. It is difficult to distinguish GO from
the matrix using either optical or electron microscopy. Thus, Raman spectroscopy was
used to confirm the existence and the dispersion of GO in the composite [21,37,38]. The
Raman spectrum of GO in the bulk composite after consolidation is shown in Figure 5a
(c.f. Figure 2b for the spectra from the as-received materials). The spectrum was fitted
by 3 Lorentzian type curves, D, G and D’, with positions at 1330 cm−1, 1587 cm−1 and
1614 cm−1 Raman shift, respectively. The D band results from a disordered structure
within the graphene [39], hence Raman spectroscopy is very useful for characterising the
disordered structure in sp2 hybridised carbon materials such as graphene [36]. The G
band is from the stretching of the C-C bond in graphene materials and is common to all
sp2 hybridised carbon materials. The G band can, however, split into two bands, G band
and D’ band, when defects are randomly distributed in the graphene. This splitting is
mainly due to the interaction between the localised vibrational modes of the defects and
the extended phonon modes of graphene. The D/G band intensity ratio of the processed
GO is about 2.28, much higher than that of the as-produced material (Figure 2b), indicating
that composite sintering process introduced defects into the GO [39]. A similar increase in
the D/G ratio has been reported upon the ball milling of GO thought also to be due to the
introduction of defects [40]. Considering the complicated nature of the G band region, the
D band was used as a reference for the Raman mapping. The Raman mapping results are
shown in Figure 5b–d, displaying the dispersion of GO in the composites sintered under
1000 ◦C and 1100 ◦C, respectively. These maps confirm that the GO uniformly dispersed in
the Cu-W matrix composites.

3.4. Phase Purity

XRD patterns for the composites sintered at 1000 ◦C and 1100 ◦C are shown in Figure 6,
in the 2θ range between 10◦ and 90◦. In this region, some main Bragg reflections from W
and Cu are present and labelled in the plots, including W (110), W (200), W (211), W (220),
Cu (111), Cu (200), and Cu (220). There are also some reflections from WO3. The relative
peak intensity of Cu is lower at 1100 ◦C than that at 1000 ◦C, which is in agreement with
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the partial loss of Cu when processed at 1100 ◦C. Finally, the relative peak intensity for
WO3 increases with higher loadings of GO and higher processing temperatures, due to the
scavenging of the oxygen from the GO.

 

Figure 5. (a) Raman spectrum for a Cu-W composite with GO, including the raw spectrum and the
curves for the fit spectrum, the baseline, D, G and D’ spectra. Raman mapping of the D band for
Cu-W matrix composite with (b) 0.3 and (c) 0.5 wt.% GO sintered at 1000 ◦C. Raman mapping (d) for
Cu-W matrix composite with 0.3 wt.% GO sintered at 1100 ◦C.

 

Figure 6. XRD spectra for Cu-W matrix composites with different loadings of GO, sintered at
(a) 1000 ◦C and (b) 1100 ◦C. The labelled peaks are from W and Cu, and the other unlabelled peaks
are from WO3, with the main reflection from WO3 is highlighted to the dotted boxes. Figure S11
gives the reference X-ray reflections for Cu, W and WO3.
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3.5. Mechanical Properties

The Young’s modulus the materials was determined using nanoindentation. SEM
rather than optical microscopy was used to evaluate the results of the nanoindentation tests
due to small indents being produced from such a stiff material. The 8 x 8 arrays from the
tests and higher magnification micrographs of typical indents can be seen in Figure 7. The
indents that were found to be near defects were excluded from the analysis. To summarise
the properties derived from the two samples examined (Cu-W and Cu-W-0.1 wt.% GO),
the Young’s modulus results obtained from the nanoindentation tests are also shown in
Figure 7. The mean value of the Young’s modulus of the Cu-W is 218 ± 89 GPa, which
increases to 229 ± 55 GPa for the Cu-W-0.1 wt% GO. These values compare will those
reported in the literature. For example, modulus values of between 160–190 GPa have been
reported for a 25:75 Cu:W composite processed in the temperature range 1050–1150 ◦C [41].
The modulus appears to increase slightly upon the addition of 0.1 wt.% GO but this may
not be significant when the errors are considered.

 
Figure 7. SEM image for the (a) Cu-W sample showing the whole indented area, and (b) one
selected indent; SEM image for the (c) Cu-W-0.1 wt.% GO sample showing the whole indented
area, and (d) one selected indent. (e) Values of the Young’s moduli of the Cu-W and Cu-W-0.1 wt.%
GO materials.

Representative compressive stress–strain curves for all eight different production and
sintering conditions are shown in Figure 8. Since the curve in the elastic region is not quite
linear a 0.2% offset yield strength (YS) was used. The mean ultimate compressive stress
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(UCS) for Cu-W sintered at 1000 ◦C is 1095 ± 42 MPa, with a corresponding mean strain at
failure of 18.3 ± 2.1%. Upon the addition of 0.1 wt.% GO, the compressive strength of the
composite increased to 1228 ± 45 MPa and the strain to failure increased to 20.6%. However,
at higher GO loadings the UCS and strain to failure dropped, with the GO embrittling
the metal matrix composite. The GO did, though, improve the 0.2% offset yield strength
compared to that of the control composite at all loadings studied for a 1000 ◦C processing
temperature. However, this improvement in 0.2% offset yield strength was optimal for
0.3 wt.% GO, where it increased by 38% to 560 MPa.

Figure 8. (a,b) Compressive stress–strain curves for samples with loadings of 0, 0.1, 0.3, and 0.5 wt.%
GO at 1000 and 1100 ◦C, respectively. Each curve in the plot is the most representative one for each
sample. The pillars tested had a diameter of 1.5 mm and height of 4.5 mm and 8 specimens were
tested for each composition. (c) 0.2% offset yield strength, (d) Ultimate compressive stress (UCS) and
(e) strain at UCS for Cu-W matrix composites with different loadings of GO produced by SPS at 1000
and 1100 ◦C.
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The processing temperature had a significant role in the mechanical performance
of the composites. Both Cu-W and Cu-W-0.1 wt.% GO processed at 1100 ◦C showed
mechanical properties superior to all samples processed at 1000 ◦C. For example, Cu-W
sample processed at 1000 ◦C possessed an ultimate compressive stress of 1095 MPa and
a strain to failure of 18.3%, whereas the Cu-W sample sintered at 1100 ◦C had values of
1477 MPa and 24.3%, respectively. The values of UCS compare well with those reported
in the literature for Cu-W composites of a similar composition [42]. However, there was
significant embrittlement with a smaller plastic region for composites with 0.3 and 0.5 wt.%
GO at 1100 ◦C with the degree of embrittlement increasing with increasing temperature.
Interestingly, the Cu-W-0.3 wt.% GO samples had the optimal yield stress, regardless of the
sintering temperature used. For the 1100 ◦C sintered sample, the 0.2% offset yield strength
increases to 680 MPa which more than a 50% increase compared with the Cu-W sample.

3.6. Electrical Properties

A four-point probe measurement was used to measure the electrical conductivity of
the Cu-W-GO composites (Figure 9). The spacing for each probe was 1.1 mm, which is
much larger than the length of the 1000 ◦C Cu-W phase domains, meaning the results
should be typical for the whole composite. The electrical conductivity for composites with
0.1 wt.% GO was higher than the unreinforced sample, with improvements of 25% and 16%
at sintering temperatures of 1000 and 1100 ◦C, respectively. However, the conductivity for
composites with 0.3 wt.% and 0.5 wt.% was significantly lower. The effects of GO loading
for the electrical conductivity are similar to the ultimate compressive stress and strain. As
revealed by EDS and XRD previously, more oxides (WO3) are formed at higher loadings,
which have much lower electrical conductivity than Cu. In addition, the Cu network may
be disrupted by these oxides. Finally, more porosity is found (from both relative density
and SEM results) in the composites with higher GO loadings, making electron flow less
efficient in the composites.

 

Figure 9. The measured electrical conductivity of samples as function of GO loading and sintering
temperature. Additionally, shown are the conductivities reported in [8].

The electrical conductivity results for the Cu-W matrix composites are also compared
to the conductivity from Dong et al. [8] in Figure 9. As can be seen, that the conductivity
of the composites produced in this work with and without GO is higher than that in their
work, possibly due to the ball milling route used allowing a better Cu pathway to be
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obtained. Further improvements in performance might be obtained through the use of
metal-doped reduced GO as demonstrated in a recent study upon arc-erosion resistance in
similar materials [43].

4. Conclusions

We have demonstrated that flake powder metallurgy can be successfully employed
to produce Cu-W matrix composites with different loadings of GO (0.1, 0.3, 0.5 wt.%) and
at different sintering temperature (1000, 1100 ◦C). The wet ball milling of the as-received
flakes was found to flatten them without causing significant fracture, overcoming the
morphology incompatibility between the as-received metal powders and GO flakes. This
procedure enabled Cu-W composites with densities of 91.7% and 97.5% to be obtained at
1000 and 1100 ◦C, respectively, with the latter higher due to the Cu being molten during
processing. The addition of the GO reduced the density, due to frustrated packing and
the introduction of oxides. However, the density of the 1000 ◦C sintered Cu-W composite
dropped by only 5.35% at a 0.5 wt.% GO loading, while the decrease was much higher
(20.6%) for the composite sintered at 1100 ◦C. X-ray diffraction and EDS showed good
phase purity, with the content of undesirable oxides increasing with GO loading and
sintering temperature. Raman spectroscopy confirmed that the GO was reduced but had
survived the sintering process and a good dispersion was achieved even at loadings up
to 0.5 wt.% GO. Compression testing found that the composites sintered at 1100 ◦C has
better mechanical properties compared with the composite sintered at 1000 ◦C due to the
higher density at low levels of GO loading. GO was found to improve the mechanical
properties, with an optimal loading of 0.1 wt.% loading found for ultimate compressive
stress (UCS) and strain to failure and 0.3 wt.% optimal loading for the 0.2% offset yield
strength. For higher GO loadings (>0.3 wt%) the strength of the composite was reduced
due to an increase in porosity. The electrical conductivity increased with the addition
of 0.1 wt.% GO but then decreased at higher loadings. Overall, 0.1 wt.% GO sintered at
1100 ◦C is considered to be the best composition since the conductivity, yield strength, UCS
and strain at the UCS are all improved.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15217736/s1, Figure S1. SEM of the green composite formed
by mixing the as-received materials mixed in a ratio of Cu20W80-0.1 wt.% GO. Figure S2. SEM
micrographs for Cu powders after ball milling for 10, 20, 30, 40, 50, 60, 120, 180 and 240 min.;
Figure S3. SEM micrographs at high magnification for Cu powders after ball milling for 10, 20, 30, 40,
50, 60, 120, 180 and 240 min.; Figure S4. SEM micrographs for W powders after ball milling for 10,
20, 30, 40, 50, 60, 120, 180 and 240 min.; Figure S5. SEM micrographs at high magnification for W
powders after ball milling for 10, 20, 30, 40, 50, 60, 120, 180 and 240 min.; Figure S6. EDS mapping for
Cu-W flake powders with 0.1 wt.% GO: SEM image, SEM image combined with elemental mapping,
elemental mapping for Cu, W, C and O.; Figure S7. EDS results for Cu-W sintered at 1000 ◦C,
including a secondary electron image, EDS layered image, elemental maps for W, Cu, O, and C, EDS
map sum spectrum.; Figure S8. EDS results for Cu-W with 0.5 wt.% GO sintered at 1000 ◦C, including
a secondary electron image, EDS layered image, elemental maps for W, Cu, O, and C, EDS map sum
spectrum.; Figure S9. EDS results for Cu-W sintered at 1100 ◦C, including a secondary electron image,
EDS layered image, elemental maps for W, Cu, O, and C, EDS map sum spectrum.; Figure S10. EDS
results for Cu-W with 0.5 wt.% GO sintered at 1100 ◦C, including a secondary electron image, EDS
layered image, elemental maps for W, Cu, O, and C, EDS map sum spectrum; Figure S11. X-ray
diffraction reference data for the Cu, W and WO3.
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Abstract: Lithium-ion capacitors (LICs) have drawn increasing attention, due to their appealing
potential for bridging the performance gap between lithium-ion batteries and supercapacitors. Espe-
cially, dual-carbon lithium-ion capacitors (DC-LICs) are even more attractive because of the low cost,
high conductivity, and tunable nanostructure/surface chemistry/composition, as well as excellent
chemical/electrochemical stability of carbon materials. Based on the well-matched capacity and
rate between the cathode and anode, DC-LICs show superior electrochemical performances over
traditional LICs and are considered to be one of the most promising alternatives to the current
energy storage devices. In particular, the mismatch between the cathode and anode could be further
suppressed by applying carbon nanomaterials. Although great progresses of DC-LICs have been
achieved, a comprehensive review about the advances of electrode materials is still absent. Herein,
in this review, the progresses of traditional and nanosized carbons as cathode/anode materials for
DC-LICs are systematically summarized, with an emphasis on their synthesis, structure, morphology,
and electrochemical performances. Furthermore, an outlook is tentatively presented, aiming to
develop advanced DC-LICs for commercial applications.

Keywords: lithium-ion capacitor; nanocarbon; carbon nanomaterial; dual-carbon electrode;
high energy/power density

1. Introduction

Rechargeable energy storage systems are indispensable energy supply components
for consumer electronics, electric vehicles, and smart grids [1–5]. More importantly, the
reduction of greenhouse gas and the effective utilization of sustainable and clean, but
intermittent, solar and wind energy also depend on the development of high-performance
energy conversion and storage systems [6–9]. Generally, lithium-ion batteries (LIBs) and
supercapacitors (SCs) are the two commonly used energy storage devices and exhibit
different electrochemical performances, due to the different energy storage mechanisms.
LIBs store/release energy through lithium ions rocking back and forth reversibly between
a cathode and anode via a Faradaic reaction, thereby delivering high energy density and
high working voltage, as well as low self-discharge [10–12]. By contrast, SCs have the
advantages of high power density and long cycling life, based on a fast, non-Faradaic
adsorption/desorption mechanism [13]. Nevertheless, both LIBs and SCs have their own
shortcomings. For example, LIBs suffer from inferior power performance and limited
lifespan, which are ascribed to the severely sluggish Li+ diffusion in the bulk electrode
and structural degradation during repeated charge/discharge processes, respectively [14].
As for the SCs, the physically electrostatic ion adsorption at the electrode/electrolyte
interface coupled with small working voltage results in relatively lower energy density,
thus hindering their further applications [15]. Therefore, there is an urgent need to develop
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high-performance energy storage devices that can combine the high energy/working
voltage of LIBs with the high power/long lifespan of SCs.

To solve the above-mentioned disadvantages of LIBs and SCs, lithium-ion capacitors
(LICs, also named lithium-ion hybrid supercapacitors) offer a promising solution by inte-
grating the advantages of LIBs and SCs into one system. LICs possess not only higher power
density than LIBs and other conventional batteries, but also higher energy density than SCs
(Figure 1a). As for the typical device configuration, LICs are composed of a capacitor-type
electrode from SCs as the cathode to ensure high power output and a battery-type electrode
from LIBs as the anode to provide high energy density (Figure 1b) [16]. Lithium salts
dissolved in organic solvents are commonly adopted as the electrolytes, delivering a wide
working voltage [17]. Compared with LIBs and SCs, LICs follow a hybrid energy storage
mechanism. During the charge/discharge process, lithium ions intercalate/de-intercalate
into/from the anode through a redox reaction, while anions absorb/desorb onto/from
the cathode through formation of an electric double layer at the electrode–electrolyte in-
terface [18]. It is noted that LICs could deliver a much higher output voltage than that
of SCs because the anode and cathode work in different potential regions [19]. Therefore,
LICs with a hybrid cell configuration can well-bridge the performance gap between LIBs
and SCs. Benefiting from the high energy and high power density, LICs have shown great
potential in start power, electric vehicles, and frequency modulation in grid and large-scale
energy storage systems. So far, LICs have received intensive research interest from both the
academic and industrial communities.

 

Figure 1. (a) Ragone plot of various energy storage devices. Reproduced with permission from
Ref. [20]. Copyright 2014, American Chemical Society. (b) The configuration and energy storage
mechanism of LICs.

Since the electrochemical performances of LICs are significantly influenced by the
capacity, rate capability, operation potential, and cycling stability of both the anode and
cathode, developing advanced electrode materials is of great importance [17,21,22]. Notably,
nanostructured materials have a positive effect on the electrochemical properties of an
electrode. For example, a nanosized anode has a better rate, has a longer cycling life,
and is a better match with the cathode in kinetics. On the other hand, a cathode with
rationally distributed nanoscaled pores has a higher capacity. So far, various cathode and
anode materials with stable structure, tailorable microstructure, and rich surface chemistry
and matched properties have been investigated in LICs. The capacitor-type cathode is
expected to ensure high power and long-term durability, so that porous carbon materials
with high electrical conductivity, large specific surface area (SSA), and rich nanosized pores
are commonly adopted [22]. To realize high energy and power density, nanosized carbons,
such as graphene, carbon nanotubes (CNTs), and their composites with inherently high
conductivity and large SSA, have commonly been investigated recently because of the high
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capacity and excellent rate [23,24]. As compared with the cathode, the battery-type anode
materials are the key components to supply high energy. According to the lithium storage
mechanisms, anode materials can be roughly divided into three categories: intercalation-
type materials (carbonaceous materials, Ti/Nb-based compounds, etc.), conversion-type
materials (metal oxide/sulfide/nitride, etc.), and alloying-type materials (Si/Sn-based
materials, etc.) [25–29]. LICs using non-carbon materials as anodes usually deliver one
superior property at the cost of other performances. For instance, LICs with Ti/Nb-based
anodes show high power density and excellent cycling stability, due to their fast Li+

intercalation/de-intercalation rate and stable structure [30–32]. However, they have a
lower specific capacity and higher Li+ insertion/de-insertion potential than other anodes,
leading to unsatisfactory energy density. Although LICs based on conversion/alloying-
type anodes could realize high energy density, their intrinsically low conductivity and large
volume change during charge/discharge process always result in poor power density and
limited cycling life [33–36]. To overcome the above-mentioned drawbacks of non-carbon
anodes, developing nanostructured materials, introducing defects, and compositing with
nanosized carbons are typically the adopted strategies to enhance the conductivity and/or
suppress the volume change [37–39]. Under these circumstances, carbon anodes have
drawn inceasing attention because carbon possesses many superior properties over others.
The excellent electrical conductivity, relatively high capacity, and stable structure of carbon
materials enable LICs with not only high energy/power densities, but also outstanding
cycling stability. In addition, the abundant resources, mature material production, and
device fabrication technologies of carbon-based materials could promote their commercial
application in LICs at a low cost.

Compared with non-carbon anode materials, the carbon anode could well-match with
the porous carbon cathode, in terms of capacity, rate, and cycle life. Therefore, tremendous
efforts have been devoted to developing dual-carbon lithium-ion capacitors (DC-LICs) by
adopting carbon materials as both the cathode and anode (Figure 2). Similar to the typical
LICs, cathode materials for DC-LICs are activated carbon (AC), biomass/polymer-derived
porous carbons, and nanosized carbons (graphene, CNTs, and composites) [23,40–42]. The
anode materials of DC-LICs include traditional carbon materials (graphite, hard carbon,
and soft carbon), and nanosized carbons (graphene, CNTs, graphdiyne, and their com-
posites) [22,37,43]. Benefitting from the low cost, abundance in raw materials, tunable
surface chemistry and composition, adjustable structure and morphology, and excellent
physical/chemical/electrochemical stability of carbon materials, DC-LICs have demon-
strated superior electrochemical performances. It should be noted that nanocarbon-based
DC-LICs show superior electrochemical properties over the traditional carbons because of
the enhanced capacity and rate capability [13,19,44]. During the past two decades, great pro-
gresses of electrode materials, electrolytes, cell configuration, and pre-lithiation technology
for LICs have been achieved and extensively reviewed [22,24,45–47]. However, a systemat-
ical summary of the advances in electrode materials for DC-LICs is highly needed [48,49].
Therefore, in this review, the latest progresses of electrode materials ranging from tradi-
tional carbons to novel nanosized carbons for DC-LICs are comprehensively overviewed.
The material synthesis, structure, morphology, electrochemical performance, and merits
and demerits are particularly discussed, aiming to develop high-performance carbon-based
electrode materials for industrial-scale applications. Furthermore, the outlooks for DC-
LICs are tentatively presented. This review will provide some constructive guidelines for
fabricating advanced DC-LICs for both the scientific community and industry.
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Figure 2. Typical carbon cathode and anode materials for DC-LICs.

2. Progresses of Carbon Materials as Cathode for DC-LICs

Based on the energy storage mechanism of fast ion adsorption/desorption at the
electrode/electrolyte interface, the capacitor-type cathodes are expected to provide high
power density and ensure long-term durability in LICs. Bearing this in mind, porous
carbon materials with high SSA, rich interconnected pores, excellent electrical conductivity,
and stable structure are investigated as cathodes. Thus, traditional porous carbons (AC,
biomass/polymer-derived porous carbon) and novel nanosized carbons (graphene, CNTs
and their composites) are commonly adopted. The typical examples are summarized in
Table 1.

Table 1. Typical carbon cathodes and the electrochemical performances of DC-LICs.

Carbon Cathodes Performances of DC-LICs

Ref.
Materials

Specific
Capacity

(mAh g−1)

Rate Capability
(mAh g−1)

Voltage (V)
Maximum

Energy Density
(Wh kg−1)

Maximum
Power Density

(kW kg−1)

Cycling
Stability

Commercial AC
(YP-50F) 48 35 @ 1 A g−1 2.0−4.0 73.0 / 85% after 1000 cycles [50]

KHPC−K 100.5 75 @ 10 A g−1 0.01–4.0 169.0 97.0 77.7% after 5000 cycles [51]
NHCN-2 125 98 @ 15 A g−1 2.0–4.5 146.0 52.0 91% after 40,000 cycles [52]
LPCs-3 80 26 @ 10 A g−1 2.0–4.0 97.0 11.4 92.3% after 5000 cycles [53]

DPC-MK 149 69 @ 50 A g−1 1.0–4.2 160.6 39.7 95.6% after 8000 cycles [54]
0.1-BNC 113 63 @ 10 A g−1 0.02–4.5 220.0 22.5 81% after 5000 cycles [55]

S-NPC-40 95.9 43.2 @ 10 A g−1 0–4.0 176.1 20.0 82% after 20,000 cycles [56]
CHPC 132 100 @ 8 A g−1 0.01–4.2 220 66.9 70% after 3000 cycles [57]

N/S-CNF0.25 133 102 @ 10 A g−1 1.0–4.3 154.0 18.6 92% after 6000 cycles [58]
PHNCNB 72 51 @ 10 A g−1 1.0–4.0 148.5 25.0 90% after 8000 cycles [59]
NHPCS 74 64 @ 5 A g−1 0–4.2 151.0 10.7 96.3% after 3000 cycles [60]
NCNs-2 115 62 @ 10 A g−1 0–4.5 218.4 22.5 84.5% after 10,000 cycles [61]

BNC 75.2 51.4 @ 5 A g−1 1.0–4.0 115.5 10.0 71.6% after 2000 cycles [62]
ANCS 113 67 @ 10 A g−1 0–4.5 206.7 22.5 86.6% after 10,000 cycles [63]

NPCS-1 97.4 51.3 @ 10 A g−1 0–4.0 135.6 10.0 82% after 10,000 cycles [64]
NPCNF 122 53 @ 100 A g−1 1.0–4.3 143.0 45.0 83.1% after 10,000 cycles [65]
URGO 35 29 @ 1.1 A g−1 2.0–4.0 106.0 4.2 ~100% after 1000 cycles [66]
PRGO 171 92.3 @ 8.71 A g−1 0.01–4.0 262.0 9.0 91% after 4000 cycles [67]
NGF-0 82 61 @ 8 A g−1 1.0–4.0 147 48.9 87% after 10,000 cycles [68]
GPC 95 40 @ 5 A g−1 0–4.2 142.9 12.1 88% after 5000 cycles [18]
SGCs 257.1 147.7 @ 6 A g−1 0–4.0 249.9 19.62 95.4% after 10,000 cycles [69]

A-N-GS 104 57 @ 5 A g−1 0–4.5 187.9 11.25 93.5% after 3000 cycles [70]
MRPG/CNT 108 83.3 @ 5 A g− 1 0–4.5 232.6 45.2 86% after 5000 cycles [71]

Zn90Co10-APC 118.8 50 @ 5 A g− 1 2.0–4.0 108 15.0 86% after 10,000 cycles [72]
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2.1. Traditional Porous Carbon Cathode
2.1.1. Activated Carbon

As a conventional porous carbon material used in SCs, AC has the advantages of
acceptable SSA, porous structure, low cost, and mature fabrication technology. Typically,
ACs are prepared from carbon-rich materials through activation with KOH, H3PO4, ZnCl2,
H2O, and/or CO2 at high temperature [73]. In the early studies of LICs, AC was usually
used as the cathode. For example, the first protype of LIC was fabricated with AC as
the cathode and nanostructured Li4Ti5O12 as the anode [74]. The obtained asymmetric
hybrid system shows high energy density, an extended cycle life, and fast charge/discharge
capability. Later, several groups developed DC-LICs by pairing AC with graphite [75],
hard carbon [40,76], or graphene [77]. However, conventional ACs still suffer from low
capacity and poor rate capability, due to small SSA and low conductivity, resulting in
inferior energy and power densities. Hence, it is highly urgent to develop advanced ACs
with high conductivity and desired microstructure.

To further improve the capacity and rate of AC, compositing with nanosized carbons
is a feasible method. For example, Ma et al. designed graphene/activated carbon (G/AC)
composites through a fast, self-propagating, high-temperature synthesis (SHS) process,
which combined the advantages of the two components [78]. The conductivity of the
prepared G/AC was largely enhanced from 389 to 2941 S m−1, and a remarkable rate
performance with 84% capacity retention at 10 A g−1 was achieved, compared with 65%
for pure AC. Based on this cathode, the assembled LICs with graphene/soft carbon anode
demonstrated a greatly improved energy density of 152 Wh kg−1 and power density of
18.9 kW kg−1.

2.1.2. Biomass-Derived Porous Carbon

Recently, biomass-derived porous carbons (BDPCs) are emerging as cost-effective elec-
trode materials for DC-LICs, due to their abundance, renewability, and sustainability [53,79].
Biomass is an economical and environmentally friendly raw material for preparing porous
carbon and has the following merits: (1) the diversity of biomass with different nanostruc-
ture and morphology provides many choices for preparing porous carbon with desired
electrochemical performances; (2) the inherent ordered porous structure of biomass facili-
tates the activation process to form porous carbon with high SSA and large pore volume;
(3) the heteroatom doped porous carbon could be facilely realized via a self-doping strat-
egy [80–82]. Particularly, heteroatom doping has multiple advantages. The study by Lee
et al. revealed that heteroatom doping is beneficial to the betterment of electrical conduc-
tivity and pore generation, which eventually enhances the electrochemical properties of
carbonaceous materials [83].

Similar to conventional ACs, BDPCs are commonly prepared via a typical carboniza-
tion and activation processes [51,84]. Additionally, BDPCs have porous morphology, stable
structure, heteroatom dopants, and high conductivity, endowing SCs or LICs based on
them with high energy/power density and good cycling stability [82,84,85]. Several works
have explored agricultural waste-derived porous carbons in LICs by pairing with non-
carbon anodes, which demonstrate that BDPCs could serve as excellent cathodes [86–90].
Then, the applications of BDPCs in DC-LICs were investigated. Wang et al. prepared a
sponge-like carbon (SLC) from gulfweed through KOH activation and used as electrode
material for DC-LICs (Figure 3a) [91]. As shown in Figure 3b, the obtained sample exhib-
ited a sponge-like structure with rich porosity. Benefiting from the astonishing structure,
rational pore size distribution (PSD), and heteroatom doping, the optimized device with
SLC as both cathode and anode delivered a high energy density of 127 Wh kg−1 and
a peak power of 33.57 kW kg−1 (Figure 3c). More importantly, an ultra-stable cycling
performance with 99% capacity retention was achieved after 100,000 cycles (Figure 3d).
Ma et al. reported a cathode of N-doped hierarchical carbon nanolayer (NHCNs) through a
facile, one-step template carbonization/activation from naturally abundant and renewable
chitosan biomass [52]. NHCNs has a high capacity of 125 mAh g−1, which could be as-
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cribed to its hierarchically porous structure with large SSA (2350 m2 g−1) and high nitrogen
doping level. Moreover, DC-LICs based on NHCNs show a maximum power density of
52 kW kg−1 and an ultra-long cycling life of 40,000 cycles. Anyway, graphene is commonly
introduced to further enhance the conductivity of BDPCs by forming composites, aiming to
achieve higher specific capacity and better rate capability [86,92,93]. It should be noted that
biomass-derived carbons have the disadvantages of uncontrollable impurity and element
composition, due to the diversity of raw materials. Tedious post treatment is usually
needed to obtain products with high purity and good batch stability.

 

Figure 3. (a) Schematic illustration of the preparation process of SLC; (b) SEM image of SLC;
(c) Ragone plots and (d) cycling stability of DC-LICs based on SLC electrodes. Reproduced with
permission from Ref. [91]. Copyright 2019, American Chemical Society.

2.1.3. Polymer-Derived Porous Carbon

Porous carbon materials could also be prepared through pyrolysis and the activation
of polymers. Compared with the uncontrollable impurity and element composition of
biomass-derived carbons, polymers could be designed and adjusted from the precursors,
so that the structure and composition could be well-controlled. Thus, polymer-derived
porous carbons receive increasing interests in energy storage devices [41,94]. For instance,
Hung et al. designed a hierarchical porous activated carbon (H-HPAC) material through
pyrolysis of polyvinylpyrrolidone (PVP)-derived hydrogel, using K2CO3 as both the initia-
tor for hydrogel formation and the activator [95]. In the preparing process, the numerous
water molecules captured within the PVP function as a green template during the forma-
tion of hydrogel, making this method a facile and eco-friendly strategy to design highly
porous carbon. As a cathode, H-HPAC demonstrates a capacitance of 128.7 F g−1, due to
its high SSA (2012 m2 g−1) and large pore volume (1.16 cm3 g−1). Wang et al. proposed a
nitrogen-doped activated porous carbon by carbonization and activation of polypyrrole [96].
The product has a hierarchically porous structure with plenty of mesopores created by
surfactant and micropores generated by activation. The all-carbon LIC delivers a high
energy density of 167 Wh kg−1, which still remains 88.9 Wh kg−1 at an ultrahigh power
density of 13.2 kW kg−1. Similarly, Ajuria et al. reported an activated carbon from furfuryl
alcohol-based polymer by a process of polymerization, carbonization, and activation [97].
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The obtained cathode material showed a sponge-like surface with high SSA and broad pore
distribution. Combined with a hard carbon anode made from the same furfuryl alcohol-
derived polymer, the obtained DC-LICs offer a medium energy density of 110 Wh kg–1 at
7 kW kg–1 and keep 50 Wh kg–1, even at an ultrahigh power of 50 kW kg–1 (discharge in
less than 10 s). Although polymer-derived porous carbons have demonstrated advantages
over biomass, in terms of purity and controllable composition, the high cost and tedious
synthesis process should not be ignored.

As a class of organic porous polymers, conjugated microporous polymers (CMPs),
covalent organic frameworks (COFs), and their derivatives have been applied in various
energy storage devices [98–103]. CMPs and COFs have the merits of well-defined crystal
structure, plenty of nanopores, large SSA, and rich heteroatoms, making them the ideal
platform to prepare high-performance carbon materials [104,105]. Therefore, CMPs and
COFs could serve as excellent precursors to prepare self-doping porous carbons via a simple
pyrolysis process. CMPs/COFs-derived porous carbons have been successfully used as
electrode materials in LIBs and SCs [106–109]. However, there are very few reports covering
the application of CMPs/COFs-derived porous carbons in LICs or DC-LICs. Hence, more
efforts could focus on this field in future research.

2.2. Nanosized Carbon-Based Cathode

Traditional AC and biomass/polymer-derived porous carbons usually suffer from
low capacity, due to too many inaccessible micropores, resulting in inferior energy density.
Moreover, their amorphous structure with numerous pores and defects leads to low elec-
trical conductivity and, thus, poor power output. Therefore, nanosized carbons, such as
graphene, CNTs, and their composites, are emerging as excellent cathodes for DC-LICs
because of their inherently high conductivity and large theoretical SSA.

2.2.1. Graphene-Based Cathode

Graphene, as a novel two-dimensional (2D) nanosized carbon material, has drawn
intensive attention, ever since its discovery and has found numerous applications in energy
conversion and storage [110–112]. Graphene possesses the following advantages. First
of all, the layered structure with long-range conjugation endows graphene with large
SSA, high electrical conductivity, and outstanding mechanical strength [113]. Anyway, the
rich surface chemistry coupled with the 2D structure also makes graphene an excellent
substrate for forming composites with other materials [13,114,115]. As a result, graphene-
based materials have been adopted as an excellent cathode in LICs [23,24].

Graphene oxide (GO) is an appealing precursor of graphene-based cathode. GO can be
easily dispersed in polar solvent, due to the abundant oxygen-containing groups on the sur-
face or at the edge [116]. Moreover, the oxygen-containing functional groups could provide
extra capacity via redox reaction [111]. Generally, GO should be reduced by high tempera-
ture, hydrothermal reaction, or reductants to recover the conjugation structure before being
used as cathode [66,67,117]. After the treatment, the reduced GO demonstrates enhanced
electrical conductivity. Besides the typical double-layer adsorption/desorption charge stor-
age, the remaining functional groups exhibit reversible Li+ binding and facilitate electrolyte
infiltration, which largely improves the specific capacity and rate capability [66]. Several
reports have explored the application of reduced GO-based cathodes in LICs [118–121]. As
a typical example, Dubal et al. prepared a partially reduced GO (PRGO) by thermal anneal-
ing [67]. The obtained sample presented three-dimensional (3D) interconnected networks
with open-porous nanosheets, which is expected to contribute a fast charge/discharge rate
(Figure 4a). Moreover, the partial reduction strategy maintains a substantial amount of
C=O redox groups, which could undergo redox reaction with consequent Li+ uptake [122].
Accordingly, PRGO shows an astonishing capacity of 171 mAh g−1, with an excellent rate
of 92.3 mAh g−1 at 8.71 A g−1 (Figure 4b). The DC-LICs using PRGO as cathode deliver an
ultrahigh energy density of 262 Wh kg−1, which keeps 78 Wh kg−1 at a high power density
of 9 kW kg−1 (Figure 4c).
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Figure 4. (a) FESEM of PRGO (inset shows TEM image); (b) Rate capability of PRGO; (c) Ragone
plot for PRGO-based LICs. Reproduced with permission from Ref. [67]. Copyright 2018, Elsevier.
(d) Schematic showing the microwave exfoliation/reduction of GO and the following chemical activa-
tion of MEGO with KOH; Images of (e) high-resolution SEM, (f) ADF-STEM and (g) high-resolution
phase contrast electron micrograph of a-MEGO. Reproduced with permission from Ref. [110]. Copy-
right 2011, American Association for the Advancement of Science. (h) Charge/discharge curves for
a-MEGO/graphite LICs at various current densities. Reproduced with permission from Ref. [123].
Copyright 2012, Royal Society of Chemistry.

However, the reduced GO suffers from small SSA and poor conductivity because of the
unavoidable sheet restacking and incomplete recovery of the conjugation structure, result-
ing in inferior electrochemical performance. Therefore, highly porous graphene cathodes
with higher conductivity and larger SSA are developed by activation or the template-
assisted chemical vapor deposition (CVD) method. As a pioneering work, Ruoff et al.
developed a graphene cathode (a-MEGO) for LICs through the chemical activation of
microwave-expanded graphite oxide to obtain a dense network of nanometer-scale pores
surrounded by highly curved carbon layers (Figure 4d) [110]. As shown in Figure 4e–g,
the a-MEGO demonstrated the porous morphology with a pore size distribution of sizes
between ~1 and ~10 nm. More importantly, a-MEGO had a very high SSA of 3100 m2 g−1,
while retaining the high conductivity of graphene. As expected, the a-MEGO cathode
exhibited a nearly symmetric charge/discharge curve and delivered a specific capacitance
of 266 and 213 F g−1 at 1.0 and 2.5 A g−1, respectively (Figure 4h). By pairing with graphite,
the dual carbon-based devices presented a high energy density of 147.8 Wh kg−1 [123].
Similarly, Zhang et al. fabricated porous graphene by activation of reduced GO [124].
The obtained product had a highly crumpled morphology and porous structure with
abundant mesopores that contributed to a high SSA (2103 m2 g−1) and large pore vol-
ume (1.8 cm3 g−1). This structure provides highly exposed active sites for ion adsorp-
tion/desorption and fast transport path for ions and electrons, leading to enhanced capacity
and rate.

Besides chemical activation, porous graphene with high conductivity and outstanding
structural stability could also be fabricated by chemical vapor deposition with the assistance
of hard template [125–127]. For example, Xiao et al. synthesized S-doped graphene nano-

22



Nanomaterials 2022, 12, 3954

capsules (SGCs) by CVD with the presence of a MgO template [69]. As displayed in
Figure 5a,b, the SGCs exhibited an integrated nano-capsule structure with a uniform
size of 50 nm, and no obvious cracked products were observed, indicating that SGCs
have a good structural rigidity and stability. SGCs show an extremely high capacity of
257.1 mA h g−1 at 1 A g−1 and an appealing rate capability of 147.7 mA h g−1 at 6 A g−1,
both of which are far better than those of the control samples (Figure 5c). With SGCs as both
cathode and anode, the assembled symmetric LIC delivers an ultrahigh energy density of
249.9 Wh kg−1 at a high power density of 2.12 kW kg−1, which still retains 149.8 Wh kg−1,
even at 14.99 kW kg−1 (Figure 5d). As can be seen from Figure 5e, the SGCs//SGCs also
presents excellent long-term cycling stability with a retention of 95.4% after 10,000 cycles. It
should be noted that the electrode still keeps an intactness and undamaged nano-capsules
morphology, even after cycling for 10,000 times, verifying the superior structural stability of
SGCs (inset of Figure 5e). The above excellent properties could be ascribed to the hollowed
and stable structure with an abundant mesopore-dominant porosity, good electronical
conductivity, enlarged interlayer spacing, and S-doping of SGCs.

 

Figure 5. (a) SEM and (b) TEM images of SGCs; (c) Rate performance of SGCs cathode, compared
with GCs and SG; (d) Ragone plots of SGCs//SGCs, compared with GCs//GCs and SG//SG;
(e) Cyclic performance of SGCs//SGCs (the insets are the before and cycled TEM images of SGCs
after 10,000 cycles). Reproduced with permission from Ref. [69]. Copyright 2022, Elsevier.

Despite the superb electrochemical performance for pure graphene-based cathodes,
the high cost and tedious preparation procedure promotes researchers to explore graphene-
based composites. This strategy overcomes the high cost of graphene, but keeps its in-
herently excellent properties. Moreover, forming composites with other materials could
prevent the restacking and agglomerating of graphene. Chen’s group presented a sim-
ple and green, but very efficient, approach to prepare 3D graphene-based porous ma-
terials through in-situ hydrothermal polymerization/carbonization of the mixture of
cheap biomass or industry carbon sources with GO, followed by chemical activation
(Figure 6a) [13,128]. The optimal product presented a sponge-like morphology and porous
microstructure (Figure 6b,c). More importantly, it had an ultrahigh SSA (3523 m2 g−1),
mesopore-dominated porosity, and excellent bulk conductivity (up to 303 S m−1), thus con-
tributing an outstanding electrode for SCs and LICs [24,33]. As shown in Figure 6d, the 3D
porous graphene-based cathode demonstrated a high capacity and outstanding rate [129].
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Benefiting from the dual graphene-based electrodes, the obtained all-graphene LIC with
optimized cathode/anode ratio delivered a maximum energy density of 142.9 Wh kg−1

and a peak power energy of 12.1 kW kg−1 (Figure 6e). Anyway, heteroatom doping was
applied to enhance the electrochemical performances of graphene-based materials. For in-
stance, Wang et al. designed 3D porous activated nitrogen-doped graphene sheet (A-N-GS)
by aniline polymerization with GO and then KOH activation [70]. A-N-GS demonstrated a
sheet-like structure with a rough surface and 3D interconnected porous network. Coupled
with the 3D highly conductive pathway and high-level nitrogen doping, A-N-GS showed
a much improved capacity and rate performance, compared with the non-doped or non-
activated samples. With a graphene-based anode, the all graphene LICs could reach an
ultrahigh energy density of 187.9 Wh kg−1 at a power density of 2.25 kW kg−1, which still
remained at 111.4 Wh kg−1, even at 11.25 kW kg−1.

Figure 6. (a) A preparation schematic of porous 3D graphene-based materials; (b) SEM and (c) TEM
images of porous 3D graphene-based products. Reproduced with permission from Ref. [13]. Copy-
right 2013, Springer Nature. (d) Rate performance of 3D graphene-based cathode; (e) Ragone plots
of all-graphene-based LICs with different mass ratios. Reproduced with permission from Ref. [129].
Copyright 2021, IOP Publishing.
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2.2.2. Carbon Nanotube-Based Cathode

As a typical one-dimensional nanosized carbon material, the carbon nanotube has ex-
ceptional conductivity, large aspect ratio, flexibility, and excellent mechanical strength [130].
All these merits make CNTs superior electrode material in various energy conversion and
storage systems [131]. Particularly, CNTs are excellent substrates for fabricating flexible
devices [132,133]. Nonetheless, similar graphene, CNTs usually demonstrate mediocre
electrochemical performance, due to the severe agglomeration issue. As a consequence,
forming composites with other materials is a feasible method, in which CNTs serve as
either a spacer to increase the SSA or a conductive additive to enhance the electrical
conductivity [134].

Several reports have verified that CNTs/graphene composites can solve the restacking
issue of both the two components and form a 3D conductive network [135–137]. Addition-
ally, the increased SSA and the well-distributed nanopores promote electrolyte infiltration
and diffusion, endowing the obtained product-enhanced electrolyte accessibility. Hence,
the high capacity and excellent rate could be expected for CNTs-based composites. Bai
et al. proposed a CNT supported porous graphene (MRPG/CNT) by a facile microwave
irradiation method [71]. From the SEM and TEM images in Figure 7a,b, CNT was uni-
formly distributed between graphene sheets to support the layer structure. The obtained
MRPG/CNT cathode showed much improved capacity and rate capability, compared with
MRPG (Figure 7c). In addition, the DC-LIC with symmetric electrodes achieved a maximum
energy density of 232.6 Wh kg−1 and an extremely high power density of 45.2 kW kg−1.
The authors deemed that the excellent electrochemical properties could be explained by
the 3D ion/electron channel model, as illustrated in Figure 7d. CNT intercalation into
graphene sheets inhibited the restacking of graphene, expanded the layer space, and im-
proved the electrode conductivity, forming a well in-plane and cross-plane channels for
both the ion and electron migration. This model is supported by the Nyquist plot and Bode
plot (Figure 7e,f). MRPG/CNT//MRPG/CNT LIC has a small equivalent series resistance
of 18.0 Ω, which is beneficial for high rate of output and long-term cycling. Furthermore,
the characteristic relaxation time constant τ was calculated to be 1.21 s, indicating the fast
reaction kinetics and high-power capability of the full cell.

Figure 7. (a) SEM and (b) TEM images of MRPG/CNT; (c) Rate performanceof MRPG and
MRPG/CNT; (d) Schematic illustration of the ion channels and electron channels in MRPG/CNT;
(e) Nyquist impedance and (f) Bode plots of MRPG/CNT//MRPG/CNT LIC. Reproduced with
permission from Ref. [71]. Copyright 2021, American Chemical Society.
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Overall, graphene/CNT-based cathodes have advantages in achieving high capacity
and outstanding rate performance. However, nanosized carbons usually have relatively
lower density (~0.3 g cm−3) than commercial AC (~0.5 g cm−3) because of their low
tapping density, resulting in actually the same or even lower volumetric energy density
than commercial ACs [138]. To overcome this dilemma, practical graphene technologies,
such as the capillary drying process and rapid drying process, provide a promising solution
to fabricate high tap density graphene-based composites [139–141].

3. Progresses of Carbon Anode Materials for DC-LICs

As the battery-type electrode for DC-LICs, the anode plays a crucially important role
in increasing energy density. On the other hand, both the power output and cycling stability
are highly influenced by the anode, which are still the bottlenecks for advanced DC-LICs.
Hence, developing anode materials with high capacities, high rates, and stable structures
is of great significance to realize practical DC-LICs. As summarized in Table 2, carbon
materials ranging from traditional carbon (graphite, hard carbon, soft carbon, etc.) to
nanosized carbons (graphene, carbon nanotubes, graphdiyne, and their composites) have
been applied as anodes.

Table 2. Typical carbon anodes and the electrochemical performances of DC-LICs.

Carbon Anodes Performances of DC-LICs

Ref.
Materials

Specific
Capacity

(mAh g−1)

Rate Capability
(mAh g−1)

Voltage (V)
Maximum

Energy Density
(Wh kg−1)

Maximum
Power Density

(kW kg−1)
Cycling Stability

HC 423 100 @ 50 C 1.5−4.2 110.0 25.0 81% after 10,000 cycles [97]
HC-rGO 450 162 @ 10 C 1.5−4.2 130.0 5.5 88% after 10,000 cycles [92]
PHC-4 1040.2 231.7 @ 6.4 A g−1 2.0−4.0 104.0 11.9 84.7% after 5000 cycles [142]

KHPC-600 1064 280 @ 10 A g−1 0.01−4.0 169.0 97.0 77.7% after 5000 cycles [51]
HNBC 1392 620 @ 1 A g−1 0−4.5 186.31 11.25 81.9% after 10,000 cycles [143]
G/SC 360 200 @ 4 A g−1 2.0−4.0 151.0 18.9 93.8% after 10,000 cycles [78]
SLC 829 148 @ 10 A g−1 0−4.0 127.0 33.57 99% after 100,000 cycles [91]

NOPCNS 810 249 @ 50 A g−1 2.0−4.2 184.0 78.1 70% after 10,000 cycles [144]
GOCAF 398 195 @ 10 C 1.5−4.2 100.0 9.0 80% after 15,000 cycles [93]

NOPCNS 810 249 @ 50 A g−1 0−4.0 184.0 78.1 70% after 10,000 cycles [144]
HNBC 1392 300 @ 5 A g−1 0−4.5 186.31 11.25 81.9% after 10,000 cycles [143]
NPC 1740 369 @ 10 A g−1 0−4.5 203 90.0 80% after 20,000 cycles [145]

HNCNBs 850 321 @ 20 A g−1 1.0−4.0 148.5 25.0 90% after 8000 cycles [59]
BDC 1018 564 @ 5 A g−1 2.0−4.5 207.0 17.06 88% after 15,000 cycles [146]

NDPC-0.5 1000 295 @ 5 A g−1 0−4.0 116.9 10.0 81% after 8000 cycles [147]
FRGO 660 220 @ 3.72 A g−1 0−4.2 148.3 7.8 80% after 3000 cycles [18]
PRGO 982 166 @ 20 A g−1 0.01−4.0 262.0 9.0 91% after 4000 cycles [67]

PDA-GN 1150 371 @ 5 A g−1 0−4.2 135.6 21.0 65% after 3000 cycles [124]
SHSG 854 333 @ 10 C 2.0−4.5 146.0 52.0 ~91% after 40,000 cycles [52]
NPG 859 758 @ 2 A g−1 1.0−4.0 195.0 14.98 ~100% after 5000 cycles [148]

G-COOH 450 145 @ 10 A g−1 1.0–4.2 120.8 53.55 98.9% after
50,000 cycles [127]

rGO800-P 461 185 @ 10 C 1.5−4.5 91.0 26.0 76% after
10,000 cycles [117]

F-GDY 1825.9 979.2 @ 5 A g−1 2.0−4.0 200.2 13.117 80% after
6000 cycles [149]

N-GDY 1096.1 440 @ 4 A g−1 2.0−4.0 174.0 11.25 89.7% after 2000 cycles [150]
GC1100 354 222 @ 2 A g−1 2.0−4.0 104.0 6.628 96.5 % after 3000 cycles [151]
GNS-13 356 66.7 @ 5 A g−1 2.0−4.0 112.0 19.6 96.5% after 5000 cycles [152]

GMC 119 378 @ 1 A g−1 0−4.5 190.63 11.25 81.8% after 10,000 cycles [153]

3.1. Traditional Carbon Anode
3.1.1. Graphite

Graphite is the mainstream anode for the current LIBs industry, owing to its low cost,
excellent electrical conductivity, and relatively high capacity. In addition, graphite with
a long-range ordered structure has a nearly flat charge/discharge profile at low potential
vs. Li/Li+, which thus enables DC-LICs with a high working voltage by combining the
graphite with a capacitor-type cathode [62,75,77,154]. Considering the relatively high
taping density, graphite has the advantage of achieving high volumetric capacity. Recently,
recycling graphite from spent LIBs has become an important research topic, owing to
sustainability and low cost [155–157]. For instance, Aravindan et al. proposed an efficient
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route to reutilize the recovered graphite (RG) as the anode to fabricate DC-LIC [158]. After
a simple treatment, the RG demonstrates a comparable capacity and rate with pristine
graphite. The obtained full cell delivers a maximum energy density of 185.5 Wh kg–1, with
excellent low/high-temperature performance.

Although graphite demonstrates appealing properties as an anode for DC-LICs, pris-
tine graphite is not suitable for high-rate and long-cycling DC-LICs, due to the sluggish
kinetics of the intercalation reaction and ion diffusion [159]. To achieve high-rate graphite,
reducing the particle size and defect engineering are two typical strategies. For example,
Pandolfo et al. evaluated the rate capability of various commercial graphite materials and
confirmed that reducing the graphite particle size showed enhanced rate capability, but in-
creased the irreversible capacity loss [160]. Microcrystalline graphite (MG) consists of many
closely packed graphitic nanocrystals with small inter-particle voids [161]. This structure
enables MG with fast ion diffusion of nanostructured materials and high mass density of
bulk materials simultaneously. MG is regarded to break the limitations of the slow Faradaic
reaction and Li+ diffusion of bulk material, which well-matches the cathode by providing
an ultrafast capacitor-like response. Hence, Kang et al. adopted high-temperature-purified
MG as anode in LICs [162]. As expected, the MG-based LICs showed an extremely high
power density of 352 kW kg–1. Chen’s work demonstrated that intrinsic lattice defect
engineering could effectively enhance the fast-charging capability of the graphite [163].
The graphite thermally treated in CO2 had a superior rate capability of 209 mAh g−1 at
10 C (only 15 mAh g−1 for the pristine graphite), which is attributed to the defect-induced
enhancement of the kinetics and pseudocapacitive storage.

3.1.2. Hard/Soft Carbon

Besides graphite, hard carbon (HC) and soft carbon (SC) are two important anodes
in high-power LIBs, which also show great potential in DC-LICs [60,164,165]. HC and SC
are commonly prepared by the thermal pyrolysis of carbon-rich precursors [166]. Hard
carbon, known as nongraphitizable carbon material, consists of a large fraction of curved
and randomly distributed graphitic sheets and cannot be reshaped into graphite, even at a
temperature of 3000 ◦C, because of the interlayer cross-linking of the precursors [167,168].
Notably, the disordered structure of HC allows for Li+ insertion on both sides of the
graphene sheets within the microscopic graphite-like regions, leading to a potentially
higher capacity [97]. Soft carbons, on the other hand, contain a semi-graphitic structure
and have relatively fewer defects and higher crystallinity than HC [169]. Particularly,
the typical structure of SC consists of a high strain region and a low strain region. The
former is a disordered region with unorganized carbon, while the latter is a graphitic
region with high crystallinity carbon. This novel structure enables SC with an excellent ion
diffusion rate and high conductivity. Normally, HC and SC exhibit better rate performance
and long-term cycling stability, due to their enlarged interlayer distance and increased
electrode/electrolyte interface. Therefore, they have been recognized as promising anodes
for high-power and long-life Li/Na/K-ion batteries and LICs [48,49,167,168,170].

Particle size has a profound effect on the rate capability of HC. For example, HC was
prepared through simple polymerization of furfuryl alcohol at room temperature, followed
by a calcination step [97]. To realize the desired high power, ball milling was performed
on the HC to achieve a sub-micron particle size. In addition, the morphology of HCs can
largely affect the electrochemical performances of LICs. By comparing the physical and
electrochemical behaviors of spherical HC and irregular HC, Shi et al. found that irregular
HC presented a distinct Li+ intercalation plateau at a low potential [76]. This helps the
sufficient utilization of AC cathode and the cycling stability of LICs. Balducci et al. firstly
proposed to apply petroleum coke-based SC in LICs [171]. The prepared sample had a
moderate capacity of 250 mAh g−1 at 0.1 C, but a better rate capability than that of many
graphite electrodes at high current densities. Later, the same group examined the cycling
stability of petroleum coke-based LICs [172]. When operating at a working voltage of 4.0 V,
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the device could maintain an extremely stable cycling life of 50,000, with energy and power
of 48 Wh kg–1 and 9 kW kg–1, respectively.

Compared with the graphite, however, HC and SC have relatively lower electri-
cal conductivity, owing to their disordered structure and abundant defects, which is
detrimental to rate performance. Forming composites with conductive polymers or low-
dimensional nanocarbons is an effective strategy to overcome this drawback. For exam-
ple, Park et al. demonstrated that the incorporation of electrically conductive poly(3,4-
ethylenedioxythiophene)-poly-styrene sulfonate (PEDOT-PSS) into soft carbon had a pos-
itive effect [173]. Thanks to the lowered electron and charge transfer resistance, the SC
anode exhibited an enhanced charge capacity retention of 64% at 5 C with only 1.0 wt%
PEDOT-PSS added (Figure 8a). In addition, better conductive network leads to an enhanced
utilization of the electrode material, which can be observed from the higher capacity reten-
tion after prolonged cycling (Figure 8b). Numerous reports have verified that graphene
could significantly improve the electrochemical performance of the composites by in-
creasing conductivity and reducing contact resistance [93,122]. Ajuria et al. prepared a
composite of recycled olive pit-derived hard carbon embedded in a reduced GO matrix
(HC-rGO) [92]. The graphene sheets well-wrapped the HC particles and formed a 3D inter-
connected carbon network. This structure facilitated the electrolyte diffusion and enhanced
the conductivity. The electrochemical impedance spectroscopy (EIS) analysis revealed that
charge-transfer resistance at the electrode–electrolyte interphase and the charge transport
resistance within the electrode were considerably decreased when adding reduced GO.
Consequently, HC-rGO anodes displayed a much-improved rate capability, compared with
bare HC, and LICs-based on them had higher energy density at high power density. Ma
et al. designed graphene/soft carbon (G/SC) composites through a large-scale SHS strategy,
which combined the advantages of high conductivity of graphene and the low cost of SC
(Figure 8c) [78]. As shown in Figure 8d, SC was evenly coated by graphene, leading to
enhanced reaction interface and electrical conductivity. The G/SC showed a reversible
capacity of 360 mAh g−1 at 0.1 A g−1, which remained at 200 mAh g−1 at 4 A g−1 (38%
higher than that of pure SC). The EIS result also verified that the reaction resistance was
decreased by the additional interface area provided by the SHS-prepared graphene network
(Figure 8e). Based on the above discussions, introducing highly conductive materials is a
facile method to further enhance the performance of traditional carbon anodes.

In summary, conventional carbon anodes have received intensive research interest
in the early study of DC-LICs because of their low cost, mature manufacturing process,
and successful application in commercial energy storage devices. However, all of them
have limitations. The sluggish reaction kinetics of graphite, unsatisfactory capacity of SC,
voltage hysteresis, and large irreversible capacity of HC are still the main obstacles before
large-scale commercialization. Possible research directions might be particle size reduction,
interlay distance enlargement, and/or compositing with nanostructured carbons.

3.2. Nanosized Carbon-Based Anode

Nanosized carbons, such as graphene, CNTs, and graphdiyne, have been investigated
as anodes in LIBs, owing to their unique structural, mechanical, and electrical proper-
ties [174,175]. The long-range π–π conjugation structure of nanocarbons ensures highly
intrinsic conductivity, while the adjustable layer distance, tailorable porosity, and rich
surface chemistry provide easy electrolyte penetration and fast ion diffusion rates. These
superior properties enable them to have a high capacity and excellent rate capability. More-
over, nanocarbons can serve as effective buffering components or backbones in anode
materials, benefiting the structural integrity and long-term cycling stability. Considering
the sluggish kinetics of graphite, high irreversible loss of HC, and low specific capacity of
SC, novel nanocarbon-based anodes provide an appealing alternative for DC-LICs.
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Figure 8. (a) Capacity retentions at various current densities during charge; (b) Capacitance retention
of LICs employing bare NE and PP-1.0 NE. Reproduced with permission from Ref. [173]. Copyright
2015, Elsevier. (c) Schematic diagram of preparing G/SC; (d) SEM image of the G/SC composite;
(e) EIS curves of pure SC and G/SC. Reproduced with permission from Ref. [78]. Copyright 2021,
Royal Society of Chemistry.

3.2.1. Graphene-Based Anode

Benefiting from the 2D structure and adjustable interlay distance, both sides of
graphene sheets can host lithium ions, while the abundant in-plane defects and exposed
edges of graphene further offer more active sites [176,177]. Coupled with high conductivity,
graphene has been regarded as an advanced anode with high specific capacity and fast
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charge/discharge rates for LICs. As a pioneering work, Zhou et al. adopted the pre-
lithiated graphene nanosheets as anode materials and compared them with conventional
graphite [77]. The graphene anode has a wide pore size distribution, with the co-existence
of micropores and mesopores, which are responsible for charge storage and ion transport
from electrolyte to electrode interface, respectively. Benefiting from the reduced charge
transfer impedance and enhanced Li+ diffusion rate, the full cells based on graphene anode
have higher energy and power densities than those of graphite-based devices.

Binder-free, self-supporting graphene films are regarded as promising anodes for DC-
LICs, due to the adjustable interlayer distance and their potential to prepare flexible devices.
By multiple exposure of a free-standing GO film in a focused camera photoflash, Huang
et al. prepared a flash-reduced GO (FRGO) [18]. As shown in Figure 9a of the side-view
optical image, the thickness of the flash-reduced part expanded distinctly, compared with
the unreduced GO film. This could be further verified by the cross-sectional SEM images
(Figure 9b,c). The GO sheets of the pristine film were tightly stacked, while the FRGO
showed a quite swelled structure with large voids and pathways formed between the
highly warped graphene. The increased pressure between the GO sheets during thermal
heating-induced de-oxygenation accounts for the loose and open-pore structure, facilitating
a rapid Li+ diffusion and, thus, enabling FRGO with enhanced ion intercalation kinetics at
high charge/discharge rates. FRGO has a reversible capacity of more than 660 mAh g−1 at
1 C and excellent rate of 220 mAh g−1 at 10 C (Figure 9d). Zheng et al. synthesized an anode
of edge-carbonylated graphene nanosheets (G-COOH) with enlarged interlayer distance
via a ball milling method [127]. As shown in Figure 9e, the charge storage abides by the
following mechanisms: (i) the rich porosity enabling rapid lithium-ion diffusion and, thus,
fast reaction kinetics; (ii) the high degree edge-carboxylation structure storing lithium ions
via reaction between C=O and Li+; (iii) the carboxyl modification enlarging the graphite
layer space for fast lithium-ion insertion and desertion. All the features endow G-COOH
with fast pseudocapacitive and lithium-inserted capacity, as well as long-term durability,
which are far better than HC (Figure 9f,g). Integrated with a porous graphene cathode, the
assembled all-graphene LIC delivers an ultrahigh power density of 53.55 kW kg−1 and an
unprecedented cycling stability of 98.9% retention after 50,000 cycles (Figure 9h,i). Based on
the above discussions, the merits of tunable interlayer space, rich surface/edge chemistry,
and high electrical conductivity endow graphene-based anodes with a high capacity and
excellent rate capability. On the other hand, the high cost and tedious preparation process
promote researchers to develop graphene-based composites.

As discussed in Section 2.2.1, pure graphene has the disadvantage of unavoidable
restacking and a high cost. Under these circumstances, CNTs are usually used as a spacer
to prohibit the agglomeration of graphene [134,178]. Hydrothermal treatments or chemical
reduction reactions are adopted to form graphene/CNTs composites [135,136,179]. How-
ever, the composites prepared by these two methods suffer from the insufficient reduction
of GO and destruction of the CNT structure, leading to increased ohmic resistance. Conse-
quently, Tour et al. seamlessly designed well-connected graphene CNT carpets (GCNT)
through CNT growth from graphene substrate (Figure 10a) [137]. Thanks to the continuous
electrical path from the active material to the current collector, the obtained binder-free
GCNT anode has a high capacity and excellent rate capability (Figure 10b). By applying
GCNT as both the anode and cathode, the obtained binder-free DC-LICs exhibited high
energy density (∼120 Wh kg−1) and outstanding power density (∼20.5 kW kg−1). Another
group reported a graphene-based electrode material via microwave irradiation of GO/CNT
mixture (Figure 10c) [71]. The CNT intercalation into graphene prevented the restacking
of graphene and enhanced the conductivity of the composite. Benefiting from a highly
porous structure and better conductivity, MRPG/CNT showed a higher capacity and better
rate performance than pure MRPG (Figure 10d). Specifically, MRPG/CNT showed high
capacities of 1249 and 370 mAh g−1 at 0.1 and 2 A g−1, respectively.
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Figure 9. (a) Optical image of side view of partially reduced GO film disc; Side view SEM images of
GO film (b) and FRGO film (c); (d) Rate performance of FRGO. Reproduced with permission from
Ref. [18]. Copyright 2015, Elsevier. (e) Lithium-ion storage mechanism scheme of G-COOH; (f) Rate
and (g) cycling performances of G-COOH and HC; (h) Ragone Plot and (i) long cycling performance
of MP-G//G-COOH. Reproduced with permission from Ref. [127]. Copyright 2019, Elsevier.
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Figure 10. (a) Scheme for the growth of GCNT hybrid materials; (b) Rate testing of GCNT. Repro-
duced with permission from Ref. [137]. Copyright 2017, American Chemical Society. (c) Schematic
illustration of the synthesis process of MRPG/CNT; (d) Rate performance of MRPG and MRPG/CNT.
Reproduced with permission from Ref. [71]. Copyright 2019, American Chemical Society.

3.2.2. Graphdiyne-Based Anode

As a new 2D nanocarbon allotrope, consisting of a diethynyl group and a benzene
ring, graphdiyne (GDY) was synthesized for the first time in 2010 by an in-situ chemical
reaction of hexaethynylbenzene on a copper surface [180]. Stemming from its unique
molecular structure with a high degree of π conjugation, GDY and its composites possess
the characteristics of both a 2D material and a 3D porous material, such as high SSA,
uniform porous channels, fast electron transport, wide electrochemical potential windows,
and large double-layer capacitance [181,182]. GDY can store energy via two mechanisms,
i.e., the Faradaic process in the bulk material and non-Faradaic process via reversible ion
adsorption/desorption on the surface of pores [183]. All these features make GDY-based
materials exhibit promising electrochemical properties in LICs.

Huang’s group firstly proposed using GDY as an anode in LICs by pairing with
AC [183]. The 2D atomic layer structure coupled with abundant meso-/micro-pores
enables GDY Li+ diffusion (both in-plane and out-of-plane), high electrolyte ion trans-
port rate, and an abundance of electroactive sites (Figure 11a). As an anode, GDY de-
livers a moderate specific capacity of 572.5 (mAh g−1), and the LICs have acceptable
energy density (112.2 Wh kg−1). To further improve the capacity, the authors prepared
N-doped graphdiyne (N-GDY) by nitriding under NH3 (Figure 11b) and fluorine-enriched
graphdiyne (F-GDY) by solvothermal reaction (Figure 11c) [149,150]. For example, F-
GDY possessed an ultrahigh capacity of 1825.9 mAh g−1 at 0.1 A g−1 and outstanding
rate capability of 979.2 mAh g−1 at 2 A g−1 (Figure 11d). F-GDY-based LIC released a
maximum energy and power density of 200.2 Wh kg−1 and 13.12 kW kg−1, respectively.
The astonishing electrochemical performances could be ascribed to the 3D porous struc-
ture, high conductivity, enlarged interlayer spacing, and enhanced wettability due to the
incorporation of heteroatom dopants.
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Figure 11. (a) Scheme of lithium diffusion in GDY layers. Reproduced with permission from
Ref. [183]. Copyright 2016, Elsevier. (b) Schematic illustration of preparation of N-GDY. Reproduced
with permission from Ref. [149]. Copyright 2019, Wiley-VCH. (c) The schematic of synthesis of
F-GDY; (d) Rate capability of F-GDY. Reproduced with permission from Ref. [150]. Copyright 2018,
Wiley-VCH.

In general, nanosized carbons with novel structures have the merits of high capacity
and well-matched rates with cathodes, making them very promising anodes for high-
energy and high-power DC-LICs. Nevertheless, several problems should be carefully
investigated and solved before their commercial utilization, including the large irreversible
capacity and low Coulomb efficiency during the initial charge/discharge, low volumetric
capacity/energy density, sophisticated synthesis process, and high cost. These nettlesome
issues are even worse for graphene-based anode. Currently, compositing nanosized car-
bon with conventional carbons is emerging as a promising solution by combining their
advantages and overcoming the shortcomings of both. Anyway, elaborately regulating the
microstructure (porosity and SSA) is another strategy for balancing the electrochemical
properties, aiming to suppress the side reactions, but keep their merits.
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4. Summary and Outlook

As discussed in the previous sections, carbon materials demonstrate superior proper-
ties as electrodes in DC-LICs, due to their inimitable advantages of high electrical conduc-
tivity, tunable microstructure, and physical/chemical/electrochemical stability. Overall,
traditional carbons have advantages in material preparation, cost, and abundant resources,
while nanosized carbons, such as graphene-based materials, show superiority in capacity
and rate. Benefiting from the novel cell configuration and hybrid energy storage mech-
anism, DC-LICs demonstrate superior electrochemical performances over LIBs and SCs
and could bridge the performance gap between them. Hence, DC-LICs show great po-
tential in the application scenarios where high energy density and high power output are
both required.

Although DC-LICs have achieved great progress in material design and preparation
strategies over the past two decades, it is still a difficult and sophisticated project to achieve
high energy/power densities and long lifespans simultaneously. Especially, the mismatches
in capacity, kinetics, and cycling life between the cathode and anode still remain. Anyway,
there is a long way to go for scalable and efficient pre-lithiation technology. Additionally,
studies in energy/thermal management systems are rare, and they are indispensable
components for practical applications. Last, but not least, the practical application of DC-
LICs needs to be investigated in depth, and more application scenario should be explored.
Therefore, the following challenges should be thoroughly investigated and solved prior to
the commercialization of DC-LICs.

(1) Developing a high-capacity carbon cathode. LICs are supposed to be able to deliver
high energy and power densities. However, high energy density is always achieved at
the cost of power density and vice versa, which is owed to the mismatched capacity and
kinetics between cathodes and anodes. Hence, developing a high-capacity cathode is the
top priority. To optimize the capacity of the carbon cathode, porous carbons with the
desired microstructure, such as hierarchical porous carbon with large SSA and rational pore
size distribution, should be given more attention. Furthermore, designing novel carbon and
carbon-based composites with controlled morphologies and structures for high-capacity
cathodes is an urgent need. For example, forming composites with traditional carbons and
nanosized carbons is an effective method for further enhancing the SSA and conductivity
of porous carbons

(2) Designing high-rate and long-lifespan carbon anodes. Poor rates and limited cy-
cling lives are the two main drawbacks for the carbon anode, which are ascribed to the
well-known sluggish Faradaic reaction and structure degradation during the repeated
charge/discharge processes, respectively. Numerous reports have verified that elaborately
designed nanostructure help to enhance ion diffusion and alleviate volume changes, while
heteroatom doping is beneficial for enlarging the interlayer distance and improving wet-
tability, which enables carbon anodes with improved rates and prolonged cycling lives.
However, a large irreversible capacity and low Coulombic efficiency, owing to the high SSA
and rich defects for nanostructured materials, should not be ignored. Developing carbon-
based anode materials with optimal surface chemical properties, inner microstructures,
and structural stabilities should be received more attention.

(3) Exploring feasible and efficient pre-lithiation technologies. With the large amount
electrolyte consumption forming SEI at the anode surface, pre-lithiation is of great signif-
icance for maintaining high performance by compensating for the loss of active charge
carriers and extending the working voltage. However, most of the pre-lithiation tech-
nologies are unsafe, time-consuming, or not cost-efficient. Therefore, developing safe and
commercial-scale pre-lithiation technology is of critical importance for practical applications.

(4) Investigating advanced electrolytes. The stable electrochemical window of an
electrolyte determines the working voltage and, thus, influences the energy and power
densities of the obtained device. Moreover, the electrolyte stability also affects cycling
performance. Generally, the continuous reduction of electrolytes at the anode can be
effectively prohibited by forming SEI. However, oxidation by losing electrons at high
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potential can hardly be avoided, and the generated gas and byproducts lead to increased
resistance. With this, it is imperative to investigate the anti-oxidized electrolyte additives.
Anyway, other types of electrolytes, such as “water-in salts” and gel electrolytes, should be
developed and applied in LICs, due to their high safety.

(5) Developing suitable energy/thermal management systems for LICs. Energy storage
devices need the aid of energy/thermal management systems to provide stable and high-
quality power. The current energy/thermal management systems for LIBs and SCs are not
suitable for LICs because of their different electrochemical properties. Unfortunately, very
few reports about LICs have covered this topic. This is a very important research direction
for practical applications to which both academia and industry should pay more attention.

(6) Other dual-carbon-based metal-ion capacitors. Lithium faces big obstacles, due to
its limited reserves and uneven distribution, promoting researchers to investigate other
systems. Sodium/potassium-based hybrid capacitors are deemed to be the most compet-
itive candidates because they share similar electrochemical performances and working
mechanism with LICs, but have a huge advantage in natural abundance. Anyway, novel
multivalent metal-ion capacitors (such as Zn, Mg, Ca, and Al) have become the research
hotspots, in that they have the potential to provide twice or triple the amount of electrons
per unit of active materials and are less sensitive to air and water, not to mention their
abundance. These systems offer a promising alternative to LICs and, hence, more efforts
should be devoted to investigating electrode materials, electrolytes, device configurations,
and energy storage mechanisms.

In summary, this review systematically overviews the recent developments of carbon
cathodes and anodes, in which their physical and chemical properties, electrochemical
performances, and advantages and disadvantages are discussed. DC-LICs have achieved
remarkable progress, thanks to the extensive investigation of carbon electrode materials.
Although many challenges still remain, we believe the drawbacks of current DC-LICs will
be overcome with the cooperation of academic and industrial communities, and we hope
this article could provide some guidelines for future researchers.
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Abstract: Extinguishing agents are a very important tool in the field of security, both in terms of
private and social aspects. Depending on the type of burning substance and place of fire, appropriately
prepared and developed solutions should be used. We can distinguish, among others, materials,
powders or foaming agents. Modifications introduced into them, including ones based on the
achievements in the field of nanotechnology, can improve their safety of use and extend their service
life. Such amendments also reduce the costs of production and neutralization of the area after a
fire, and increase the fire extinguishing effectiveness. The introduction of nanoparticles allows, e.g.,
shortening of the fire extinguishing time, reduction of the risk of smoke emission and the toxic
substances contained in it, and an increase in the specific surface of particles and thus increasing the
sorption of pollutants. The elaborations use metal nanoparticles, e.g., NP-Ag, metal oxides such as
NP-SiO2, as well as particles of substances already present in extinguishing agents but treated and
reduced to nanosize. It should be noted, however, that all changes must lead to obtaining a tool that
meets the relevant legal requirements and has appropriate approvals.

Keywords: extinguishing agents; nanotechnology; application

1. Introduction—Extinguishing Agents

A fire is defined as a chemical combustion process at which high-temperature oxidation
of a combustible material (or fuel) takes place [1]. Oxygen, temperature, fuel and chemical
reactions are required for the fire to catch and spread [2]. A fire can occur both inside
a building and outdoors, and it can be at one point or may occupy a large area. It can
include natural, artificial, modified, simple and complex substances. The problem of fires,
especially in relation to large areas, is expanding from year to year as a consequence of
climate change and the increasingly frequent high temperatures and hydrological droughts.
Tidey [3] showed that there was a fourfold increase in the number of forest fires, as there
were over 1900 fires between January and July 2022, while the average for 2006–2021 for this
period is equal to 520. He also indicated that 2021 was the worst season in the EU since 2000
in terms of the number of forest fires and the area covered by the fire. It should be noted,
however, that fires also occur in construction facilities, industrial plants, waste depots,
material heaps or other facilities, which determines the number of fires in general. Over
the last five years (2017–2021), just in Poland the number of fires amounted to an average
of 132,813 [4], causing a number of socio-economic losses, i.e., losses in infrastructure,
property, environment and above all losses in people.

The selection of an extinguishing agent is, therefore, a necessary element not only in
respect to the prevention system, but also in respect to the subsequent fire extinguishing
actions. The extinguishing agent must be adapted to the potential fire hazards, as it
allows for adequate protection and minimization of the fire consequences. The choice of
an extinguishing agent is also subject to the relevant regulations and constitutes a legal
requirement, the purpose of which is to protect the place of the incident against the spread
of fire and to maximally reduce the time of fire extinguishing. This obligation applies not
only to firefighters during the firefighting action, but also to the owners and administrators
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of real property. It should be remembered that the combustion reaction releases energy,
various substances and heat. Therefore, when extinguishing fires, it is important to select
an appropriate extinguishing agent as well as extinguishing method and technique. This is
defined by a number of parameters characteristic to each specific case, in particular by the
fire class, and by the properties of substances and materials involved in the fire (especially
by their physical state). A special position among fires is occupied by those involving
vegetable and animal fats (class F of fire) [5,6]. Class A fires include fires of solids of organic
origin, during which the phenomenon of incandescence occurs. Class B fires are fires of
flammable liquids and substances that melt due to the heat generated by a fire, while class
C fires include fires of gases, e.g., methane, acetylene, etc. Class D fire is a fire of metals,
including magnesium, uranium and sodium [5,6]. Fires caused by electrical equipment
are marked with the symbol of an electric spark, not the letter E [5,6]. It should be noted,
however, that in some countries, such as the UK, there are fire classes such as:

– Class A—the presence of solids, including materials such as paper, wood and plastic.
– Class B—the presence of liquids, such as paraffin, petrol and oil.
– Class C—flammable gases, such as propane, butane and methane.
– Class D—the presence of metal products, such as aluminum, magnesium and titanium.
– Class E—caused by electricity or ones that involve electrical equipment and apparatus.
– Class F—most commonly occur in kitchens and food preparation facilities, and involve

cooking oil or fat [7].

Due to the variety of substances, elements that are affected by the fire, and the scale and
possibilities of the fire spreading, the fire suppression mechanism of extinguishing agents
also has to be diverse. Its effect can be obtained by removing heat from the surface of the
burning material, cooling, cutting off the access of oxygen as well as by inhibiting radical
reactions taking place in the flame. For this reason, there are numerous extinguishing
agents (Figure 1) based on water, loose materials and gases.

Figure 1. Division of extinguishing agents.

Taking into account the above, extinguishing agents are subject to modifications and
continuous improvement in order to better protect people, property and infrastructure
in the event of a fire. Modifications introduced in recent years are increasingly based on
nanotechnology (Figure 2). On the one hand, new substances are used, the sizes of which
are in the nanoscale. On the other hand, scientists take advantage of the already known
compounds, the particle sizes of which are getting smaller, which allows obtaining new
properties of the same compounds.

The introduced innovative solutions allow for the faster and more precise action of
extinguishing agents. Nanoparticles are characterized by a larger adsorption surface, which
results in faster reactions with compounds emitted during a fire. Nanoparticles often have
the ability to produce reactive oxygen particles, which allows the degradation of organic,
toxic compounds into simpler, less toxic or neutral compounds. The use of nanoparticles
can therefore reduce the risk of smoke spreading along with the toxic substances contained
in it, minimizing the threat to human life and health.
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Figure 2. Extinguishing media covered by the work on modification based on nanotechnology.

Therefore, continuous research in this area is essential. It allows for the development
of tools adequate to the changing materials, structures and substances that surround us.
Tracking the effects of the introduced innovations also allows for determining further
directions of the introduced solutions and constant improvement of tools in the area of fire
protection.

The aim of this review is to present the most important information on nanotechnology-
based innovations in extinguishing agents, based on a literature review using the follow-
ing keywords: extinguishing agents, fire extinguisher, foam, fire blanket, nanoparticles,
fire protection, fire, smoke. The literature review was carried out using the following
databases: Web of Knowledge, Scopus and Google Scholar. This study also covered Es-
pacenet, Patentscope and Google Patents, which resulted in the presentation of selected
patents related to the subject. In this paper, the analysis covers both literature reports and
patent databases, reports of companies whose activities are related to fire protection. The
information obtained will allow determination of the directions of introduced changes
as well as their legitimacy in the context of effective fire protection. It should be noted
that products used in fire protection must meet the relevant legal requirements in a given
country and be adequate to the fire situation. In addition, such products must have a
certificate of approval issued by the appropriate approval body.

2. Powder Extinguishing Agents

The EN 615 standard [8] defines dry powder as an extinguishing medium in the form
of finely divided solid chemicals, consisting of one or more main components and additives
improving its properties [9]. The main advantage of powders is the combination of physical
and chemical action on the fire, which makes the extinguishing process relatively quick. It
should be noted, however, that powders indicate a negative impact on the environment,
cause losses after a fire due to the elements being covered by a cloud of powder, and pose a
threat to humans through the possibility of getting into the eyes or having an allergic effect
on the skin. Moreover, they are characterized by a high price.

Depending on the criterion, several divisions can be found. One of them takes into
account the division into classes of fires for which they were intended. It includes “BC”
and “ABC” powders as well as “D” special powder intended for extinguishing class D fires,
i.e., metal fires. Since powder extinguishing agents are compositions containing powdered
chemical compounds characterized by flame inhibition, the extinguishing capabilities of
powders depend on their chemical composition and determine the use of a given powder
for extinguishing certain types of fires (Table 1) [10].
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Table 1. Chemical composition of the base of the powder fire extinguishing agent vs. application to
extinguish different groups of fires.

Extinguishing Powder Base Chemical Formula Class of Fires Being Extinguished

Potassium hydrogen carbonate KHCO3 BC
Urea + Potassium hydrogen carbonate NH2CONH2 + KHCO3 BC

Sodium hydrogen carbonate NaHCO3 BC
Sodium tetraborate Na2B4O7 · 10H2O D
Potassium chloride KCl D

Sodium chloride NaCl D

The effectiveness of extinguishing powders is related to their properties, in particular
the ability to deactivate free radicals, which then affects the interruption of the chain
combustion reaction. Additionally, the low melting point is important. It allows the
powder to melt quickly, and form a protective layer on the surface of the burning material,
reducing oxygen access to the burning surface. What is more, the access of oxygen is
limited by the clouds of extinguishing powder formed above the burning surface. At
the same time, with a sufficiently high pressure of the powder stream, the flames are
mechanically blown out. It should be noted that alkali metal salts are characterized by a
very good ability to inhibit free radical reactions; however, the extinguishing efficiency of
salts containing the same anion depends on the presence of the appropriate alkali metal
cation and decreases with its atomic mass [11]. Still, potassium and sodium are the most
frequently used for economic reasons. The use of a given alkali metal salt determines
the extinguishing efficiency, which varies with the anion used, according to the series:
PO4

3− < SO4
2− < Cl− < Br− < J− < CO3

2− < CN− < C2O4
2−. Salts containing oxalates and

cyanides are not used due to their strong toxic properties [11].
Carbonate powders are used to extinguish class B and C fires, while phosphate pow-

ders are used to extinguish fires of solids, flammable liquids and gases (ABC). Chlorine
powders, on the other hand, based on metal chlorides (most often NaCl or KCl), are used to
extinguish metal fires. The greatest efficiency in extinguishing fires is shown by the BC type
extinguishing powders, i.e., powders based on carbonates and urea powders. The salts of
these powders, such as sodium hydrogen carbonate NaHCO3, have an inhibitory effect on
the flame, thus slowing down the course of free radical reactions during a fire. ABC type
extinguishing powders, based on phosphate salts, also create a glassy layer on the surface
of the combusted solid material, isolating the fuel from the oxidant. The separating layer is
formed by the thermal decomposition of phosphate salts and the formation of polyphos-
phates [12]. A feature of ABC powders containing ammonium dihydrogen phosphate
(NH4)H2PO4 is hindering the process of reignition of cellulose materials. Metaphosphoric
acid (HPO3)3, which has a low melting point, appears when the dust comes into contact
with a flame, forms a glassy film on solid surfaces and cuts off contact with oxygen in class
(A) fires that burn with embers [13]. This process is responsible for the fire suppression
effect. The dry powder also has a cooling effect. However, the thermal energy required to
decompose dry chemical powders is strongly related to the extinguishing capacity of the
substance. As a result, all dry chemicals need to be heat sensitive in order for the substance
to become chemically active and absorb (“swallow”) the heat. Additionally, spraying of
dry chemical powder creates a dust cloud between the flame and the fuel [14]. This cloud,
to some extent, isolates the fuel from the heat emitted by the flame.

The inhibitory effect of dry powders occurs according to two processes, i.e., homopha-
sic inhibition or heterophasic inhibition. In the first case of homophase inhibition, the
extinguishing powder acting as the inhibitor, as well as the fuel and the oxidant, are in the
same gas phase [15]. In the second case of heterophase inhibition, the inhibitor, i.e., the
extinguishing powder and its decomposition products, as well as the reactants, i.e., the fuel
and the oxidant, are in the gas phase. The inhibitor may be gaseous metal hydroxide or
gaseous metal atoms. The gaseous metal hydroxide is produced by the pyrolysis of oxygen
salts in a two-step reaction to form a liquid metal oxide which then reacts with water
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vapor [15–17]. On the other hand, anaerobic salts decompose in the presence of hydrogen
ions to form metal cations which, when reacted with water vapor, form metal hydroxide.
The latter reaction is reversible, which explains the lower inhibitory effect of anaerobic salts
in extinguishing flame fires. It is, in fact, a chain reaction that limits the combustion process.
This is possible due to the strong reducing properties of alkali ions that arise through the
recombination of these ions until they react with carbon dioxide. In this case, the inhibition
process takes place with the formation of many transition complexes [15,16].

In the process of heterophasic inhibition, the extinguishing powder is in the solid
phase and the reactants (fuel and oxidant) in the gas phase. Radicals present in the gas
phase collide with solid powder particles; this in turn prevents their further participation
in the combustion process due to energy loss as a result of the collisions. Such a course of
the process causes the advantage of recombination reactions over propagation reactions,
and the combustion process is inhibited [15,16].

Another mechanism influencing the effective operation of extinguishing powders is the
isolation of the fuel from the oxidant. This mechanism is characteristic of fire-extinguishing
powders containing salts of phosphoric acid [18,19]. Such powders are particularly useful in
extinguishing fires of solids forming glowing coals, classified as group A, which takes place
during the combustion of materials of organic origin. Extinguishing powder containing
orthophosphates when applied to a burning surface undergoes a cycle of changes leading
to the formation of poly metaphosphoric acid. Under fire conditions, it is a liquid substance
of high viscosity, which, after the fire stops, forms a glassy layer that insulates the fuel from
the oxidant. This layer significantly reduces the risk of glowing coals reignition (e.g., in the
case of cellulosic materials).

An important influence on the effectiveness of the extinguishing powder, apart from
the composition, which is a mixture of various metal salts and water-repellent agents, is
also the size of the powder grains. Smaller powder particles increase the surface area
and break down particles of various substances faster with the release of decomposition
products neutralizing free radicals. Consequently, they provide better interaction with the
burning material and positively influence the fire extinguishing capacity. It was found that
the powders with various particle sizes were the most effective, i.e., containing:

– from 60 to 80% by weight of the total powder in the range of 20 ÷ 60 μm;
– from 10 to 15% by weight of the total powder in the range of 100 ÷ 200 μm [20].

It was also found that the content of the fraction with a particle size of 100 ÷ 200 μm
positively influences the range of the powder stream and the effectiveness of its penetration
into the fire [20]. On the other hand, a too small particle size of the powder may cause
entrainment of these particles by volatile substances released during a fire, which may
determine a reduction in extinguishing efficiency [15,16].

The characteristics and structure of the materials used are changing faster and faster.
The requirements regarding the need to ensure greater security and better and more effec-
tive security are also changing. All this requires work aimed at increasing the effectiveness
of extinguishing powders, including the modification of extinguishing powders with
nanoparticles immobilized in the structure of extinguishing powder particles. Ni et al. [21]
developed a new type of extinguishing powder by immobilizing NaHCO3 nanoparticles
on porous zeolite [21]. The new powder based on potassium salts with organic and inor-
ganic additives was prepared using a ball mill [22]. The results showed that the modified
powders are superior in fire suppression compared to commercial products. Research work
focused on the use of magnesium hydroxide, including those containing nanoparticles [23].
It has been shown that the developed powder is characterized by higher extinguishing
efficiency compared to commercial BC and ABC powders. Very good results of the extin-
guishing efficiency were obtained for the extinguishing powder consisting of nanoparticles
of magnesium hydroxide with the addition of melamine cyanurate and phosphorus-based
ODOPB (phosphorus ODOPB—10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide) [24].
The components of the extinguishing powder were mixed wet, dry and ultrasonically in
order to increase the homogeneity of the nanocomposite. The fire extinguishing time with
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the nanocomposite was 45.2% shorter than that of the commercial ABC–MAP powder [24].
Moreover, the amount of nanocomposite used was 63.2% lower than in the case of commer-
cial powder. The possible mechanism of action of this nanocomposite fire extinguishing
powder was also discussed. On the basis of the results obtained, it was found that the
extinguishing mechanism in this case is complex and consists of simultaneous chemical
and physical processes as well as a cooling and flame suppression effect [24].

It should be noted that dry chemical powders have good stability at low and normal
temperatures. At higher temperatures, some additives melt and cause stickiness; therefore,
it is recommended that the storage temperature not exceed 50 ◦C. At fire temperatures,
the active substances contained in the dry chemical powder decompose and perform their
extinguishing functions. Apart from basic substances, the composition of extinguishing
powders also includes various additives that are responsible for improving the performance
of fire extinguishers, including resistance to wetting with water, fluidity, resistance to caking
and facilitating encapsulation. Literature reports indicate that work is still underway to
improve the extinguishing properties of extinguishing powders.Nie et al. [25] introduced
nanometer-sized, very-fine sodium bicarbonate powder into the pore structure of zeolite to
solve the problem of powder agglomeration. This allowed the powders to penetrate the
flame efficiently and achieve better extinguishing performance [25,26]. Whereas Kuang
et al. [22] found that the extinguishing performance of the ultra-fine powder was related
not only to the size of the powder surface structure, but also to the main constituents of the
extinguishing agent. The experiment showed that the nanometric magnesium hydroxide
powder had a higher extinguishing efficiency than the commercial dry ammonium hy-
drogen carbonate powder [26,27]. Koshiba et al. [28] conducted an experimental study of
combustion inhibition and found that metallocene powder has greater fire-fighting benefits
than the commonly used ammonium dihydrogen phosphate. The minimum extinguishing
concentration of ferrocene was 11 times lower than that of ammonium dihydrogen phos-
phate, indicating that the metallocene, represented by ferrocene, was more effective. The
effect of compounds containing manganese and zinc on the combustion rate of a methane–
air flame was investigated experimentally by Linteris et al. [26,29] and compared with iron
pentacarbonyl Fe(CO)5 and CF3Br bromotrifluoromethane. It was found that powders
containing nanoparticles of manganese or zinc were more effective in extinguishing the
flame, and the effectiveness of stopping fires of zinc compounds was twice as high as
CF3Br [26].

A typical extinguishing powder available on the market (e.g., ABC extinguishing
powder: specific surface 0.34–0.46 m2/g) may prove insufficient due to the sedimentation
time and small contact surface, e.g., when extinguishing a gas flame (Figure 3). The solution
for extinguishing this type of fire are nanopowders (grain diameter approx. 100 nm, specific
surface area 25–100 m2/g), which fall in the air at a speed of 7.3 cm/day, creating an
aerosol cloud, thanks to which the extinguishing efficiency is approx. 30 times greater than
common powder [30,31]. However, it should be remembered that not all nanopowders have
quenching properties, an example of which is a powder containing NiO nanoparticles. For
extinguishing purposes, ZrO2 works well, as it inhibits methane combustion. Extinguishing
aerosols are also an interesting solution, i.e., fire extinguishing agents produced as a
result of the reaction of solid combustion in special aerosol generators. This method
does not reduce the oxygen level in the air. The task of extinguishing aerosols is to bind
free radicals resulting from combustion processes with a highly efficient and effective
extinguishing aerosol. Its micro- or nanoparticles present in active surfaces break the chain
of physicochemical reactions. The use of these measures has an impact on the environment,
as they leave a trace of contaminants at the site of the fire. In the products generated in
the production of aerosols, there are substances such as ammonia, nitrogen oxides, carbon
monoxide and hydrogen cyanide which have a harmful effect on the human body and the
environment [32].
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Figure 3. Comparison of standard and modified extinguishing powders with the use of nanotechnology.

Although the extinguishing aerosols do not contain any corrosive substances, in an
aqueous environment they can reach a pH of 8–10, which can damage materials and
equipment sensitive to high pH. Due to the alkaline reaction of the depositing aerosols
after discharge, they are not recommended for use in “clean rooms”. It should also be
ensured that at high temperatures in the stream, the firefighter does not get burned during
the discharge. An additional hazard may be the release of metal nanoparticles and metal
oxides during the event. Many of these compounds are highly reactive [33].

Fire extinguishing sprays are based on potassium carbonates and nitrates. They have
a grain size in the range of 200 nm and at aerosol release temperatures, i.e., > 1000 ◦C, they
can be active centers and react immediately with radicals supporting the flame combustion
reaction [32,34].

The aerosols are applicable to fires of class A, B, C and F and electrical devices with
voltage up to 36 kV. They are also used during fires in archives and monuments (especially
with difficult access), the armaments industry and in the event of maritime incidents. They
are produced by extinguishing aerosol generators, which can be part of a permanent fire
extinguishing system or constitute a stand-alone extinguishing device, and therefore must
meet certain requirements [35]. Depending on how the fire generators are triggered, the
aerosol may act locally or volumetrically. Its effectiveness may also vary depending on
environmental conditions. The developed surface of the solid and the type of chemical
reaction are also important. In the case of nanoparticles, which have a significantly increased
surface area, a higher fire suppression efficiency is observed than in the case of particles
of relatively larger sizes. However, the reduction of the particle size affects the possibility
of agglomeration of the particles, which may result in the difficult contact of the particle
surface with the flame radicals. Biel et al. [32] also found that one of the parameters
determining the atomization of the nanosize of an aerosol is environmental humidity,
which has an effect, inter alia, on the grain distribution and thus on the surface activity
of the FP-40C type extinguishing aerosol [32]. The results of the research showed that in
dry (30% humidity) and very humid (90% humidity) environments the number of aerosol
nanoparticles decreases with time due to both aggregation and lumping, and the most
favorable conditions for extinguishing aerosol atomization occur in an environment with
a humidity of approx. 70%. This may be related to the more effective capture of water
radicals from chain reactions taking place in the flames [32].

Common additives to extinguishing compositions are also silicas [36] (flame or precip-
itated), metal stearates, talc [34]. The search for the optimal content of functional additives
in powder compositions is quite a difficult task. Too low a proportion of the additive causes
deterioration of the utility properties of the powder and shortens the guaranteed shelf life.
If the amount of the functional additive is excessive in relation to the surface area of the
powder particles, the flow of the composition deteriorates due to the increase in the number
of contacts and the additional frictional forces acting between the additive particles [37,38].
The data obtained under dynamic conditions make it possible to predict the behavior of
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powders at high flow rates [39]. The effectiveness of hydrophobized nanosilica with a
particle size of about 65 nm as an additive to ammonium phosphate fire extinguishing pow-
ders was a subject of a study by Shamsutdinov et al. [40]. The surface of the extinguishing
component was evenly covered with spherical hydrophobized nanosilica nanoparticles.
The addition of nanosilica made it possible to obtain a hydrophobic coating on the particles
of the extinguishing powder. The apparent contact angle of the coated particles was found
to be greater than 160◦. Dynamic flow resistance of commercial and tested extinguishing
powders was compared. The specific energy and flow energy of the aerated test powder
were relatively low, which indicates a poor aerodynamic interaction between particles in
dynamic processes. It was found that the spray resistance of the tested powder was the
lowest among the tested extinguishing powders (including commercial ones), and therefore
it was characterized as having the best flow. Similar results were obtained with the use of
mesoporous nanosilicas of various structures (MCM-41, MCM-48 and SBA-15) with a large
specific surface of over 1400 m2/g [41]. Such nanosilicas have been found to improve the
fluidity of ammonium phosphate-based extinguishing powders.

The aforementioned nanosilica positively influenced the improvement in fluidity of
extinguishing powders based on ammonium phosphate. It has been shown that with the
reduction of the particle size of the powder (or agglomerates), the internal friction between
the powder particles decreases [42,43].

The particle size distribution is also important. It has been found that the narrow par-
ticle size distribution makes it possible to obtain a powder with better flow properties [44].
Veregin and Bartha [45] showed that the particle size of the functional nanoadditive af-
fects the flow properties of powder materials and depends on the forces of interparticle
interactions and the contact radius of the powders’ surface.

The reduction in particle size is accompanied by a reduction in their contact surface,
which leads to a decrease in the influence of interparticle forces. It was found that increasing
the mixing time of the powders improves the properties of the powders [46]. This effect
results from the possibility of obtaining an increase in the homogeneity of the coating of
extinguishing powder particles with silica nanoparticles and reducing the possibility of
agglomeration of silica nanoparticles.

It has been found that the use of hydrophobic additives significantly improves the
fluidity of the materials by eliminating capillary bridges between the particles, thus ensur-
ing easy breaking of agglomerates of particles in powder compositions [47,48]. It should
be emphasized that if the amount of silica nanoparticles exceeds the surface area of the
powdered extinguishing material, the flow properties of the composition decrease due to
the increasing contact and friction forces between the nanoparticle and particles [49,50].

Modification of the properties of extinguishing powders by introducing nanoparticles
enables a significant increase in their extinguishing efficiency (Table 2) and makes it possible
to improve the safety of people and property during an incident.

The introduction of nanoparticles to the extinguishing powder changes the properties
of the extinguishing powder by:

– changing the composition of the extinguishing powder particles after incorporation
of nanoparticles, which modifies the powder’s mechanism of action and enables the
extinguishing efficiency of such powder to be increased;

– immobilization of nanoparticles on the surface of extinguishing powder particles,
which changes their physical properties, such as fluidity or hydrophobicity, signifi-
cantly improving the extinguishing efficiency of the powder.

It should be noted that nanosubstances are released into the environment, character-
ized by diverse activity, which is conditioned by the size of the surface, and the shape and
size of the grain or structure. Therefore, they can have various impacts on human health
and environmental safety. It is therefore necessary, when introducing new solutions, to
carry out an assessment in the field of toxicology and biodegradation or interaction with
compounds present in the environment.
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Table 2. Possibilities of using nanotechnology to modify powder extinguishing agents.

Nanoparticles Characteristic Effect Ref.

NaHCO3 NP-NaHCO3 on porous zeolite improving fire suppression efficiency [21,25]

Ferrocen sized nanoparticles < 100 nm greater efficiency of extinguishing
flames and stopping fires [28]

Mn, Zn sized nanoparticles < 100 nm greater efficiency of extinguishing
flames and stopping fires [29]

Mg(OH)2

NP-Mg(OH)2 with the addition of
melamine cyanurate and phosphorus

ODOPB—10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide

higher extinguishing efficiency, shorter
fire extinguishing time by about 45%,
lower consumption of extinguishing

powder

[24]

SiO2

hydrophobized nanoparticles with a
size of about 65 nm as an additive to

extinguishing powders based on
ammonium phosphates

improving the fluidity of powders [40]

SiO2

mesoporous nanoparticles of various
structures (MCM-41, MCM-48 and
SBA-15), characterized by a large

specific surface (>1400 m2/g)

improving the fluidity of powders [41]

3. Foam Concentrates

Foam concentrates used in rescue and firefighting operations are used to generate
foam, i.e., bubbles made of liquid. The EN 1568 series of standards specifies the require-
ments for the physicochemical properties and minimum effectiveness of extinguishing
foams intended for the production of medium-, light- and heavy-expansion foams suitable
for surface application to liquids immiscible and/or miscible with water. The EN 1568 stan-
dard [51] distinguishes types of foam extinguishing agents such as: synthetic (S), protein
(P), fluoroprotein (FP), alcohol-resistant (AR), aqueous film-forming concentrates (AFFF),
fluoroprotein water film-forming agents (FFFP) and fluorine free foam concentrates (F3).

The composition of synthetic foaming agents (S) is based on surfactants that do not con-
tain organofluorine compounds. Protein agents (P) contain hydrolysed protein substances
of animal origin, and fluoroprotein (FP) and film-forming fluoroprotein concentrates (FFFP)
additionally fluorinated surfactants. The composition AFFF is based on mixtures of hydro-
carbons and fluorinated foaming agents, thanks to which they have the ability to form a
water film on the surfaces of some fuels. Alcohol-resistant foaming agents (AR) in their
composition contain a mixture of the above agents, additionally containing substances that
make the foams resistant to polar liquids having the ability to form a polymer film on the al-
cohol surface. Fluorine free foam concentrates (F3) are intended for applications analogous
to AFFF and/or AR foams. They are based on mixtures of hydrocarbon surfactants and
non-fluorine stabilizers [52]. The mixtures also contain corrosion inhibitors and substances
that lower the freezing point [53,54].

Pursuant to the Regulation of the European Union Commission [55], from July 4th
2020, the following may not be manufactured or placed on the market: foaming agents
containing perfluorooctanoic acid (PFOA) or its salts in a concentration equal to or higher
than 25 ppb PFOA, including its salts or 1000 ppb of one derivative or a combination
thereof. The environmental problem of using hazardous substances is solved by adding
other surfactants that do not contain fluorine or by adding a small amount of short chain
fluorocarbon surfactant to replace the long chain fluorocarbon surfactant.

Foam is used both to extinguish fires, mainly class B, but also class A. In the event
of a fire of polar liquids, it is necessary to use foam produced by foam-producing agents
specially developed for this purpose. Fire extinguishing foams are completely useless for
extinguishing gas fires. Additional hazards may arise when extinguishing fires of sub-
stances that react with water, such as organoaluminum compounds, metals or carbide [56].
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Therefore, fire foams are primarily used to extinguish flammable liquids in chemical, food
or coke industry plants, as well as refineries and petrochemical plants.

The properties of extinguishing foams are determined by the ratio of the foam volume
to the volume of the solution from which the foam was formed, expressed by the so-called
foaming number. The use of appropriate foaming agents makes it possible to obtain light-,
medium- and heavy-expansion foam (Figure 4).

Figure 4. Division of fire foams.

The properties of foams are also determined, in addition to the number of foaming, by
parameters such as dispersion, foam durability or fluidity. The degree of disintegration of
the foam bubbles determines the dispersibility. The test results showed that the larger the
bubble diameter, the smaller the dispersibility [57]. The ability of the foam to maintain its
properties, which it obtained at the time of production, is determined on the basis of the
draining time of the aqueous solution of the foaming agent therefrom. Durability depends
not only on the number of foaming or dispersibility, but also on such elements as the
concentration and properties of the foaming agent, and the quality of the water which is
the basis for the production of the foam. The study results showed that the slower the
bubble destruction process takes place, the more durable the foam, and the faster it spreads
over the surface of the burning material, the less foam is destroyed and the faster fire is
extinguished [57,58]. Therefore, when developing the agent, one should also take into
account shaping the behavior of the extinguishing foam depending on the temperature of
the fire and air, and the type of environment with which the foam comes into contact [57,58].

Fire foams, thanks to the creation of a low surface tension of the water solution and
the foam concentrate, allow the water film, although heavier than the flaming liquid, to
freely spread over its surface. This prevents flammable gases and vapors from entering
the combustion zone, allowing the fire zone to cool down. A properly applied layer of
foam allows for the elimination of the combustion zone and the cooling of the fire zone.
Therefore, the effectiveness of a fire extinguishing action with the use of foam extinguishing
agent depends not only on its proper application, but also on the quality of the foam
concentrate [58].

Therefore, it should be stated that the extinguishing foam is a thermodynamically
unstable dispersion system and the foam stability in difficult conditions is still an important
element determining the effectiveness and safety of its use. Therefore, work is underway on
the stability of foam extinguishing agents by introducing new agents, including nanopar-
ticles [59]. For example, Li et al. [60] used a titanium dioxide (H-TiO2)/gel system with
a three-dimensional lattice structure and a flame retardant effect. H-TiO2 foam gel was
obtained by mixing acrylic acid (AA) and acrylamide (AM) with sodium borate and H-TiO2,
the optimal gelation time was 18 min at 40 ◦C, and the concentrations of the cross-linking
agent and initiator were 0.3 wt.% and 0.4 wt.%. The results obtained show that for the coal
sample the ignition time (TTI) of the H-TiO2 foam gel was up to 12 times longer than for
the raw coal samples, while the maximum heat release rate (HHR) was reduced by 56.59%,
and the minimum total emission heat (THR) was reduced by 32.04% [60,61].

Aluminum hydroxide nanoparticles (Nano-ATH) were used as an additive to the
composite foaming agent solution to prepare nano-ATH foam with high stability [62]. The
results of the work indicated that after the addition of nano-ATH, the viscoelastic modulus
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of the foam liquid film increased from 0.91 mN/m to 3.08 mN/m, and the foam volume
increased from 380 mL to 700 mL. There was also an increase in the mechanical strength
of the liquid film at a mass concentration of 2%, as the half-life of the foam increased
from 78 sec to 453 s. In the samples of carbon with nano-ATH foam, the ignition time
increased from 26 sec to 176 sec, the combustion sustained time was reduced from 520 sec
to 211 sec, the peak heat release rate decreased from 117 to 58 kW/m2 and the peak smoke
production rate decreased from 0.084 to 0.0049 m2/s during combustion, indicating good
flame retardant properties and smoke suppression [62].

Additionally, nano-foam extinguishing agents with a non-toxic LC50/LD50 certificate
have been developed. They are characterized by high resistance to oil and fire, as well as
effective insulation when mixed with water to extinguish an electric fire [63]. The size of the
nanoparticles used in the devices ranges from 80 to 150 nm on average. Due to the addition
of a fluorosurfactant, the foam has a good fluidity and the nanofoam extinguishing agents
are sprayed with high pressure gas to form a thin film on the surface of the oil in case of oil
contamination. Thanks to the material refinement technology used, the foam gets better
parameters and covers a larger area, and thus effectively blocks gas combustion, suppresses
fuel vapors after extinguishing a fire and prevents the backflow of the air.

The idea of using nanoparticles was used in the research on the improvement of
aqueous film-forming concentrates (AFFF). A structure has been developed that consists
of 3–12 parts by weight of a complex surfactant, 10–150 parts of nanoparticles, 0.3–1 parts
of stabilizer, 15–30 parts of dispersant, 3–9 parts of antifreeze, 1–10 parts suspending
agent and water [64]. For the preparation of the suspension, nanoparticles of silicon
dioxide, aluminum hydroxide, aluminum oxide, magnesium hydroxide, magnesium oxide,
antimony oxide, calcium carbonate, iron oxide and antimony trioxide were used. To
prepare the foam, the nanoparticles in the form of a suspension were evenly mixed with
the complex surfactant solution. The extinguishing agent was added with a short chain
fluorocarbon surfactant or a complex surfactant combined with an organosilicon surfactant
and a hydrocarbon surfactant to form a compact foam layer and a closed water film
layer, and obtain adequate stability and thermal insulation of the foam. The addition
of nanoparticles has improved the thermal insulation properties of the foam layer and
has avoided rapid cracking of the foam caused by too high an external temperature.
Appropriate dispersion and stability of the foam containing nanoparticles dispersed in
other components has a positive effect on the extinguishing efficiency and control of solid
and liquid fires [64].

It should be added that silica is widely used in foams, which is characterized by a
large surface and the ability to absorb water. The foam covers the surfaces, protecting them
against the spread of the flame front, and separating the fuel from the oxygen. Additionally,
low-expansion foams provide significant cooling [65–67]. Large-size ultrafast gelled foams
have been developed, which are characterized by exceptional thermal stability, mechanical
strength and biocompatibility. They allow the production of controlled gelling hybrid silica
foams in the viscosity range from 2 to 30 Pa·s to 100 Pa·s. The foam consists of ordered
silica nanoparticles with a narrow particle size distribution of ∼10–20 nm. The obtained
results indicate that the extinguishing efficiency of silica-based sol-gel foams is almost
50 times higher than that of ordinary water. Importantly, the biodegradation index is only
3 days, while even for conventional foaming agents this index is several times higher [68].

Strong foam stabilizing effect with the use of SiO2 nanoparticle-cationic surfactant
tetradecyltrimethylammonium bromide (TTAB) mixtures was obtained at concentrations
of SiO2 nanoparticles as low as 2 wt% [69]. Binks et al. [70] found that silica nanoparticles,
modified with chloro- and methyl- silanes, can stabilize the foam even for several days
without disproportionation. Solid particles increase the flow resistance of the fluid in the
liquid film, so they can stabilize the foam [71,72].

Work is underway on foams used in the event of fires of hydrocarbon fuels. Current
fire protection formulations, based on perfluorinated surfactants, are highly toxic and
have extremely poor biodegradability, spread through the food chain and affect many
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species over an extended period of time. The work covers composites of metal carbonate
nanoparticles and liquid ionic surfactants, surfactants in the form of nanocapsulated metal
carbonate ions (NEIL), so that it is possible to create a stable foam and release CO2, a
compound depriving fire of oxygen [73,74].

The analysis of the results of work on the application of nanotechnology for the
modernization of foaming agents showed that silica nanoparticles are most often used in
the works (Table 3).

Table 3. Possibilities of using metal nanoparticles and their compounds in extinguishing foams.

Nanoparticles Characteristic Effect Ref.

TiO2
H-TiO2/gel system with a

three-dimensional network structure
flame retardant effect, longer ignition

time [60]

Al(OH)3
addition to the composite foaming

agent solution, mass concentration 2%

high foam stability, good flame
retardant and smoke suppression

properties
[62]

SiO2, Al(OH)3, Al2O3,
Mg(OH)2, MgO, FeO, Sb2O3

evenly mixed with the complex
surfactant solution

improving the thermal insulation
properties of the foam layer, affects the

efficiency of extinguishing and
controlling solid and liquid fires

[64]

SiO2
ordered nanoparticles with a narrow

particle size distribution of ∼10−20 nm
50-times higher extinguishing efficiency,

biodegradation index—3 days [68]

SiO2
SiO2-TTAB mixture, with an NP-SiO2

concentration of 2 wt%. strong foam stabilizing effect [69]

SiO2
NP-SiO2 modified with chloro- and

methyl- silanes

stabilization of the foam even for
several days without
disproportionation

[70]

Mex(CO3)y

surfactants in the form of
nanoencapsulated metal carbonate ions

(NEIL)

formation of a stable foam and the
release of CO2

[73,74]

The addition of nanoparticles improves the properties of fire-extinguishing foams in
terms of stability, extinguishing efficiency, and smoke suppression. and thus improves the
safety of both people, the environment and property. However, fire extinguishing foams
may, to a greater or lesser extent, affect the environment and human health. The presence of
synthetic surfactants and other chemical substances constituting the foam composition may
have an irritating and toxic effect on humans and constitute a significant environmental
pollution. Nanoparticles can also have a significant impact on humans and environmental
processes. As indicated with surfactants, non-polar substances, such as hydrocarbons,
which are persistent carcinogenic compounds, may migrate to soil and groundwater, posing
a threat to human health and the quality of the environment. Therefore, the modifications
should consider not only the effectiveness in terms of effective and quick fire extinguishing,
but also minimizing the risk to environmental safety.

4. Other Fire Extinguishing Agents

The most frequently used extinguishing agent, mainly due to its availability, low
price and relatively good extinguishing properties, is water. The extinguishing property
of water is related to its cooling effect. It lowers the temperature of the burning material
and the combustion zone. The water vapor generated during the extinguishing inhibits the
reactions of free radicals with flammable gases, thanks to which it dilutes the combustion
zone and has an insulating effect [75].

A contraindication to the use of water to extinguish fires are those fires of flammable
materials which react violently in high temperatures in contact with water, causing addi-
tional danger. These are, i.a., fires of metals which react with water at room temperature
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or at combustion temperature, releasing large amounts of heat [15,76]. The increase in
the extinguishing efficiency of water is possible by addition of chemical compounds that
change its physical properties. The purpose of these compounds is to lower the surface
tension of water, which results in better absorption of water into the surface of solid com-
bustible materials. The compounds lowering the surface tension of water include, among
others, wetting agents, i.e., compounds containing in their molecule a hydrophilic chain
saturated with fluorine atoms, attached, for example, to the potassium salt of an aliphatic
acid sulphamide, which are added to water in an amount of 0.5 to 2%, thickeners (15 to
25%) or thickeners—wetting [77].

For example, Dali et al. [78] showed that the quenching time of liquid hydrocarbons by
suspensions containing carbon nanostructures (CNS), such as functionalized multi-walled
carbon nanotubes (MWCNTs), is on average 3.5–5.0 times shorter than the quenching
time of liquids with finely divided water. Wetting agents and additives increase the
intensity of the heat sink, creating a film on the surface of the burning oil product. Carbon
nanotubes increase the thermal conductivity and change the rheological properties of
liquids at low concentrations [79]. It has also been found that the CNS water-based slurries
are extinguishing agents with a predominantly cooling and diluting effect. Suspension
droplets enter the combustion zone, which causes an intense heating to the boiling point.
Such a process causes evaporation and cooling of the combustion zone, and the flame
is extinguished with a sufficient amount of water vapor in the combustion zone [78,80].
However, it should be remembered that too high a concentration of nanoparticles may lead
to aggregation of nanoparticles, which reduces the effective thermal conductivity of the
suspensions and the specific heat of vaporization.

It should be noted that due to the good fluidity of the water, most of it is lost when
sprayed onto the fire site. Large amounts of water are required for large-scale fires, rapid
fire spread, and when extinguishing poses significant difficulties. Often, in the case of
strong winds and the need to drop the agent from a height, it is hard to control the effec-
tiveness of operations and some water resources are wasted. Therefore, research is being
carried out on water retention in appropriate structures. Such a solution is, among others,
superabsorbent resin, which is a three-dimensional network polymer. It has hydrophilic
groups in its structure and is slightly cross-linked, which means that it can absorb a large
amount of water, swell and keep water from flowing out. High-molecular polyacrylic acid
superabsorbent resin hydrogel is widely used in the field of firefighting. This substance has
a significant heat capacity under high-temperature conditions. However, some superab-
sorbent resins have a low self-adhesive capacity, and have difficulty in adhering to vertical
wall surfaces, wooden furniture surfaces or surfaces containing stainless steel such as oil
tanker surfaces. These objects cannot, therefore, be effectively covered, which prevents
successful extinguishing and fire protection. To improve these properties, a polymeric
hydrogel extinguishing agent has been developed. It contains 0.1–0.5 wt. % of a polyacry-
late superabsorbent resin and/or an acrylate–acrylamide copolymer, and 0.01–0.5 wt. %
inorganic nanoparticles and water. Inorganic nanoparticles, mainly diatomite, kaolin, ben-
tonite, attapulgite, colloidal silica and precipitated silica, added to a special superabsorbent
resin improve its viscosity, adhesion of hydrogel extinguishing agent and extinguishing
effect [81].

Water can also be used in the form of water mist. Pressurized water is transported
through pipes to special nozzles, which then spray water in the form of mist over the area.
The water mist extinguishing system allows the temperature to be reduced quickly, the
humidity to increase and prevents the oxygen fire from finding a new source. The developed
Water Mist technology allows the production of water nanoparticles that facilitate the
fogging process and reduce the amount of water needed to extinguish the fire [82]. Very-
fine water mist can suppress the flame in case of fires covered with obstructions in tunnels,
thanks to better fluidity and obstacle avoidance [83,84]. Kudo et al. [85] investigated the
effect of frequency on the size distribution of ultrasonic fog and proposed a mechanism for
generating nanometric ultrasonic fog based on the amount of water vapor around the liquid
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column. It has been found that there is a relationship between the fog size distribution
and the ultrasound frequency. Increasing the power intensity and density by changing the
surface diameter of the ultrasonic oscillator influenced the numerical concentration and
size distribution of the nano-sized fog. Using this technique, the diameter of the fog can be
controlled by changing the frequency of the ultrasonic transducer [85].

Similar results were obtained by Jiang et al. [84], who conducted experimental and
numerical studies of the effect of nanoparticle water mist with phosphorus-containing com-
pounds (PCC) on the flame in the event of a CH4/coal dust explosion. The additives used
were dimethyl methylphosphonate (DMMP) and phytic acid (PA). The results obtained
showed that the water mist in the form of nanoparticles can act as a thermal barrier and
effectively reduce the flame temperature. A system containing DMMP, compared to PA,
can effectively lower the concentration of toxic (CO) and flammable gases (CH4 and H2)
in CH4 hybrid and coal dust explosions. Additionally, water mist containing DMMP can
significantly slow down the speed of the flame and cut off the flame. The results of the
research also showed that PCC additives can also increase the heat absorption capacity of
the water mist [84].

In order to improve the damping capacity of water mist in the form of nanoparticles,
various chemical additives in different concentrations are added to the water. The con-
ducted research allowed for the selection of various inorganic salts and organic compounds,
including compounds containing Na, K, P, Ca, Fe and surfactants. According to experi-
ments and computational studies, it has been proved that the addition of salt additives can
improve the effectiveness of chemical suppression [84,86–88].

Another solution in the field of firefighting is a fire blanket, handheld firefighting
equipment used to mechanically cut off the air supply to burning materials. Its use involves
tightly covering a small, burning object, e.g., a container with a burning substance or
burning clothes. When using a blanket, however, one should remember to cover the source
of the fire from his or her side to avoid burning. At the same time, it should be noted
that the blanket can be used effectively only to extinguish small sources of fire located
close to the person putting out the fire. However, it is possible to use it multiple times
and not to destroy the extinguished objects. High-temperature fire blankets are made of
non-flammable or fire-resistant fabric materials (e.g., aramids, glass fiber, amorphous silica,
pre-oxidized carbon and mineral fibers) [89]. Fire blankets made of polyester or wool are
useless in the event of a fat fire, as they are at risk of spontaneous combustion or ignition.
Blankets can also be made of fiberglass in the form of nano fiberglass. The Nano Fiberglass
fabric [90] helps to extinguish the most difficult flames, regardless of the cause, in a very
short time. It can be used to extinguish all types of fires, including fires of lubricants, liquids
and gases.

An interesting solution is the invention [91], which allows the use of nanocrystalline
particles with a relatively large surface area to reduce the amount of various substances
generated during fires and to suppress the fire itself. The results of the research showed
that nanocrystalline particles can come from the group consisting of metal oxides, metal
hydroxides, carbonates, bicarbonates, phosphorus, inorganic phosphorus compounds,
boron compounds, antimony compounds, molybdenum compounds, titanium compounds,
zirconium compounds, zinc compounds, amidosulfonates, sulfates, bromine compounds,
chlorine compounds and mixtures thereof. Metal oxides and metal hydroxides Mg, Sr,
Ba, Ca, Ti, Zr, Fe, V, Mn, Ni, Cu, Al, Si, Zn, Ag, Mo, Sb and mixtures thereof are the most
preferred nanocrystalline materials. However, sodium, aluminum, magnesium and calcium
hydroxides, carbonates and bicarbonates are most preferred. It has been shown that the size
of the nanocrystalline particles should be less than 25 nm; nonetheless, the most optimal
particles are about 1–20 nm, especially between about 2 and 10 nm. In contrast, the values
characterizing the multipoint Brunauer–Emmett–Teller (BET) surface area should be at least
about 15 m2/g, with the most optimal being at least about 70 m2/g and most preferably in
the range of about 200–850 m2/g [91].
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The effectiveness of smoke removal is determined by the amount of nanocrystalline
particles dispensed in a given area (i.e., mass concentration of nanoparticles), aerodynamic
geometric mean diameter (GMD) of the particles and the settling velocity of the particles.
The most optimal amount of nanocrystalline particles to be dispensed in a region is between
about 1–5 g/m3. The nanocrystalline particles at first must be scattered in the area affected
by the smoke to absorb some of the smoke, especially the carbon particles, which tend to
obscure visibility. The developed solution also allows a reduction of the amount of various
toxic compounds, such as acrolein, toluene diisocyanate, formaldehyde, isocyanates, HCN,
CO, NO, HF and HCl generated during a fire [91].

Nanotechnology creates opportunities to improve the effectiveness of firefighting
(Table 4) and thus the safety of users and people involved in the event.

Table 4. Possibilities of using nanotechnology to improve the efficiency of firefighting.

Nanoparticles Characteristic Effect Ref.

CNS

suspension of carbon nanostructures
(CNS) in the form of functionalized

multi-walled carbon nanotubes
(MWCNT)

shorter fire extinguishing time, mainly cooling
and diluting effect [78]

diatomite, kaolin,
bentonite, attapulgite,

SiO2

inorganic nanoparticles added to a
special superabsorbent resin

improving the adhesion of hydrogel
extinguishing agent, better extinguishing effect [81]

mist of H2O
Water Mist technology reducing the amount of water needed to

extinguish the fire, the ability to avoid
obstacles, quickly lowering the temperature

[82,83]

ultrasonic fragmentation of H2O
particles [85]

system containing dimethyl
methylphosphonate (DMMP)

reducing the concentration of toxic and
combustible gases and coal dust, the thermal
barrier effectively reduces the temperature of

the flame

[84]

water glass nano fiberglass extinguishing all types of fires (including fires
of lubricants, liquids and gases) [90]

hydroxides, carbonates
and bicarbonates of Na,

Al, Mg and Ca

nanocrystalline particles with a size of
about 2-10 nm, with a surface area of

200–850 m2/g

reduction in part of the smoke (especially
carbon particles) and the amount of various

toxic compounds formed during a fire
[91]

The use of nanoparticles shortens the fire extinguishing time, reduces the concentration
of toxic and combustible gases and reduces the amount of dust, which significantly reduces
pollution and migration of pollutants along with smoke over longer distances. It should
also be noted that the fragmentation of water particles to sizes < 100 nm allows a reduction
of the amount of water needed to extinguish the fire and the amount of fire extinguishing
sewage.

5. Conclusions

The fire protection system must be constantly improved as a consequence of changes
taking place in the economic, social and legal space. In addition to preventive measures,
research is necessary in the field of tools used in rescue operations. Solutions based on
nanotechnology are being introduced more and more often. They are aimed at improving
the key properties of individual extinguishing agents and thus their effectiveness in a
firefighting situation. In this context, the requirements for efficiency improvement play a
major role, which are becoming more and more demanding.

The analysis of the type of nanoparticles used in the processes of modification of extin-
guishing agents shows that inorganic nanoparticles, mainly silica and oxides, hydroxides
and bicarbonates/carbonates of alkali metals and aluminum, are the most widely used.
The introduction of these nanoparticles to standardly used powders or foaming agents
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allows for faster fire extinguishing, greater efficiency, reduction in the emission of toxins
into the environment and reduction in heat emission to the environment. An interesting
solution is also the reduction of water particles to the size of nanoparticles, using, among
others, ultrasound, which creates a thermal barrier and reduces the time of extinguishing
the fire, as well as reduces the consumption of the extinguishing agent. Thus, it improves
the safety of people involved in the event and allows you to reduce the costs of occurring
fires.

However, selection of nanoparticles must be appropriate, because at higher concen-
trations they may be subject to aggregation, which in turn reduces the effectiveness of the
quenching process. At the same time, it should be noted that foams and extinguishing
powders may have a negative impact on the environment due to the use of various types
of chemical compounds with greater or lesser chemical activity in their production. As
a result of the application of such measures, some areas can become contaminated and
require further treatment, consisting in the neutralization of substances created during the
fire and extinguishing, at least. Therefore, in order to further improve the extinguishing
efficiency and the resistance of the extinguishing agent, as well as to minimize environmen-
tal pollution, it is necessary to develop extinguishing agents that can extinguish various
complex fires and, at the same time, remain stable and environmentally friendly.

Solutions implemented on the basis of nanotechnology contribute to faster cooling
of the environment, improved visibility in case of high smoke and more effective fire
extinguishing action. However, work carried out in this scope and the modifications
introduced need to consider the toxicity of nanoparticles, the possibility of their migration
and the negative impact both on the environment and on humans, including those involved
in the incident.
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20. Rakowska, J.; Radwan, K.; Ślosorz, Z. Comparative Study of the Results of the Extinguishing Powder Grain Size Analysis Carried

out by Different Methods. BiTP 2014, 34, 57–64. [CrossRef]
21. Ni, X.; Kuang, K.; Yang, D.; Jin, X.; Liao, G. A new type of fire suppressant powder of NaHCO3/zeolite nanocomposites with

core–shell structure. Fire Saf. J. 2009, 44, 968–975. [CrossRef]
22. Kuang, K.; Chow, W.K.; Ni, X.; Yang, D.; Zeng, W.; Liao, G. Fire suppressing performance of superfine potassium bicarbonate

powder. Fire Mater. 2011, 35, 353–366. [CrossRef]
23. Haiqiang, L.; Ruowen, Z.; Jiaxin, G.; Siuming, L.; Yuan, H. Good dry powder to suppress high building fires. APCBEE Procedia

2014, 9, 291–295. [CrossRef]
24. Ibrahim, H.; Patruni, J.R. Experimental investigation on extinguishing performance of a novel nanocomposite for gaseous fires. J.

Loss Prev. Process Ind. 2020, 65, 104143. [CrossRef]
25. Ni, X.; Kuang, K.; Wang, X.; Liao, G. A New Type of BTP/Zeolites Nanocomposites as Mixed-phase Fire Suppressant: Preparation,

Characterization, and Extinguishing Mechanism Discussion. J. Fire Sci. 2009, 28, 5–25. [CrossRef]
26. Du, D.; Pan, X.; Hua, M. Experimental Study on Fire Extinguishing Properties of Compound Superfine Powder. Procedia Eng.

2018, 211, 142–148. [CrossRef]
27. Kaiqian, K.; Xin, H.; Guangxuan, L. A comparison between superfine magnesium hydroxide powders and commercial dry

powders on fire suppression effectiveness. Process Saf. Environ. Prot. 2008, 86, 182–188. [CrossRef]
28. Koshiba, Y.; Takahashi, Y.; Ohtani, H. Flame Suppression Ability of Metallocene (nickelocene, cobaltocene, ferrocene,

manganocene, and chromocene). Fire Saf. J. 2012, 51, 10–17. [CrossRef]
29. Linteris, G.T.; Knyazev, V.D.; Babushok, V.I. Inhibition of Premixed Methane Flames by Manganese and Tin Compounds. Combust.

Flame 2002, 129, 221–238. [CrossRef]
30. Łukaszczuk, P. The Application of Nanotechnology in Fire Protection. BiTP 2016, 42, 95–102. [CrossRef]
31. Rabajczyk, A.; Zielecka, M.; Popielarczyk, T.; Sowa, T. Nanotechnology in Fire Protection—Application and Requirements.

Materials 2021, 12, 7849. [CrossRef] [PubMed]
32. Biel, M.; Izak, P.; Skubacz, K.; Stempkowska, A.; Mastalska-Popławska, J. The Effect of Humidity on the Atomization Process and

Structure of Nanopowder Designed for Extinguishment. Materials 2021, 14, 3329. [CrossRef]
33. Rabajczyk, A.; Zielecka, M.; Porowski, R.; Hopke, P.K. Metal nanoparticles in the air: State of the art and future perspectives.

Environ. Sci. Nano 2020, 7, 3233. [CrossRef]
34. Kunin, A.V.; Smirnov, S.A.; Lapshin, D.N.; Semenov, A.D.; Il’in, A.P. Technology development for the production of ABCE fire

extinguishing dry powders. Russ. J. Gen. Chem. 2016, 86, 450–459. [CrossRef]
35. CEN/TR 15276-1; Fixed firefighting systems—Condensed aerosol extinguishing systems—part. 1: Requirements and test methods

for components. European Committee For Standardization, Management Centre: Brussels, Belgium, 2009.
36. Xie, J.; Zhang, J.; Ding, C.; Wang, X. Hydrophobic nano SiO2 as flow-enhancing additives and flame retardant synergizes with

CaCO3 to suppress gas explosion. RSC Adv. 2021, 11, 4672–4681. [CrossRef]
37. Qu, L.; Morton, D.A.V.; Zhou, Q. Particle engineering via mechanical dry coating in the design of pharmaceutical solid dosage

forms. Curr. Pharm. Des. 2015, 21, 5802–5814. [CrossRef]
38. Zimmerman, I.; Eber, M.; Meyer, K. Nanomaterials as flow regulators in dry powders. Z. Phys. Chem. 2004, 218, 51–102. [CrossRef]
39. Hare, C.; Zafar, U.; Ghadiri, M.; Freeman, T.; Clayton, J.; Murtagh, M.J. Analysis of the dynamics of the FT4 Powder Rheometer.

Powder Technol. 2015, 285, 123–127. [CrossRef]
40. Shamsutdinov, A.S.; Kondrashova, N.B.; Valtsifer, I.V.; Bormashenko, E.; Huo, Y.; Saenko, E.V.; Pyankova, A.V.; Valtsifer, V.A.

Manufacturing, Properties, and Application of Nanosized Superhydrophobic Spherical Silicon Dioxide Particles as a Functional
Additive to Fire Extinguishing Powders. Ind. Eng. Chem. Res. 2021, 60, 11905–11914. [CrossRef]

59



Materials 2022, 15, 8876

41. Saenko, E.V.; Huo, Y.; Shamsutdinov, A.S.; Kondrashova, N.B.; Valtsifer, I.V.; Valtsifer, V.A. Mesoporous Hydrophobic Silica
Nanoparticles as Flow-Enhancing Additives for Fire and Explosion Suppression Formulations. ACS Appl. Nano Mater. 2020, 3,
2221–2233. [CrossRef]

42. Foster, J.; Doll, J. Particle size effect on talc lubricant activity. In American Association of Pharmaceutical Scientists Annual Meeting
Poster Session; American Association of Pharmaceutical Scientists; Specialty Minerals Inc.: Easton PA, USA, 2004; p. 18.

43. Yang, J.; Sliva, A.; Banerjee, A.; Dave, R.N.; Pfeffer, R. Dry particle coating or improving the flowability of cohesive powders.
Powder Technol. 2005, 158, 21–33. [CrossRef]

44. Zegzulka, J.; Jezerska, L.; Zadrapa, F.; Zidek, M.; Gelnar, D. Flow characterization methods of glidants. In Proceedings of the 8th
International Conference on Nanomaterials-Research & Application, Brno, Czech Republic, 19−21 October 2016.

45. Veregin, R.P.N.; Bartha, R. A quantitative cohesive force mechanism for powder flow: The role of metal oxide surface additives in
xerographict oner. J. Imaging Sci. Technol. 2001, 45, 571–578.

46. Reding, N.S.; Shiflett, M.B. Characterization of Thermal Stability and Heat Absorption for Suppressant Agent/Combustible
Dust Mixtures via Thermogravimetric Analysis/Differential Scanning Calorimetry. Ind. Eng. Chem. Res. 2019, 58, 4674–4687.
[CrossRef]

47. Park, E.J.; Cho, Y.K.; Kim, D.H.; Jeong, M.-G.; Kim, Y.H.; Kim, Y.D. Hydrophobic Polydimethylsiloxane (PDMS) Coating of
Mesoporous Silica and Its Use as a Preconcentrating Agent of Gas Analytes. Langmuir 2014, 30, 10256–10262. [CrossRef]

48. Jonat, S. Mechanism of Hydrophilic and Hydrophobic Colloidal Silicon Dioxide Types as Glidants. PhD Dissertation, Universität
Tübingen, Tübingen, Germany, 2005.

49. Kojima, T.; Elliott, J.A. Incipient flow properties of two component fine powder systems and their relationships with bulk density
and particle contacts. Powder Technol. 2012, 228, 359–370. [CrossRef]

50. Kojima, T.; Elliott, J.A. Effect of silica nanoparticles on the bulk flow properties of fine cohesive powders. Chem. Eng. Sci. 2013,
101, 315–328. [CrossRef]

51. EN 1568-1:2018; Fire Extinguishing Media—Foam Concentrates—Part 1: Specification for Medium Expansion Foam Concentrates
for Surface Application to Water-Immiscible Liquids. European Committee for Standardization, Management Centre: Brussels,
Belgium.

52. Roth, J.; Abusallout, I.; Hill, T.; Holton, C.; Thapa, U.; Hanigan, D. Release of Volatile Per- and Polyfluoroalkyl Substances from
Aqueous Film-Forming Foam. Environ. Sci. Technol. Lett. 2020, 7, 164–170. [CrossRef]

53. Jiang, N.; Sheng, Y.; Li, C.; Lu, S. Surface activity, foam properties and aggregation behavior of mixtures of short-chain fluorocarbon
and hydrocarbon surfactants. J. Mol. Liq. 2018, 268, 249–255. [CrossRef]

54. Wendong Kang, W.; Yan, L.; Ding, F.; Guo, X.; Xu, Z. Experimental study on fire-extinguishing efficiency of protein foam in diesel
pool fire. Case Stud. Therm. Eng. 2019, 16, 100557. [CrossRef]

55. Commission Regulation (EU) 2017/1000 of 13 June 2017 Amending Annex XVII to Regulation (EC) No 1907/2006 of the European
Parliament and of the Council on Registration, Evaluation, Authorization and Use of Chemical Restrictions (REACH) for
Perfluorooctanoic Acid (PFOA), Its Salts and Derivatives. Available online: https://www.legislation.gov.uk/eur/2017/1000/
annex?view=plain (accessed on 5 October 2022).

56. Kuti, R. Advantages of Water Fog Use as a Fire Extinguisher. AARMS 2015, 14, 259–264. [CrossRef]
57. Denkov, N.; Tcholakova, S.; Politova-Brinkova, N. Physicochemical control of foam properties. Curr. Opin. Colloid Interface Sci.

2020, 50, 101376. [CrossRef]
58. Dlugogorski, B.Z.; Kennedy, E.M.; Schaefer, T.H.; Vitali, J.A. What Properties Matter in Fire-Fighting Foams? Whitepaper. In

Proceedings of the National Research Institute of Fire and Disaster 2nd NRIFD Symposium—Conference Proceedings, Tokyo,
Japan, 17–19 July 2002; Available online: https://www.kappetijn.eu/wp-content/uploads/2019/05/Solberg-what-properties-
matther-in-foam.pdf (accessed on 5 October 2022).

59. Fan, X.; Guan, X.; Zhang, M.; Liu, Y.; Li, Y. Aqueous foam synergistically stabilized by the composite of lignin nanoparticles and
surfactant. Colloids Surf. A Physicochem. Eng. Asp. 2022, 643, 128727. [CrossRef]

60. Li, Y.; Xiao, G.; Li, F.; Guo, Y.; Chen, C.; Chen, C.; Li, R.; Yang, Z. A novel H-TiO2/gel co-stabilized three-dimensional network
synergistic fire-retardant foam gel for coal-pile. Colloids Surf. A Physicochem. Eng. Asp. 2022, 650, 129642. [CrossRef]

61. Sheng, Y.; Peng, Y.; Zhang, S.; Guo, Y.; Ma, L.; Wang, Q.; Zhang, H. Study on Thermal Stability of Gel Foam Co-Stabilized by
Hydrophilic Silica Nanoparticles and Surfactants. Gels 2022, 8, 123. [CrossRef] [PubMed]

62. Zhang, L.; Yunpeng Bian, Y.; Kuai, D. Preparation and flame retardant property of nano-aluminum hydroxide foam for preventing
spontaneous coal combustion. Fuel 2021, 304, 121494. [CrossRef]

63. DAZZEON. Available online: http://www.dazzeon.com/en/firesavior/ (accessed on 5 October 2022).
64. Youije, S.; Hanling, Z.; Yunchuan, P.; Li, H.; Zhenping, W.; Yang, L.; Canbin, Y. Efficient Environment-Friendly NP-Foam

Extinguishing Agent and Preparation Method Thereof. China Patent CN114748828A, 15 July 2022. Available online: https:
//patents.google.com/patent/CN114748828A/en (accessed on 5 October 2022).

65. Mosina, K.S.; Nazarova, E.A.; Vinogradov, A.V.; Vinogradov, V.V.; Krivoshapkina, E.F.; Krivoshapkin, P.V. Alumina Nanoparticles
for Firefighting and Fire Prevention. ACS Appl. Nano Mater. 2020, 3, 4386–4393. [CrossRef]

66. Martin, T.J. Fire-Fighting Foam Technology. In Foam Engineering: Fundamentals and Applications; John Wiley & Sons: Chichester,
UK, 2012.

60



Materials 2022, 15, 8876

67. Zhou, R.; Dou, X.; Lang, X.; He, L.; Liu, J.; Mu, S. Foaming Ability and Stability of Silica Nanoparticle-Based Triple-Phase Foam
for Oil Fire Extinguishing: Experimental. Soft Mater. 2018, 16, 327–338. [CrossRef]

68. Vinogradov, A.V.; Kuprin, D.S.; Abduragimov, I.M.; Kuprin, G.N.; Serebriyakov, E.; Vinogradov, V.V. Silica Foams for Fire
Prevention and Firefighting. ACS Appl. Mater. Interfaces 2016, 8, 294–301. [CrossRef] [PubMed]

69. Carn, F.; Colin, A.; Pitois, O.; Vignes-Adler, M.; Backov, R. Foam Drainage in the Presence of Nanoparticle−Surfactant Mixtures.
Langmuir 2009, 25, 7847–7856. [CrossRef] [PubMed]

70. Binks, B.P.; Rodrigues, J.A. Enhanced stabilization of emulsions due to surfactant-induced nanoparticle flocculation. Langmuir
2007, 23, 7436–7439. [CrossRef]

71. Li, X.; Guo, R.; Qian, X. Research on the influence of wollastonite fibers on the stability of foam extinguishment agent and its
effect on the extinguishing efficiency of pool fire. Fire Mater. 2020, 44, 1053–1063. [CrossRef]

72. Hill, C.; Eastoe, J. Foams: From nature to industry. Adv. Colloid Interface Sci. 2017, 247, 496–513. [CrossRef]
73. SERDP-ESRCP. Innovative Nano-Encapsulated Ionic Liquid-Based Surfactants for Fluorine-Free Fire Extinguishing Foams,

WP20-1539. Available online: https://serdp-estcp.org/projects/details/44074bfa-601f-48c2-8250-3305ce801082 (accessed on 5
October 2022).

74. SERDP-ESRCP. Innovative Nano-Encapsulated Ionic Liquid Based Surfactants for PFAS-Free Fire Extinguishing Foams, WP18-
1597. Available online: https://serdp-estcp.org/projects/details/0e41dbfb-f716-408e-bf3c-5e443c43ba0e (accessed on 5 October
2022).

75. Shen, J.; Liang, J.; Lin, X.; Lin, H.; Yu, J.; Wang, S. The Flame-Retardant Mechanisms and Preparation of Polymer Composites and
Their Potential Application in Construction Engineering. Polymers 2022, 14, 82. [CrossRef] [PubMed]

76. Maguire, J.F.; Woodcock, L.V. Thermodynamics of Tower-Block Infernos: Effects of Water on Aluminum Fires. Entropy 2020, 22,
14. [CrossRef]

77. Fire Safety Devices Pvt. Ltd. Wetting Agent. Available online: http://fcfsd.com/wetting-agents.html (accessed on 5 October
2022).

78. Dali, F.A.; Shidlovsky, G.L.; Khasikhanov, M.S.; Zalaev, R.U.; Tagirova, P.R.; Saidulaev, S.S.; Masaeva, L.M.; Erzhapova, R.S.
The use of carbon nanotubes in the fire extinguishing of oil and oil products. IOP Conf. Ser. Mater. Sci. Eng. 2020, 905, 012011.
[CrossRef]

79. Yu, W.; Xie, H. A review on nanofluids: Preparation, stability mechanisms, and applications. J. Nanomater. 2012, 435873. [CrossRef]
80. Toropov, D.; Ivanov, A.; Dali, F.; Perlin, A.; Lebedev, A.; Shidlovsky, G. Extinguishing characteristics of water suspensions with

carbon nanostructures at extinguishing liquid hydrocarbons fires (oil and gas industry). Fire Prot. Saf. Sci. J. 2019, 13, 22–31.
[CrossRef]

81. Xu, D.H.; Ma, R.; Li, S.S.; Shi, T.F.; Zhou, H.W.; Pan, G.; Fu, Z.L.; Wang, X.W.; Li, S.J.; Tang, H.Q. High-Molecular Hydrogel Fire
Extinguishing Agent and Preparation Method Thereof. CN109966688B, 17 August 2019.

82. SMH SISTEMAS. Fire Suppression System by Water Mist. Available online: https://www.smh.com.br/en/fire-suppression-
system-by-water-mist/ (accessed on 5 October 2022).

83. Liu, Y.P.; Wang, X.S.; Liu, T.; Ma, J.; Li, G.C.; Zhao, Z.H. Preliminary study on extinguishing shielded fire with water mist. Process
Saf. Environ. Protect. 2020, 141, 344–354. [CrossRef]

84. Jiang, H.; Bi, M.; Huang, L.; Zhou, Y.; Gao, W. Suppression mechanism of ultrafine water mist containing phosphorus compounds
in methane/coal dust explosions. Energy 2022, 239, 121987. [CrossRef]

85. Kudo, T.; Sekiguchi, K.; Sankoda, K.; Namiki, N.; Nii, S. Effect of ultrasonic frequency on size distributions of nanosized mist
generated by ultrasonic atomization. Ultrason. Sonochem. 2017, 37, 16–22. [CrossRef] [PubMed]

86. Linteris, G.T.; Rumminger, M.D.; Babushok, V.I. Catalytic inhibition of laminar flames by transition metal compounds. Prog.
Energy Combust. Sci. 2008, 34, 288–329. [CrossRef]

87. Tianwei, Z.; Hao, L.; Zhiyue, H.; Zhiming, D.; Yong, W. Active substances study in fire extinguishing by water mist with
potassium salt additives based on thermoanalysis and thermodynamics. Appl. Therm. Eng. 2017, 122, 429–43838. [CrossRef]

88. Dombrovsky, L.A.; Dembele, S.; Wen, J.X. A simplified model for the shielding of fire thermal radiation by water mists. Int. J.
Heat Mass Transf. 2016, 96, 199–209. [CrossRef]

89. Takahashi, F. Fire blanket and intumescent coating materials for failure resistance. MRS Bull. 2021, 46, 429–434. [CrossRef]
90. WowZone Buyer’s Protection. FlameCape™ Fire Blanket. Available online: https://wowzonegadgets.com/products/flamecape-

fire-blanket (accessed on 5 October 2022).
91. Mulukutla, R.S.; Malchesky, P.S.; Maghirang, R.; Klabunde, J.S.; Klabunde, K.J.; Koper, O. Metal Oxide Nanoparticles for Smoke

Clearing and Fire Suppression. US20080210444A1, 4 September 2010.

61



Citation: Bhandari, K.P.; Sapkota,

D.R.; Jamarkattel, M.K.; Stillion, Q.;

Collins, R.W. Zinc Oxide

Nanoparticles—Solution-Based

Synthesis and Characterizations.

Nanomaterials 2023, 13, 1795.

https://doi.org/10.3390/

nano13111795

Academic Editors: Robert A. Varin

and Geng Zhong

Received: 5 May 2023

Revised: 26 May 2023

Accepted: 30 May 2023

Published: 2 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Zinc Oxide Nanoparticles—Solution-Based Synthesis and
Characterizations

Khagendra P. Bhandari 1,*, Dhurba R. Sapkota 2, Manoj K. Jamarkattel 2, Quenton Stillion 1 and Robert W. Collins 2

1 Department of Physics and Astronomy, Ohio Northern University, Ada, OH 45810, USA; q-stillion@onu.edu
2 Wright Center for Photovoltaics Innovation & Commercialization, University of Toledo,

Toledo, OH 43606, USA; dhurbaraj.sapkota@rockets.utoledo.edu (D.R.S.);
manoj.jamarkattel@rockets.utoledo.edu (M.K.J.); robert.collins@utoledo.edu (R.W.C.)

* Correspondence: k-bhandari@onu.edu; Tel.: +1-419-772-2739

Abstract: Zinc oxide (ZnO) nanoparticles have shown great potential because of their versatile and
promising applications in different fields, including solar cells. Various methods of synthesizing
ZnO materials have been reported. In this work, controlled synthesis of ZnO nanoparticles was
achieved via a simple, cost-effective, and facile synthetic method. Using transmittance spectra
and film thickness of ZnO, the optical band gap energies were calculated. For as-synthesized and
annealed ZnO films, the bandgap energies were found to be 3.40 eV and 3.30 eV, respectively.
The nature of the optical transition indicates that the material is a direct bandgap semiconductor.
Spectroscopic ellipsometry (SE) analysis was used to extract dielectric functions where the onset of
optical absorption of ZnO was observed at lower photon energy due to annealing of the nanoparticle
film. Similarly, X-ray diffraction (XRD) and scanning electron microscopy (SEM) data revealed that
the material is pure and crystalline in nature, with the average crystallite size of ~9 nm.

Keywords: znc oxide; nanoparticle; absorbance; absorption coefficient; bandgap; ellipsometry; crystal
structure; surface morphology

1. Introduction

In materials science, the ZnO is a wide bandgap II–VI semiconductor compound, the
chemical bonding of which is largely covalent but with a substantial contribution from
ionic bonding [1]. The ZnO can crystallize in the wurtzite, zinc blende, and rock salt
crystal structures. The compound semiconductor has a tetrahedral bonding configuration,
where each anion is surrounded by four cations at the corners of a tetrahedron, and each
cation is surrounded by four anions, corresponding to the sp3 covalent bonding [2]. The
compound zinc oxide (ZnO) is one of the most functional materials with remarkable
and unique physical and chemical properties, such as strong chemical stability [3–5], high
electrochemical coupling coefficients [6,7], and a broad spectrum of radiation absorption [8],
along with high photostability [9].

Among the diversity of materials and needs, the oxide semiconductor ZnO is of great
interest and is one of the versatile materials in materials science. The research interest in
ZnO is growing every year, as can be observed from the rapid growth in the number of
publications about the materials [10]. The material has a non-toxic nature and is cost-effective
in producing both small and large scales. ZnO is considered as a leading candidate material
for the next generation of the electronics industry, and as a practical material for medical
devices [11,12]. Zinc oxide has also been considered as a promising anode material for Li-ion
batteries because of its high theoretical capacity, environmental friendliness, abundance, and
economical nature [13,14]. ZnO is recognized as an n-type, multi-functional semiconductor
material, with a direct bandgap energy of ~3.37 eV and exciton binding energy up to 60 eV,
even at room temperature, which is even higher than that of GaN [2,15–17]. This exceptional
characteristic of ZnO makes it a lucrative material for room-temperature ultraviolet lasing
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devices [18,19]. Other applications of ZnO include optoelectronic and spintronic devices [20],
UV light emitters [21], varistors [22,23], ceramic positive temperature coefficient thermis-
tors [24,25], transparent high-power electronics [26,27], surface acoustic wave guides [28],
piezoelectric transducers [29], chemical and gas sensor [30], solar cells [31–33], and piezo-
electric nanogenerators [34]. As a result of its high emission efficiency, it is an important
material for solid-state lighting technology [35]. It also provides opportunities for the forma-
tion of effective new optical and magnetic devices, such as spin-polarized solar cells, spin
light-emitting diodes, and magneto-optical switches [36].

Apart from bulk ZnO and thin films/epilayers [37], several nanostructured polymorphic
shapes of ZnO are available, such as nanorods [38,39], nanowires [33,40], nanoflowers [41,42],
and nanoparticles [43–45]. These nanostructures have proven to be important for optoelec-
tronic devices because of their large surface-to-volume ratios [46,47]. These various structures
achieved by the nanostructures of ZnO make these materials unique, with a diverse set
of characteristics and prospective uses in a variety of nanotechnology disciplines. Several
methods for the synthesis of ZnO nanostructures have been reported, such as microemulsion
synthesis [48,49], sol-gel techniques [50–52], mechanochemical processing [53,54], spray py-
rolysis and drying [55,56], thermal decomposition of organic precursor [57,58], RF plasma
synthesis [59,60], supercritical water processing [61,62], self-assembling [63], hydrothermal
processing [64–66], vapor transport process [67,68], microwave assisted synthesis [69,70],
direct precipitation, and homogeneous precipitation [71,72].

Out of all these deposition methods, hydrothermal, precipitation, colloidal, and sol-gel
belong to the main category of the liquid-phase method of synthesis of nanomaterials.
These methods are important because of their convenient operation procedures, simple
synthetic route, and controllable particle size distribution. Hydrothermal synthesis can
be used to fabricate nanomaterials at all temperature ranges and is considered one of
the best methods for high-temperature synthesis. Similarly, the precipitation method is
used to generate a pure and homogeneous nanomaterial. Product separation is necessary
after precipitation and constant product quality throughout the precipitation process is
sometimes challenging.

In the chemical vapor deposition (CVD) method, solid material is deposited using
vapors obtained from the chemical reaction of the materials occurring on or in the locality
of a normally heated substrate’s surface [73]. The generated thin film has uniform thickness
with low porosity, even on a substrate with a complicated shape. This method is important
to fabricate selective deposition, even on patterned substrates, and provides a pure material
with economical production. On the other hand, CVD requires an expensive high-vacuum
deposition system, making this deposition method not appropriate for all users.

In this work, we investigate the structural, morphological, and optical properties of
ZnO nanoparticles obtained from the solvothermal synthesis route. The solvothermal
method helps to speed up the reaction among the reactants and to enhance the crystal
growth, resulting in self-assembly of nanoparticles in the solution. The synthesis is com-
pleted using zinc acetate and potassium hydroxide in the presence of methanol (Section 2).
ZnO nanoparticles obtained from this method have already been used in quantum dot
solar cells [74,75]. However, the authors realize that a detailed characterization, includ-
ing a spectroscopic ellipsometry study, is necessary to further investigate its applications.
We found this method to be a cost-effective and facile method for the synthesis of ZnO
nanoparticles. The structure, morphology, and optical properties of the nanoparticles were
investigated using XRD, SEM, SE, and a UV/Vis spectrophotometer.

2. Materials and Methods

2.1. Materials

Zinc acetate (ZnAc2, 99.99%, Sigma Aldrich, St. Louis, MO, USA), potassium hydrox-
ide (KOH, certified ACS pellets, Fisher Scientific, Waltham, MA, USA), chloroform (anhy-
drous, 99+%, Sigma Aldrich), and methanol (MeOH, anhydrous, 99.8%, Sigma Aldrich)
were purchased and used as received.
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2.2. Nanoparticle Synthesis

Synthesis of ZnO nanoparticles was conducted using a modified form of the solvothermal
method described elsewhere [74–76]. Two solutions were prepared in separate containers:
solution 1 was prepared by dissolving 0.55 g of zinc acetate (Zn(CH3COO)2) in 25 mL of
methanol (MeOH). The solution was stirred for an hour at a hot plate temperature of 60 ◦C.
Solution 2 was similarly prepared by dissolving 0.28 g of potassium hydroxide (KOH) in
12.5 mL of methanol by stirring at the same hotplate temperature as for solution 1. Solution 2
was added to solution 1 using a titration process with the help of a burette and the reaction
was left to run for 2 h at 60 ◦C for the nucleation and growth of the nanoparticles. After 2 h,
the solution mixture was centrifuged to extract nanoparticles and re-suspended in methanol.
This process was repeated three times, and finally, dry ZnO nanoparticles were suspended in
chloroform for characterization in solution and thin films. The synthesis of ZnO nanoparticles
was summarized using the following balanced equation:

Zn(CH3COO)2 + 2KOH → Zn(OH)2 + 2CH3COOK
Zn(OH)2 → ZnO + H2O

2.3. Thin Film Fabrication

ZnO nanoparticles thin films were fabricated using the spin coating process. A ZnO
nanoparticle solution of the desired concentration was prepared in chloroform. The ob-
tained solution was spin-coated on the Fisher brand borosilicate glass and soda lime glass
substrates at 1000 rpm for 10 s and 4000 rpm for 25 s at room temperature (23 ◦C). The
prepared films were annealed at different hotplate temperatures for different times.

2.4. Characterization Methods

A field emission scanning electron microscope (Hitachi S-4800, Japan) was used to
acquire SEM images of ZnO surface. The XRD patterns of the ZnO films were taken
using a Rigaku Ultima III X-ray diffractometer (Rigaku, USA) fitted with a small-angle
X-ray scattering at 40 kV accelerating voltage and 44 mA current. Dielectric functions
were obtained using a spectroscopic ellipsometry study. To obtain SE data, a rotating-
compensator ellipsometer J. A. Woollam Co., (St. Lincoln, NE, USA) M-2000 DI was
used. Unpolarized absorbance and transmittance spectra of the films were taken using a
Shimadzu UV 2401PC Spectrophotometer. Spectroscopic ellipsometry data were taken to
identify their dielectric functions. It is important to note that all these measurements were
conducted at room temperature.

3. Results and Discussions

3.1. Phase Analysis and Surface Morphology

To understand the purity and crystallinity of the ZnO thin films, XRD data were col-
lected from as-synthesized film and an annealed film using Cu Kα radiation (λ = 1.54059 Å)
in focused beam geometry. The XRD patterns obtained from the as-synthesized film are
shown in Figure S1. Figure 1 shows XRD spectra of ZnO film annealed at 300 ◦C for
30 min. By comparing Figure 1 and Figure S1, it can be seen that the annealed film is
more crystalline as compared to the as-synthesized film. All XRD peaks are indexed by
the hexagonal wurtzite structure (#PDF 98-000-0483) of ZnO matching exactly with the
standard peaks for the wurtzite phase represented by vertical lines, as shown in Figure 1.
These standard reference peaks were obtained from MDI JADE (JadeTM computer software
from Materials Data Inc., St. Livermore, CA, USA). There is no evidence of traces of any
other materials and sharp diffraction peaks are indicative of the good crystallinity and
phase purity of the materials. The intense and sharp peaks of the XRD pattern indicate
phase purity of ZnO nanoparticles. Further analysis of the material was done using Bragg’s
law to identify the lattice constants, lattice spacing, and crystallite sizes.
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Figure 1. XRD patterns of annealed film of ZnO nanoparticles deposited on borosilicate glass
substrate (Fisher brand microscope slide). The film was heated at 300 ◦C for 30 min.

The equation representing Bragg’s law of diffraction [77] is

2dhklsinθ = nλ (1)

where n is the order of diffraction, λ is X-ray wavelength, and dhkl is the lattice interplanar
spacing. For hexagonal structure, the plane spacing dhkl is related to the lattice constants
a = b, c and the Miller indices (h, k, l) by the relation [77]:

1
d2
(hkl)

=
4
3

(
h2 + hk + k2

a2

)
+

l2

c2 (2)

Using Bragg’s law for n = 1, Equation (3) reduces to

sin2θ =
λ2

4a2

[
4
3

(
h2 + hk + k2

)
+

( a
c

)2
l2
]

(3)

The above equation for 〈100〉 and 〈002〉 planes, for example, becomes a = λ√
3sinθ

and

c = λ
sinθ . Using λ = 1.54059 Å and 2θ for two planes 31.767◦ and 34.419◦, lattice constants

were calculated as a = b = 3.2499 Å and c = 5.2070 Å, respectively. These values match
very well with the previous work calculated by Bindu et al. [78]. The interplanar spacing
dhkl were calculated using Bragg’s law from XRD patterns for some major XRD peaks
corresponding to 〈hkl〉 planes and were compared with reference data, as shown in Table 1.

The crystallite size (D) was also calculated in accordance with the Debye–Scherrer
formula [44,79]:

D =
kλ

βcosθ
(4)
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Table 1. Interplanar spacing from XRD, reference for corresponding 〈hkl〉 planes, FWHM, and
crystallite size. The average crystallite size is ~9 nm.

〈hkl〉 dhkl Å dRef Å FWHM, β (◦) D (nm)

〈100〉 2.8028 2.8146 1.003 8
〈002〉 2.5894 2.6035 0.714 12
〈101〉 2.4686 2.4760 0.793 11
〈102〉 1.9058 1.9112 0.935 9
〈110〉 1.6221 1.6250 1.041 9
〈103〉 1.4745 1.4774 0.981 10
〈112〉 1.3734 1.3785 1.632 6
〈201〉 1.2369 1.3598 1.290 8

In the above formula, k is a dimensionless shape factor (~0.90), λ is the wavelength of
the incident X-ray, D is the crystallite size, θ is the Bragg’s angle, and β is the full width
at half maxima (FWHM) of the corresponding peak. The β values were calculated using
IGOR-Pro 9 Scientific data analysis software by Wave Metrics. The crystallite size was
rounded to closest whole number in nanometer, as shown in Table 1. The average crystallite
size for synthesized ZnO nanoparticle is 9 ± 2 nm. The average crystallite size calculated in
this work is one of the smallest sizes obtained for ZnO nanoparticles [80–82]. The crystallite
size is assumed to be the size of the smallest crystal, whereas the particle size indicates size
of nanoparticle.

Figure 2 shows SEM results of as-synthesized ZnO nanoparticles deposited on glass
substrate at two different magnifications. As shown in Figure 2, these nanoparticles have
very small sizes with no clear shapes but in terms of sizes they are larger than their crystallite
sizes estimated by the Debye–Scherrer equation, as nanoparticles are an agglomerated
form of crystallite. All these images were taken at 5.0 kV accelerating voltage using a
lower SE detector to minimize charging resulting from the low carrier concentration of
undoped nanoparticles.

 

Figure 2. Scanning electron microscopy (SEM) images of ZnO nanoparticles. The nanoparticle thin
film was spin-coated and SEM images were taken without the prior heat treatment.

ZnO nanoparticles can have different shapes and sizes based on the adoption of pre-
cursors and experimental procedures. The formation of nanoparticles usually takes place
through the nucleation and growth processes. According to the Gibbs–Curies–Wulff theo-
rem, the shape of a crystal depends on the surface free energy of individual crystallographic
faces and the final shape of the nanoparticles is determined in such a way that the total free
energy of the system is minimized [83]. In general, spherical nanoparticles are expected
as the spherical shape, has the minimum surface energy for a given volume. By adjusting
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the reaction time, amount of precursors, temperature and pH, and the type of material
used for the synthesis, nanostructures with a controlled size and shape, such as nanorods,
nanowires, nanobelts, and nanostars, can be synthesized [84,85].

3.2. Optical Properties Using Spectroscopic Ellipsometry

Through careful analysis of XRD and SEM results, we see that ZnO nanoparticles
can be considered as a suitable material for photovoltaic (PV) applications. Another way
of finding the suitability of these ZnO nanoparticles in PV applications is to study their
optical properties using dielectric functions. Optical responses of nanocrystalline ZnO
thin films, in the form of energy-dependent complex dielectric functions,
ε(E) = ε1(E) + iε2(E), enables findings of optical and morphological properties applica-
ble to PV and other electronic devices. To find dielectric constants at room temperature,
external spectroscopic ellipsometry (ex-situ SE) data were collected from a ZnO thin film
deposited on soda lime glass using the spin coating method. The ZnO thin film was an-
nealed at a hot plate temperature of 300 ◦C for 30 min before taking the SE data. The SE
spectra were collected ex situ at a 70◦ angle of incidence using a M2000 SE system with a
back-side tape collecting 635 data points over a spectral range from 0.734 to 4.00 eV.

The complex dielectric functions for the ZnO thin film were parameterized by using
two critical point parabolic bands (CPPB) and one Tauc-Lorentz [86] oscillator, with the
detailed procedure described elsewhere [87]. Similarly, the film surface roughness layer
was modeled using a Bruggeman effective medium approximation (EMA) [88,89]. From
the SE analysis, the surface roughness and bulk layer thickness of the nanoparticle thin
film sample are ds = 57 ± 1 nm and db = 339 ± 1 nm, respectively. Similarly, total effective
thickness of the film and bandgap energy of the material are de f f = 380 ± 1 nm and
3.22 ± 0.01 eV, respectively.

After finding thicknesses from the parametric models, numerical inversion [90] was
used to extract dielectric constants at each spectral point for the sample over the measured
spectral range. The complex dielectric response function ε(E) in the spectral range of
0.734 eV to 4.00 eV for the thin film of ZnO nanoparticles, as obtained from fitting the
model, is shown in Figure 3. The dielectric function shown is comparable to the previously
published work [91–93]. The imaginary part of dielectric function ε2 shows a characteristic
peak at ~3.22 eV, with an onset of energy at ~3.0 eV for the nanoparticle film. The onset of
absorption corresponds to the absorption edge of ZnO, a direct bandgap semiconductor,
which matches well with the values calculated in Figure 4. The onset of energy found in
this work is ~0.36 eV smaller than Girish Lakhwani et al. [91] for a similar ZnO nanoparticle
film, but the value is similar to the single crystalline ZnO [92]. Even though the onset
of absorption was expected to be higher for nanoparticle thin film due to the quantum
confinement effect, it is smaller and similar to the bulk value due the annealing effect. The
ε1(E) and ε2(E) spectra of the ZnO nanoparticle thin film calculated in this work are also
slightly smaller in magnitude than that in the work of Girish Lakhwani et al. [91], as shown
in Figure 3. At higher temperatures, nanoparticle thin films behave like a bulk material.

3.3. Unpolarized Absorbance and Transmittance

The optical absorbance spectrum of synthesized ZnO nanoparticles dispersed in chlo-
roform was obtained using UV/Vis/NIR absorption spectroscopy, as shown in Figure 4A.
The spectrum displays the first exciton absorption peak at a 334.5 nm (3.7 eV) wavelength,
much below the bulk bandgap wavelength of 368 nm [2]. The first exciton absorption
peak attributes the approximate intrinsic bandgap of ZnO due to the electron transitions
from the valence band to the conduction band (O2p → Zn3d ) [94]. In addition, the sharp
absorption at the band edge and narrow peak position reveal that the size distribution
of the nanoparticles is small. The absorbance peak position (334.5 nm) obtained in this
work lies at smaller wavelength than from previous research, where it was in the range of
355 nm to 380 nm [44,95–99]. The weak absorption area range includes the whole visible
spectrum region (400 nm to 700 nm) and some part of the infrared spectrum (>700 nm)
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in the measurement range. After the first exciton peak, a monotonical increase in the
absorption of light continues until the effect of glass at the middle ultraviolet (MUV) region
breaks at 248.5 nm, as shown in Figure 4A. Another experiment was conducted where
all KOH solution was mixed into the ZnAc2 solution simultaneously at once instead of
via dropwise addition. The poly-dispersed ZnO nanoparticles obtained are shown in the
Supplementary Information Figure S2.

At the absorbance edge, absorbance is contributed by the largest size nanoparticles,
whereas at the region of absorbance maximum, absorbance contribution is from all particles.
There must be a threshold value of wavelength where absorption just begins and is called
threshold wavelength (λS). The threshold wavelength is 354.6 nm, only 20 nm higher than
first exciton absorption peak, as shown in the Figure S3.

Transmittance % spectra of the ZnO nanoparticles of thin films of ~100 nm before and
after annealing are shown in Figure 4B. In the Figure 4B, the red line represents transmission
from as-synthesized film and other data represent transmission from annealed films. Five
films of approximately similar thicknesses were prepared and four films were annealed
at 300 ◦C for different times, as shown. The optimized annealing temperature of 300 ◦C
was estimated based on the transmission measurement of four ZnO thin films at different
temperatures, as shown in Figure 4C. When the film is annealed, traces of solvent and
other byproducts evaporate, and defect states in the films are minimized or removed. The
film becomes more crystalline which may be responsible for scattering the incident light
and lowering the transmission. The small change in transmission in the visible range of
the spectrum may be due to the slightly different thicknesses of the films. As shown in
Figure 4B, in the visible range of spectrum, all films present a high average transmittance
greater than 60%, indicating low absorbance and low reflectance, which confirms that these
ZnO thin films can be used as antireflection coating in solar cells working mainly in the
visible region, such as silicon solar cells [31,100]; in a large spectrum, such as GaN-based
concentration solar cells [101]; or as a window layer in quantum dots solar cells [74].

The optical absorption measurement near the fundamental absorption edge is a stan-
dard method for the assessment of the bandgap energy. The variation of the optical
absorption coefficient with incident wavelength (or energy) helps to explain the band
structure and the type of transition of electrons. The optical absorption coefficient (α(λ)) of
the ZnO thin films were calculated using Beer–Lambert’s relation [102]:

I = I0e−α(λ)x → α(λ) = 2.303
A
t

(5)

where A represents the absorbance, and t represents film thickness. The basic procedure
for absorption coefficient analysis is to obtain optical absorbance (A) data from trans-
mittance of ZnO thin films taken from UV/Vis/NIR spectrophotometer by the relation:
A = 2 − log10(T%). As shown in Figure 4D, there is only a small change in optical ab-

sorption coefficient with respect to the temperature but at the band edge, the absorption
coefficient is sharply increased with respect to as-synthesized film. This increase in α at the
band edge may be attributed to the onset of interband transitions, which is more efficient
in the case of annealed (crystalline) films than as-synthesized (less crystalline) ones. The
absorption coefficient depends on the material’s extinction coefficient (κ : how strongly a
material absorbs light of a particular wavelength) and the wavelength of light (λ) being
absorbed by the relation: α = 4πκ

λ . The κ value depends on the type of bandgap (direct vs.
indirect) and the λ depends on the bandgap of the material.
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Figure 3. Dielectric function spectra for ZnO nanoparticle thin film measured by SE at room tempera-
ture. The red curve represents ε1 plotted to the left y-axis and is represented by an arrow with a circle
and black curve represents ε2 as shown by a circle with an arrow to the right.

Figure 4. VU/Vis/NIR spectroscopy results: (A) Absorbance spectrum of as-obtained ZnO nanopar-
ticles dispersed in chloroform. (B) Transmission % of ZnO thin film of ~100 nm before and after
annealing the films. (C) Temperature-dependent transmission of ZnO thin films annealed for 30 min.
When temperature is increased, transmission in infrared and visible regions is increased, whereas it
is decreased in the band edge absorption regions. (D) Absorption coefficients (α, cm−1) of thin films
of ZnO with respect to wavelength in nm. Small changes in α were observed when the films were
annealed for different time intervals.
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The optical bandgap of the ZnO is estimated using Tauc’s relation [103]:

αhν = A
(
hν − Eg

)n (6)

where A is a constant, hν incident photon’s energy, and Eg is the bandgap of the material to
be determined. The factor n depends on the nature of the electron transition and is equal to
1⁄2 and 2 for the direct and indirect bandgap transitions, respectively.

Figure 5A gives the Tauc plot for ZnO, where α times the hν to the second power is
plotted versus the hν. The second power of αhν is used as ZnO is well known to have a direct
allowed transition. The characteristic features of Tauc plot are evident: at low photon energies,
the absorption approaches insignificant—the material is transparent; near the bandgap value,
the absorption gets stronger and shows a region of linearity in this squared-exponent plot. The
linear fit applied at the linear region is extrapolated to the x-axis intercept to find the bandgap
value. The direct bandgap values decreased from 3.40 eV at room temperature to 3.33 eV when
the film was annealed for 15 min at 300 ◦C. The bandgap continued decreasing and saturated
after 30 min at 3.30 eV. Temperature variation of the energy gap in semiconductors is known to
be due to the effects of lattice dilation (expansion) and electron–phonon interaction or phonon-
induced atomic vibrations [104–106]. Both experimental and theoretical studies conducted
by Zhang et al. [107] have shown that bandgap decreases as temperature increases. The
phenomenon is more prevalent in ionic compounds, such as ZnO, than covalent compounds
due to stronger lattice expansion with temperature. The bandgap of the annealed sample
matches very well with some of the previous results [99,108].

An obvious redshift in the absorption edge was observed for the ZnO film with respect
to the exciton peak observed in the solution, as shown in Figure 4A. This might be due to
the increased dielectric constant and substantial electronic coupling when the nanoparticles
come close together after the evaporation of the solvent. In addition, in thin films, effects
due to interference might occur that not only lead to unexpected absorbance values but
also to peak shifts.

Figure 5A displays lower and upper deviations from the region of linear behavior. On
the lower energy side, the deviation from the linear region can be associated with defect
absorption states located near the band edge. This phenomenon was first investigated by
Urbach [85] in silver halides, and in subsequent years, was applied to a large number of
other crystals, therefore, it is known as an “Urbach Tail”. These defect absorption states
exhibit an exponential energy dependence corresponding to a typical distribution of density
of states. On the higher energy side, saturation of available density of states is responsible
for a leveling out of absorbance strength [103].

Modification of band structure, which may be due to the introduction of defects in the
material, can be recognized by measuring the material’s Urbach energy. It was found that
the absorption coefficient near the band edge shows an exponential dependence on photon
energy given by [109,110]

α(hν) = α0 exp
(

hν − E0

EU

)
(7)

where E0 and α0 are characteristic parameters of the material, and EU , an inverse logarith-
mic slope of absorption coefficient, is the Urbach energy interpreted as the width of the tails
of localized states, associated with the amorphous state, in the bandgap. To calculate the
Urbach energy, a plot of lnα versus photon energy was made, as shown in Figure 5B. Then,
the value of EU was calculated by taking the reciprocal of the slopes of the linear portion
in the lower photon energy region of the curve. The minimum Urbach energy of 0.91 eV
was found from a film heated at 300 ◦C for 30 min and maximum Urbach energy of 1.24 eV
was found from the as-synthesized film. The higher EU from the as-synthesized film is due
to the impure state of the material. Factors governing the Urbach energy are structural
disorder, imperfection in stoichiometry and unpassivated surface state. Structural disorder
may be higher in the as-synthesized nanoparticle thin film. Imperfection in stoichiometry
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may be caused by residual materials left after synthesis. In addition, dangling bonds
disappear from the surface of the nanoparticles when the film is annealed.

Figure 5. (A) Plot of (αhν)2 vs. hν of ZnO nanoparticles’ thin films. The red curve is from the
as-synthesized film with y-axis to the right and the rest are from the heated films with y-axis to the
left. Yellow circles and arrows represent directions of y-axes for respective curves. (B) Urbach energy
calculation of ZnO nanoparticles. Low Eu indicates that annealed films are pure & crystalline. More
defect states are present in the as-synthesized film, as depicted by higher Eu.
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4. Conclusions

In this work, we have reported the synthesis of monodispersed ZnO nanoparticles
with a hexagonal wurtzite structure via the solvothermal synthesis method using ZnAc2
as zinc precursor and KOH as oxygen precursor. The nanoparticles were confirmed using
XRD, SEM micrograph analysis, SP, and UV/Vis/NIR spectroscopy study. The SEM images
showed identical morphology of ZnO nanoparticles with uniform particle size distribution.
The XRD analyses proved the crystalline structure of the particles. The average crystallite
size obtained from Scherrer’s equation was ~9 nm, one of the smallest for ZnO nanoparticles.
Optical and morphological properties of ZnO nanoparticle film were also studied using
ellipsometry in the spectral range from 0.734 eV to 4.00 eV. The measured spectra revealed
the distinct band edge structures at 3.22 eV, ~0.1 eV smaller than found in another method.
The sharp first exciton peak revealed that the ZnO nanoparticle size in these samples
were nearly monodisperse. The first exciton peak in solution measurement dispersed in
chloroform was at 334.5 nm (~3.7 eV), with threshold absorption wavelength of 354.6 nm
(~3.5 eV). The first exciton peak was found red shifted in thin film measurement relative to
nanoparticles in solution with a value of 350 nm (~3.5 eV). The red shift in the first exciton
peak was due to the increased dielectric constant and substantial electronic coupling of
nanoparticles. As expected, the bandgap energy transition of ZnO nanoparticles was found
to be directly allowed, with values of 3.40 eV and 3.30 eV, respectively, for as-synthesized
and annealed films. Our investigation revealed that the nanoparticles fabricated in this
work have a wide range of applications, especially in the electro-technological industries,
such as photoelectronics, field emitter, sensors, UV lasers, and solar cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13111795/s1, Figure S1: XRD patterns of as-synthesized
ZnO thin film. The film was deposited by using a spin coating process. The material is less crystalline
because the peak intensities are comparatively lower; Figure S2: Absorbance spectrum of ZnO
nanoparticles dispersed in chloroform. Synthesis was done by mixing all KOH solution in methanol
at once into all ZnAc2 solution in methanol; Figure S3: (A/λ)2 vs. 1/λ of ZnO nanoparticles dispersed
in chloroform. References [111,112] are cited in the Supplementary Materials.
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Abstract: This concise review delves into the realm of superparamagnetic nanoparticles, specifically
focusing on Fe2O3, Mg1+xFe2−2xTixO4, Ni1−xCux, and CrxNi1−x, along with their synthesis methods
and applications in magnetic hyperthermia. Remarkable advancements have been made in controlling
the size and shape of these nanoparticles, achieved through various synthesis techniques such as
coprecipitation, mechanical milling, microemulsion, and sol–gel synthesis. Through this review,
our objective is to present the outcomes of diverse synthesis methods, the surface treatment of
superparamagnetic nanoparticles, their magnetic properties, and Curie temperature, and elucidate
their impact on heating efficiency when subjected to high-frequency magnetic fields.

Keywords: magnetic nanoparticles; magnetic hyperthermia; specific absorption rate; calorimetric
measurements

1. Introduction

Magnetic nanoparticles (MNPs) are nanoscale materials with exceptional properties
that find applications across diverse fields, including environmental, biomedical, and
clinical domains [1–6]. The size range of MNPs is comparable to that of viruses (20–500 nm),
proteins (5–50 nm), or genes (2 nm wide and 10–200 nm long). These nanoparticles possess
magnetic characteristics, adhering to Coulomb’s law, enabling their manipulation through
an external magnetic field. Moreover, their substantial surface area can be effectively
utilized for binding diverse biological agents [7–9].

The synthesis of magnetic nanoparticles (MNPs) plays a pivotal role in enhancing
their properties and evaluating their potential applications [10–13]. It involves a series of
carefully designed processes aimed at tailoring their size, shape, composition, and surface
characteristics. In the synthesis of MNPs, the main problem is to control the particle size,
which results from the high surface energy of these systems. The spontaneous reduction
in surface area in magnetic nanoparticles (MNPs) is driven by interfacial tension, particu-
larly during the initial stages of nucleation, growth, and Ostwald ripening. To ensure the
stability of MNPs, it becomes crucial to maintain an appropriate surface area while simulta-
neously implementing effective protection measures [14–16]. The coating should improve
the stability and solubility of MNPs, increase their biocompatibility and target specificity,
and prevent agglomeration, oxidation, corrosion, and toxicity [17–23]. The MNPs can be
synthesized through many different methods including coprecipitation [24–30], thermal
decomposition [31–35], hydrothermal synthesis [36–40], microemulsion [41–44], polyol
reduction [45–49], the sol–gel method [50–54], and others [55–63]. The synthesized MNPs
are usually coated to ensure a proper surface coating and develop some effective protection
strategies to maintain stability. Depending on the end use of the MNPs, specific surface mod-
ification processes are selected [2]. The applied coating strategies can roughly be divided
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into different groups: synthetic polymer [64,65], natural polymer [27,66], organic surfac-
tants [67,68], inorganic components [69,70], and bioactive molecules and structures [71,72].

Magnetic materials serve as highly effective tools for the magnetic separation of
small molecules, biomolecules, and cells. Their unique ability to respond to a magnetic
field allows for efficient and precise manipulation in separation processes. Additionally,
magnetic materials can be coated with various coatings simultaneously, further expanding
their versatility and applicability [73]. In the biomedical field, magnetic particles and
magnetic composites are utilized as drug carriers [74–81], as contrast agents for magnetic
resonance imaging (MRI) [82–87], and in magnetic hyperthermia (MH) [26,55,77,80,88–98],
which is also a focus of this short review.

So far, several methods have been discovered to heat the tissue and destroy tumor
cells at the increased temperature. Hyperthermia is an alternative and promising method of
treating cancer cells, in which the cancer cells die with minimal damage to healthy cells. Hy-
perthermia is very popularly used together with radiotherapy and chemotherapy, which is
why it has attracted great interest from many researchers from different fields. They started
with translational research materials arranged to protect the entire tumor. This method
requires carefully planned surgery, but it was not possible to control the temperature.

The basis of MH is the increased heat sensitivity of cancer cells. It has been found
that treatment of the cancer area is most effective at a therapeutic temperature between
41 and 46 ◦C, as it kills most cancer cells in the tissue of interest. This finding was based
on the observation that the growth of cancer cells can be stopped at a temperature above
42 ◦C, while healthy cells survive at higher temperatures. Thermal energy is generated
by magnetic particles adhering to diseased tissue exposed to an AMF. The basis of this
method is the irradiation of cancerous tissue with implanted magnetic material in the form
of magnetic particles or MNPs in an AMF. The amount of thermal energy released depends
on the type of magnetic material and the parameters of the magnetic field.

MH is a therapy in which tissue temperature can be increased by exposing MNPs to
an alternating magnetic field (AMF). The final heating temperature achieved depends on
the Curie temperature (TC) of the MNPs [99]. This method must overcome two problems:
the temperature increase must be strictly limited only in the target region so that all other
regions are not affected, and the temperature must be controlled inside and outside the
target region. Self-regulation MH is a phenomenon in which the TC changes with the
changing chemical composition of the MNPs. Magnetic materials lose their magnetic
properties above TC, so magnetic heating is stopped. This type of therapy results in the
death of cancer cells with minimal damage to surrounding healthy tissue [100–102].

The most important feature of magnetic hyperthermia is the fact that it is thermal
energy generated in a well-defined space associated with the distribution of magnetic
particles that we can design. In magnetic hyperthermia, in which magnetic nanoparticles
are involved, four different mechanisms are mainly active, depending on the morphology
of the magnetic particles and the frequencies of the alternating magnetic field: eddy
losses, hysteresis losses, relaxation losses, and resonance losses, but these are small due
to the relatively low frequencies. The main characteristic of magnetic particles in an
alternating magnetic field is their heating and the conversion of magnetic energy into
thermal energy, which heats their surroundings. In particular, the absorption rate of
magnetic energy, which is then reflected in the heating of samples, is represented by
the parameter “specific absorption rate” (SAR). This describes the heating ability of the
corresponding material—MNPs—or the SAR that we consider to be the average absorbed
power, not the unit mass of the material at the time it is exposed to a fluctuating magnetic
field [103–105].

Despite all the biomedical applications of superparamagnetic nanoparticles, this short
review mainly focuses on the superparamagnetic Fe2O3, Mg1+xFe2−2xTixO4, Ni1−xCux, and
CrxNi1−x MNPs synthesized by various synthesis methods and their applications in MH.
With this brief review, we have aimed to show the relationship between the synthesis routes,
surface chemistry, magnetic properties, and TC, which is near or in the therapeutic range
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of superparamagnetic nanoparticles. We wanted to explain their influence on the heating
efficiency when they are only under the influence of an external alternating magnetic field.

2. Syntheses of MNPs

In our study, we employed four distinct synthesis methods to produce four different
types of magnetic nanoparticles (MNPs) specifically designed for applications in MH
treatments. For the synthesis of maghemite MNPs, we used FeCl2·4H2O and FeCl3·6H2O.
The precursors were prepared by the coprecipitation of Fe2+ and Fe3+ ions using NH4OH
and heated to 80 ◦C. Then, the CM-dextran solution was added for over 30 min. The
suspension was then stored at 80 ◦C for 30 min and cooled to room temperature. The
suspension was magnetically decanted and washed several times with deionized water [27].

Mg(NO3)2·6H2O, Fe(NO3)3·9H2O, and Ti(C3H7O)4 were used for the synthesis of the
Mg1+xFe2−2xTixO4 complex ferrite. The precursors were prepared by coprecipitation of
Fe3+, Mg2+, and Ti4+ ions in different stoichiometric ratios (x = 0.34; 0.37; 0.40) with a NaOH
solution (6 M) and heated to 80 ◦C. Then, the suspensions were aged at 80 ◦C for 1 h. The
product was washed several times with deionized water and dried [26].

NiCu MNPs were prepared by reducing a Ni, Cu-hydrazine complex using the mi-
croemulsion method [41], via reducing a Ni, Cu-oxide mixture in a silica matrix [50,103],
obtained with a sol–gel method and by mechanical milling [55]. MNPs with a controlled
TC were prepared by reduction of a Ni, Cu-hydrazine complex synthesized in a compart-
mentalized state of reverse micelles. We used the phase diagram of water/N-cetyl-N,N,N-
trimethylammonium bromide (CTAB), and n-butanol/isooctane as a starting point for
the preparation of the microemulsion. We used the titration method to select a suitable
composition range that would form a microemulsion in the mentioned system. Microemul-
sion A was prepared with a 0.3 M solution of Ni2+ and Cu2+ acidified with HCl and then
heated to 60 ◦C in a water bath. Microemulsion B was then added to microemulsion A,
using hydrazine as the metal-containing ligand. This mixture was heated at 60 ◦C for
several hours. After the complex was formed, stirring was continued for another hour
and NaOH was added. The color change in the microemulsion to a stable black suspen-
sion was indicative of the formation of MNPs. The suspension was then centrifuged and
washed several times to sediment the particles [41]. MNPs of NiCu alloy with narrow
size distribution were prepared by reduction of the Ni and Cu oxide mixture in a silica
matrix obtained by the sol–gel method. Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, and citric acid
(CA) were dissolved in deionized water. After 15 min, absolute ethanol and tetraethyl
orthosilicate (TEOS) were added to the solution with vigorous stirring. The molar ratio of
all components, in the case of the Ni:Cu ratio of 67.5:32.5, was Ni:Cu:CA:TEOS:D.I.:ethanol
= 0.675:0.325:1.1:2.9:40.6:11.6. The salt was dried at room temperature for 72 h and then
calcined at 500 ◦C for 24 h (air atmosphere). We obtained a powder of nickel and copper
oxides in a silica matrix, followed by a reduction in an Ar/H2 atmosphere for one day at
850 ◦C. We obtained the final product Ni1−xCux MNPs in a SiO2 matrix. By etching, the
solution was stirred for 1 day under an Ar atmosphere to remove the SiO2 matrix. The
final product was washed several times with etching solution and ethanol and redispersed
in ethanol [50]. A series of MNPs from NiCu alloy, which had a TC in the range of 51
and 63 ◦C, was prepared in the following article. Using the sol–gel method, we reduced a
mixture of nickel and copper oxides in a silica matrix with some minor modifications [106].

Ni1−xCux MNPs (x = 40, 30, 27.5, 27, 25, 20) were prepared by mechanical milling.
We milled Cu (grain size < 63 μm) and Ni (grain size < 150 μm) in a SPEX (Metuchen, NJ,
USA) 8000M and 8000D at 1425 rpm, using steel vials, while the balls-to-powder ratio was
20:1. We milled for 20 h under an inert N2 atmosphere. We also added NaCl during milling
to avoid agglomeration of MNPs [55]. CrxNi1−x MNPs were prepared by water-in-oil
microemulsions and mechanical milling. The titration method was used to determine
the stability range of the microemulsion, with the phase diagram of the composition
of water/CTAB and n-butanol/isooctane serving as a starting point. We prepared two
microemulsions, the first was by dissolving aqueous Ni2+ (0.4 M) and Cr3+ (0.1 M) ions,
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and the second by adding NaBH4 (0.8 M) to a mixture of CTAB, n-butanol, and isooctane.
Both microemulsions were of the same volume; subsequently, after two hours of mixing in
an inert N2 atmosphere, a black solution was obtained. The mixtures were centrifuged to
separate the black MNPs and washed several times with methanol. Finally, the as-prepared
alloy powder was heat-treated at 200, 300, 400, and 600 ◦C. CrxNi1−x MNPs were also
prepared by mechanical milling. Cr (particle size < 74 μm) and Ni (particle size < 150 μm)
were milled in a SPEX 8000M mill at 1425 rpm, where we used steel vials, while the ratio
between balls and powder was 20:1. We milled for 20 h in an inert N2 atmosphere [107].

3. Results and Discussion

The synthesized MNPs were characterized by various characteristic methods. We
focused on and compared the results of X-ray diffraction analysis (XRD), thermogravi-
metric analysis (TGA/SDTA), modified thermogravimetric analysis, transmission electron
microscopy (TEM), and magnetic and calorimetric measurements.

3.1. X-ray Diffraction Analysis

Figures 1–7 show the XRD patterns of as-prepared maghemite and maghemite par-
ticles covered with CM-dextran MNPs, (Mg, Ti)-ferrite MNPs, as-prepared NiCu MNPs,
NiCu MNPs embedded in SiO2 matrix, and as-prepared NiCr NPs heat-treated. XRD mea-
surements were performed with a D5005 diffractometer (Bruker Siemens) and analyzed
with Topas software (Bruker, AXS). All presented MNPs with selected compositions are
well crystallized. Crystallite sizes were determined from XRD line broadening using the
Sherrer equation (Table 1):

dx =
(0.94·λ)
(β·cosθ)

, (1)

where dx is crystallite size; λ is the wavelength of the radiation; β is the line broad-
ening at half the maximum intensity (FWHM) in radians and θ is the corresponding
diffraction angle.

Figure 1. XRD spectra of as-prepared maghemite particles (A) and the particles covered with CM-
dextran (B).
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Figure 2. XRD spectra of the (Mg, Ti)-ferrite sample (x = 0.37). The curves of the crystalline and
nanocrystalline spinel phases are shown below.

Figure 3. XRD spectra of (a) as-prepared Ni0.725Cu0.275 MNPs and (b) particles thermally homoge-
nized in NaCl matrix (microemulsion method).

Figure 4. XRD powder diffraction patterns of Ni1−xCux (Ni67.5Cu32.5 (A), Ni62.5Cu37.5 (B), Ni60Cu40

(C)) alloy MNPs embedded in the silica matrix (sol–gel method).
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Figure 5. XRD patterns of Cu1−xNix samples (milled 20 h) with various compositions. The patterns
are compared with the pattern of a Cu–Ni physical mixture, where samples are: A = Cu40Ni60,
B = Cu30Ni70, C = Cu27.5Ni72.5, D = Cu27Ni73, E = Cu25Ni75, F = Cu20Ni80.

Figure 6. XRD patterns of synthesized Cr20Ni80 alloy, as-prepared and at different temperatures
(microemulsion technique).

Figure 7. XRD patterns of the various CrxNi1−x samples were obtained after 20 h of ball milling
under an N2 atmosphere. Samples are Cr10Ni90 (S1), Cr15Ni85 (S2), Cr20Ni80 (S3), Cr26Ni74 (S4),
Cr27Ni73 (S5), Cr28Ni72 (S6), Cr29Ni71 (S7).
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Table 1. Average particle diameters of different samples were obtained using the Sherrer equation. [108].

Sample Name Figure dXRD [nm] References

As prepared maghemite particles (A) Figure 1 11.8
[27]Maghemite MNPs covered with CM-dextran (B) Figure 1 16.0

(Mg, Ti)-ferrite MNPs (nanocrystallites) Figure 2 20.0
[26](Mg, Ti)-ferrite MNPs (crystalline spinel) Figure 2 200

As-prepared Ni0.725Cu0.275 MNPs Figure 3 7.0
[41]Ni0.725Cu0.275 MNPs thermally homogenized in

NaCl matrix Figure 3 28.0

Ni67.5Cu32.5 (A) Figure 4 19.0
[50,103]Ni62.5Cu37.5 (B) Figure 4 17.0

Ni60Cu40 (C) Figure 4 17.0
CuxNi1−x (A–F) Figure 5 10.0–12.0 [55]

Cr20Ni80 Figure 6 5.0–25.0
[107]CrxNi1−x (S1–S7) Figure 7 12.0–18.0

The X-ray diffraction patterns of the as-prepared maghemite MNPs (A) and the parti-
cles coated with CM-dextran (B) are shown in Figure 1. The diffraction peaks correspond
to the cubic phase of maghemite (JCPDS No. 39-1346). Figure 1 clearly shows that the
particles are crystalline. Using the Sherrer equation, we estimated the size of the maghemite
nanoparticles to be around 16 nm (sample A) and the size of the nanoparticles coated with
CM-dextran to be around 11.8 nm (sample B). The size of the nanoparticles is consistent
with the analysis of TEM, but one of the main reasons that the coated particles are smaller
than the uncoated ones is due to centrifugation, which removed the larger particles [27].

The X-ray diffraction patterns of milled (Mg, Ti)-ferrite sample (x = 0.37) are shown
in Figure 2 [26]. The diffraction patterns are consistent with the peaks characteristic of
MgFe2O4, but the diffraction peaks are slightly shifted. The diffraction peaks of MgFe2O4
(JPCDS 36-0398) have a lattice constant of a = 8.387 Å, those of the (Mg, Ti)-ferrite sample
(x = 0.37) have a larger lattice constant of a = 9.418 Å. The XRD data were fitted with a
nanoscale crystalline component in addition to a crystalline component, and we can see
that the powder consists of two types of crystallites. The crystalline spinel phase with sharp
XRD peaks is shown in blue in Figure 2, while the spinel phase is shown in black. The
size of nanoparticles is also different in different phases. The size of the nanoparticles in
the crystalline spinel phase is about 200 nm, while the size of the nanocrystallites is about
20 nm. According to the XRD analysis, the size of the individual unit cells also varies.

The 2θ diffraction angles in Figure 3 correspond to the (111), (200), and (220) planes of
NiCu alloy crystallites, single FCC phase [41]. Sample (a) in Figure 3 shows as-prepared
Ni0.725Cu0.275 MNPs (microemulsion method) and sample (b) in Figure 3 shows the par-
ticles thermally homogenized in the NaCl matrix. Figure 3 (a) shows the as-prepared
nanoparticles synthesized by the microemulsion method. It can be seen that the peaks are
broad and therefore were further homogenized under a reducing atmosphere (Ar/H2).
Figure 3 (b) clearly shows crystalline peaks that are extremely narrow. Homogenization in
a reducing atmosphere also resulted in the growth of nanoparticles. As-prepared nanoparti-
cles were about 7 nm in size, while the homogenized nanoparticles were about 28 nm in size.
Thus, the average size of nanoparticles increased at the expense of elevated temperature
(750 ◦C, 5 h) and reduced atmosphere.

The 2θ diffraction angles in Figure 4 correspond to the (111), (200), and (220) planes
of the Ni1−xCux alloy crystallites after reduction in a silica matrix, single-phase composi-
tion [103]. The samples are A (Ni67.5Cu32.5), B (Ni62.5Cu37.5), and C (Ni60Cu40). The silica
matrix is manifested by a small peak of cristobalite at 2θ = 28◦. Using sol–gel synthesis, we
first achieved the formation of copper and nickel oxides [52], which were then heated to
850 ◦C. Namely, in the silica matrix, the nanoparticles could not agglomerate but only grew
accordingly, and the reducing atmosphere (H2/Ar) ensured the formation of Ni1−xCux
alloy nanoparticles. Compared with the microemulsion technique, the sol–gel method has

83



Appl. Sci. 2023, 13, 9548

the advantage that the homogenization of nanoparticles does not cause agglomeration and
uncontrolled size of nanoparticles.

Figure 4 clearly shows that the nanoparticles are crystalline and have a size between
17 and 19 nm, which was estimated using the Sherrer equation. Moreover, the analysis of
TEM shows that the particles are not agglomerated in the silica matrix using the sol–gel
method and subsequent homogenization.

In Figure 5, we see the characteristic peaks corresponding to the (100) and (200) planes
of bulk FCC metals, 43.47 ◦, 50.38 ◦ (Cu), and 44.6 ◦, and 51.91 ◦ (Ni) (PDF files 001-1241
and 001-1260). Using EDS analysis, we confirmed that the composition of Cu-Ni MNPs
is consistent with the [Cu2+]:[Ni2+] molar ratio used in the synthesis. Figure 5 shows
samples that were milled for 20 h, as this time was found to be optimal for the formation
of the CuNi alloy. It is clear from the X-ray diffraction patterns that as the copper content
increases, the d111 spacing also increases. For samples A through F, we estimated particle
size between 10 and 12 nm using Sherrer’s equation, and the size was consistent with the
size of nanoparticles estimated by magnetic measurements [55].

The XRD patterns in Figure 6 show three characteristic broad peaks at 2θ = 44.57◦,
51.94◦, and 76.51◦. The as-prepared MNPs were amorphous, and upon heating with an
elevated temperature, the size of the crystallites or crystallinity increased [107].

The composition of CrNi MNPs (microemulsion technique) was following the [Cr3+]:[Ni2+]
= 20:80 molar ratio used for the synthesis. The microemulsion technique for the synthesis
of NiCr nanoparticles also proved not to be the best, as extremely amorphous nanoparticles
were obtained without thermal homogenization. At the same time, the XRD results also
show a peak at 37◦, indicating the formation of NiO despite the inert atmosphere through-
out the synthesis process. Only with the help of homogenization at elevated temperatures
did we obtain crystalline nanoparticles that grew with increasing temperature. Unfortu-
nately, homogenization leads to agglomeration of nanoparticles and at some locations also
to larger grains in the form of platelets, which was confirmed by TEM analysis.

In Figure 7, we see the XRD results showing the formation of CrxNi1−x alloy using
mechanical milling [107]. With increasing Ni content (in %), a progressive diffraction angle
was observed in both cases (111) and (200). NiCr samples prepared using mechanical
milling were also milled for 20 h in the same manner as NiCu. Figure 7 shows that the
Bragg peaks in both cases (111) and (200) shift to higher diffraction angles with increasing
Ni content. The lattice constant and interplanar distance d111 also increase with increasing
chromium content. In the microemulsion method, particles with a size of up to 25 nm were
obtained, while in mechanical milling the particles were micrometer in size, which were
comprised of nanocrystallites.

3.2. Thermogravimetric Analysis and Modified Thermogravimetric Analysis

Figures 8–13 show the TGA/SDTA analysis and thermomagnetic curves, respec-
tively, and the corresponding TC of CM-dextran-coated maghemite MNPs, (Mg, Ti)-ferrite
MNPs, and thermally homogenized NiCu MNPs and ball-milled NiCu and NiCr MNPs.
TGA/SDTA analysis was performed using the TGA/SDTA 851e, Mettler Toledo (Columbus,
OH, USA). The thermomagnetic (TM) curves and corresponding TC were determined by
thermal demagnetization using a modified TGA on a TGA/SDTA 851e, Mettler Toledo. TC
was measured by placing a permanent magnet on top of the device.

Figure 8 shows the amount/concentration of CM-dextran absorbed into the maghemite
MNPs [27]. During thermal heating from room temperature to 750 ◦C, there is a total weight
loss of 21.2%. The weight loss of 16.4% due to the oxidation of the CM-dextran occurs in the
first temperature range (150–500 ◦C), indicated by an exothermic peak of the simultaneous
differential thermal analysis (SDTA). The last step, 500–750 ◦C, is associated with a weight
loss of 3.1%, which is due to the removal of the CM-dextran covalently bound to the surface
of the particles.
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Figure 8. Thermal analysis of the maghemite MNPs coated with CM-dextran and the corresponding SDTA.

Figure 9. (a) TM curves of the ferrite particles s1, s2, s3 and (b) the corresponding TC (the first
derivative curve).

Figure 10. TM curve of the thermally homogenized particles Ni0.725Cu0.275.

Figure 9 shows the TM curves and the corresponding TC of as-calcined (Mg, Ti)-ferrite
powders (30 min, 1000 ◦C in the air) [26]. The TC of MNPs was determined using differential
thermomagnetic curves (DTMC), which show an apparent change in weight because of
a decrease in magnetization due to an increase in temperature (Figure 9a). Figure 9b
shows the first derivative in the TM curve of (Mg, Ti)-ferrite MNPs, the maximum of
which is attributed to the corresponding TC. Figure 7 shows the samples for three different
compositions. The most promising sample was s2 (x = 0.37), which has a TC of about 46 ◦C,
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which is ideal for use in MH. This is the temperature at which the nanoparticles transition
from a ferromagnetic to a paramagnetic state, meaning that they no longer heat up under
the influence of a magnetic field.

Figure 11. TM curves of analyzed samples (A) (Ni67.5Cu32.5), (B) (Ni62.5Cu37.5), and (C) (Ni60Cu40).

Figure 12. First derivative curves of TM curves for Cu1−xNix (B–F) alloys.

Figure 13. TM curves of CrxNi1−x samples (S1–S7).

Figure 10 shows the TM curve and its derivative for the thermally homogenized for 5 h
at 750 ◦C under a reducing atmosphere of Ar/H2 alloy Ni0.725Cu0.275 MNPs (microemulsion
method) [41]. For the as-prepared sample, the TC was about 250 ◦C, close to the TC of Ni,
due to the different standard electrode potentials of Cu and Ni or to inhomogeneities in the
sample itself. Using homogenization, we then determined the correct TC for the Cu27.5Ni72.5
composition, which was about 45 ◦C, and which is in the therapeutic temperature range
when we refer to MH.
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Figure 11 shows the TC as the temperature at which half of the magnetization weight
gain/loss was recorded during heating [103]. Samples A (Cu67.5Cu32.5), B (Ni62.5Cu37.5),
and C (Ni60Cu40) were analyzed after heat treatment (850 ◦C in a reducing atmosphere, 6 h).
Nanoparticles synthesized by the sol–gel method have a TC in the therapeutic range for
use in MH. However, homogenization in a reducing atmosphere is required. In Figure 11,
the TC of the samples follows each other, namely sample A has a TC of 63 ◦C, sample B has
a TC of 54 ◦C, and sample C has a TC of 51 ◦C. As the Ni content increases, so does the TC.

Figure 12 shows the first derivative of TM curves of Cu1−xNix alloys (ball-milling),
the maximum of which is attributed to the corresponding TC [55]. The TM curves have
a slightly asymmetric shape, indicating inhomogeneity in the composition and size of
the MNPs. Again, TC increases with the increasing Ni content, so we can change the
composition according to the desired TC. TC in the therapeutic range around 45 ◦C shows
sample C with composition Cu27.5Ni72.5.

Figure 13 shows the DTMC of CrxNi1−x alloys (ball-milling) [107]. The TC of the
samples was determined by the temperature, which belongs to 50% of the peaks of the
demagnetization curves. The samples are heterogeneous in composition, as evidenced by
asymmetric TM curves. Figure 13 also clearly shows how the TC increases with increasing
Ni content in each sample. Sample S1, which has the highest Ni content, also has the
highest TC, and conversely, S7 has the lowest TC and the lowest Ni content.

The TC for the synthesized (Mg, Ti)-ferrite MNPs, thermally homogenized NiCu
MNPs, and NiCu and NiCr ball-milled MNPs were measured and are shown in Table 2.

Table 2. TC of (Mg, Ti)-ferrite and NiCu, NiCr MNPs synthesized with different methods.

Sample Name Figure TC [◦C] References

(Mg, Ti)-ferrite (x = 0.37) Figure 9b 46 [26]
Ni0.725Cu0.275 Figure 10 45 [41]

Ni67.5Cu32.5 (A) Figure 11 63
[103]Ni62.5Cu37.5 (B) Figure 11 54

Ni60Cu40 (C) Figure 11 51
Cu30Ni70 (B) Figure 12 24

[55]
Cu27.5Ni72.5 (C) Figure 12 45

Cu27Ni73 (D) Figure 12 53
Cu25Ni75 (E) Figure 12 137
Cu20Ni80 (F) Figure 12 174
Cr10Ni90 (S1) Figure 13 340

[107]

Cr15Ni85 (S2) Figure 13 262
Cr20Ni80 (S3) Figure 13 138
Cr26Ni74 (S4) Figure 13 69
Cr27Ni73 (S5) Figure 13 52
Cr28Ni72 (S6) Figure 13 44
Cr29Ni71 (S7) Figure 13 43

The (Mg, Ti)-ferrite MNPs were synthesized by the coprecipitation method, ther-
mally homogenized Ni0.725Cu0.275 were synthesized by a microemulsion method, and
Ni67.5Cu32.5, Ni62.5Cu37.5, and Ni60Cu40 in a silica matrix were synthesized by a sol–gel
method. The NiCu (B–F) (Figure 12) and NiCr (S1–S7) (Figure 13) MNPs were synthesized
by mechanical milling. The transition from a ferrimagnetic to a paramagnetic state at TC
depends on energy exchange. The (Mg, Ti)-ferrite MNPs (sample B, x = 0.37) exhibit TC
close to 46 ◦C and thus meet the therapeutic requirement. To obtain the desired Tc, MNPs
with composition Cu27.5Ni72.5 (microemulsion technique) were thermally homogenized at
750 ◦C for 5 h in a reducing Ar/H2 atmosphere. The homogenized MNPs have TC at 45 ◦C.
For the MNPs (Ni67.5Cu32.5 (A), Ni62.5Cu37.5 (B), Ni60Cu40 (C)) synthesized by the sol–gel
method, the determined TC agreed with the selected nominal composition. In the case of
mechanical milling, the measurements showed that the TC of MNPs could be adjusted by
changing the molar ratio of Cu/Ni. TC increased with increasing nickel content. Similar
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results were obtained in the case of mechanical milling of the synthesized CrNi MNPs.
For NiCu and NiCr nanoparticles, the table and individual figures clearly show that TC
increases with increasing Ni content. TC for pure Ni is about 357 ◦C. TC has a few samples
in the therapeutic range for use in MH, but not all of them are suitable in terms of their
shape or dispersion.

3.3. Transmission Electron Microscopy

Figures 14–17 show the TEM analysis of as-synthesized maghemite and the CM-
dextran-coated maghemite MNPs, (Mg, Ti)-ferrite MNPs, as-prepared and thermally ho-
mogenized Ni0.725Cu0.275 MNPs, and of NiCu MNPs embedded in the silica matrix. The
nanoparticle size and the crystallinity were characterized by TEM using a JEOL 2010F mi-
croscope. The MNPs were deposited on a cooper-grid-supported, perforated, transparent
carbon film.

  
(a) (b) 

Figure 14. TEM micrographs of (a) as-prepared maghemite particles (A), (b) coated maghemite with
CM-dextran.

 
Figure 15. Particles of sample B with mechanically strained particle = x (a), consisting of nanocrystal-
lites = y (b), enlarged view (c), and a typical image of the milled powder (d).

Figure 14 shows as-prepared maghemite MNPs (a) and the maghemite NP coated
with CM-dextran (b) [27]. The main reason that the coated particles have a smaller average
particle size is that they were centrifuged, which removes the larger particles from the
magnetic fluid. Using TEM images, we also determined the size of the nanoparticles,
which was about 14.5 nm for the maghemite nanoparticles and 12.0 nm for the maghemite
nanoparticles coated with CM-dextran. When we compare the size estimated with Sherrer’s
equation, the results are consistent with or very similar to the XRD results.
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Figure 16. TEM image (a) and corresponding electron-diffraction pattern of the as-prepared MNPs
(b) (microemulsion method). TEM image (c) and corresponding electron-diffraction pattern of the
thermally homogenized particles (d).

  

Figure 17. (A) Typical TEM images of MNPs of sample Ni67.5Cu32.5 embedded in a silica matrix and
(B) bare alloy particles and the corresponding histogram.

Figure 15 shows the (Mg, Ti)-ferrite MNPs with a size of a few hundred nanome-
ters [26]. The particle marked with x (b) shows contours that could have been formed by
the mechanical strain. According to what was said or found by XRD analysis, TEM images
confirm the formation of crystalline components and nanosized crystalline components.
So, we can confirm with certainty that the sample consists of two types of crystallites. In
Figure 15a, we see very large nanoparticles larger than a hundred nanometers, while in
Figure 15b,c we see nanocrystallites.

In Figure 16 (above), we see a TEM image of prepared NiCu MNPs (microemulsion
method) and the corresponding electron diffraction [41]. The corresponding electron
diffraction shows a combination of two cubic FCC structures (Ni-Cu, NiCuO). Using TEM
images, we were able to determine the size of the nanoparticles, which ranged from 3 to
10 nm. Figure 16 (below) shows a TEM image of thermally homogenized MNPs (750 ◦C,
5 h under H2/Ar atmosphere) and their corresponding electron diffraction showing larger
agglomerated particles of Ni-Cu and NiCuO structure. Homogenization resulted in a
relatively broad distribution of nanoparticle sizes, ranging from a few tens of nm to several
hundreds of nm. The samples were homogenized, but on the other hand, homogenization
led to agglomeration, which we do not want in the case of use in MH.
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Figure 17A shows the NiCu alloy MNPs embedded in the silica matrix (sol–gel
method) [103]. Spherical, non-agglomerated grains with a relatively uniform size distribu-
tion were observed. The sol–gel method proved to be very promising as the nanoparticles
were spherical despite homogenization and no agglomeration occurred due to the silica
matrix. Figure 17B shows a TEM image of the bared MNPs after leaching. Using a TEM
image, we also determined the size of the nanoparticles after leaching (Figure 17B), the
nanoparticles are about 16.6 nm in size, which is consistent with the results of XRD analysis,
or later, as we will see, with magnetic measurements.

In Figure 18, we see a TEM image of mechanically milled Cu-Ni, sample C (Cu27.5Ni72.5) [55].
The size distribution is broad, the MNPs are partially agglomerated, and longer platelets of
200 nm length and 5 nm thickness are visible. During mechanical milling we see that we do
not obtain homogeneous nanoparticles, but nanoparticles with different shapes and sizes.

 

Figure 18. TEM image of milled Cu27.5Ni72.5 MNPs (sample C, sol–gel method).

The transmission electron micrograph of the Cr20Ni80 MNPs synthesized using the
microemulsion method and heat treated at 400 ◦C is shown in Figure 19, left [107]. Like the
previous figure, we see a broad size distribution, the particles are agglomerated, and larger
grains are observed in some places. In this case of NiCr nanoparticles, mechanical milling
also proved to be less than optimal when homogeneity is required, i.e., nanoparticles of the
same size and shape.

  

Figure 19. TEM micrograph of Cr20Ni80 MNPs synthesized using microemulsion method and
heat-treated at 400 ◦C (left) and TEM image of mechanically alloyed Cr29Ni71 (right).

Figure 19, right, shows a TEM image of Cr29Ni71 MNPs synthesized by the ball milling
method [107]; here, we see micrometer particles with nanocrystallites. The nanocrystallites
are between 5 and 30 nm in size.

The particle size was also determined from the TEM analysis (Table 3).
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Table 3. Average particle diameters of different samples were obtained using TEM.

Sample Name Figure dM [nm] References

As-prepared maghemite MNPs Figure 14a 14.5
[27]CM-dextran-coated maghemite MNPs Figure 14b 12.0

(Mg, Ti)-ferrite MNPs (x = 0.37) Figure 15 a few hundred nm [26]
Ni0.725Cu0.275 Figure 16a 3.0–10.0

[41]Ni0.725Cu0.275 Figure 16c a few tens to several hundreds of nm
Ni67.5Cu32.5 Figure 17 16.6 [103]

Cu27.5Ni72.5 (C) Figure 18 10 [55]
Cr20Ni80 Figure 19, left 5–10

[107]Cr29Ni71 Figure 19, right 5–30

Figure 14a,b show typical TEM images of the as-synthesized sample (A) and the CM-
dextran-coated maghemite MNPs (B). The average particle diameters estimated from TEM
images are 14.5 nm (sample A) and 12.0 nm (sample B), which is in good agreement with the
XRD analysis. The (Mg, Ti)-ferrite MNPs are several hundred nanometers in size. The TEM
analysis confirmed the XRD results. The MNPs synthesized by the microemulsion method
(as-prepared, Ni0.725Cu0.275) are about 3 to 10 nm in size. The TEM analysis supports the
XRD spectra. The TEM analysis agrees with the XRD analysis. The thermally homogenized
MNPs (Ni0.725Cu0.275) prepared by the microemulsion method show a relatively broad
size distribution (a few tens of nm to several hundred nm). The peaks of the thermally
homogenized particles were much sharper, with an estimated value of 28 nm, as indicated
by the XRD analysis in agreement with the TEM analysis. The MNPs synthesized by the
sol–gel method (after leaching) have a relatively narrow distribution, with an average size
of 16.6 nm. The size distribution of Cu27.5Ni72.5 (C) MNPs synthesized by mechanical
milling is comparable to the XRD analysis and the Sherrer equation, and the average value
is 10 nm. The MNPs size distribution of CrNi MNPs (heat-treated at 400 ◦C) synthesized by
the microemulsion technique is relatively broad, with an average particle size comparable
to XRD analysis and Sherrer’s equation, between 5 and 10 nm. The nanocrystallites sizes of
the MNPs (Cr29Ni71) synthesized by mechanical milling determined from TEM range from
about 5 nm to 30 nm.

3.4. Magnetic Measurements

Figures 20–24 show the magnetic properties of maghemite MNPs and maghemite
MNPs coated with CM-dextran, (Mg, Ti)-ferrite MNPs, as-prepared and thermally ho-
mogenized NiCu MNPs (microemulsion technique), NiCu MNPs (sol–gel method), and
ball-milled NiCu MNPs. The magnetic properties of the MNPs were investigated using a
Lake Shore 7307 vibrating sample magnetometer.

Figure 20. Magnetization of as-prepared maghemite MNPs (Sample A) and CM-dextran-coated
MNPs (Sample B) at 300 K.
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Figure 21. Hysteresis for (Mg, Ti)-ferrite as-synthesized (a) and milled (b) powder.

Figure 22. Magnetization vs. the AMF for the as-prepared and homogenized NiCu MNPs (mi-
croemulsion method).

Figure 23. Magnetization of synthesized MNPs (sol–gel method) at 293 K: Ni67.5Cu32.5 (A),
Ni62.5Cu37.5 (B), and Ni60u40 (C) vs. the magnetic field.

Figure 20 shows the magnetization vs. the magnetic field of the as-synthesized and
CM-dextran-covered maghemite particles [27]. The uncoated particles show no hysteresis
and have a saturation magnetization (Ms) of 65.2 emu/g. The magnetization of the coated
MNPs was about 55 emu/g, which is lower than that of the uncoated sample. The average
particle diameter of our particles determined by magnetic measurements was 8.20 nm
(sample A) and 8.17 nm (sample B). Comparing the size with the XRD and the TEM
analysis, certain sizes of nanoparticles are slightly smaller in the magnetic measurements,
because the so-called “dead layer” is not considered in the magnetic measurements.
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Figure 24. Magnetization vs. magnetic field of Cu1−xNix alloy particles, samples (A–F) ball-milled
for 20 h.

The magnetization vs. magnetic field curve for the (Mg, Ti)-ferrite particles measured
at room temperature under an applied magnetic field of 1 T is shown in Figure 21 [26].
The magnetization of the as-prepared samples at 1 T is higher than the magnetization of
the milled sample, which is 8 emu/g. This reduction in magnetization due to milling is
a well-known phenomenon. It is caused by induced mechanical stresses and an increase
in the specific surface area, consequently, an increase in the non-magnetic fraction (“dead
layer”), which is usually located on the surface of the particles and is the result of imperfect
coordination and, finally, a non-collinear spin configuration.

Figure 22 shows the magnetic measurements indicating that the magnetization is
greatly reduced in the stabilized samples [41]. The MNPs in the as-prepared state exhibit
Ms~20 emu/g, while it decreases to ~2.5 emu/g in the stabilized MNPs. To obtain homoge-
nized nanoparticles that have a TC in the therapeutic range, homogenization is necessary,
which of course contributes to the drop in magnetization in homogenized nanoparticles.

Figure 23 shows the magnetization of the bare A, B, and C MNPs synthesized by a
sol–gel method [103]. The magnetization was measured concerning the magnetic field at
room temperature. It can be seen from the figure that the magnetizations measured at
H = 10 kOe are good approximations for Ms since the slopes of the curves are low under
the field H = 6 kOe. The considered samples have a similar size, which shows that the size
does not influence the magnetization as much as the influence of the different compositions
in the Ni1−xCux alloy. The average particle size determined by magnetic measurements
was 15.4 nm (Ni67.5Cu32.5 (A)), 16.4 nm (Ni62.5Cu37.5 (B)), and 17.6 nm (Ni60Cu40 (C)).

Figure 24 shows the magnetization vs. the magnetic field of the Cu1−xNix alloy parti-
cles [55]. The measurements were performed at room temperature and under the influence
of an AMF of 10 kOe. The hysteresis loop is not expressed in any sample, indicating the
superparamagnetic properties of the Cu1−xNix MNPs prepared by mechanical milling. The
Ms of the samples ranges from 2 to 50 emu/g and depends on the nickel concentration of
each sample.

3.5. Calorimetric Measurements

Figures 25–27 show the calorimetric measurements of maghemite MNPs coated with
CM-dextran, (Mg, Ti)-ferrite MNPs, NiCu MNPs synthesized by microemulsion technique
and sol–gel method, and ball-milled NiCu and NiCr MNPs. Magnetic heating effect
measurements were performed in a conventionally built calorimetric system that generates
an AMF with a nominal field strength of 2 kA/m up to 42 kA/m in the frequency range
from 80 kHz to 800 kHz and equipped with a fiber optic temperature probe to measure the
temperature required to determine the specific absorption rate (SAR).
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Figure 25. Time dependence of the heating of maghemite nanoparticles coated with CM-dextran
(sample B) under the influence of different AMF intensities—(left graph)—and the calorimetric measure-
ments of a sample (Mg, Ti)-ferrite (x = 0.37, sample B), at different magnitudes of AFM—(right graph)
((a) 8.4 kA/m; (b) 12,7 kA/m; (c) 16.9 kA/m; (d) 21.7 kA/m; (e) 25.4 kA/m; (f) 29.6 kA/m).

Figure 26. Calorimetric measurements for the Ni0.725Cu0.275 sample were performed under the
influence of different AMF amplitudes—(left graph)—and the calorimetric measurements of samples
A (Ni67.5Cu32.5), B (Ni62.5Cu37.5), and C (Ni60Cu40) at a magnetic field of 29.4 kA/m and a frequency
of 100 kHz—(right graph).

Figure 27. Time function of self-heating temperature under the influence of a magnetic field of
varying strength for Cu27.5Ni72.5 (sample C) at AMF m1- H = 3.83 kA/m; m2- H = 3.13 kA/m;
m3- H = 2.41 kA/m—(left graph)—and time function of self-heating temperature under the influence
of a magnetic field of varying strength for Cr28Ni72 at AMF (a) H = 9.20 kA/m; (b) H = 12.52 kA/m;
(c) H = 16.18 kA/m—(right graph).

In Figure 25, left graph, a time dependence of the heating of maghemite nanoparticles
coated with CM-dextran (sample B) under the influence of different AMF intensities at
104 kHz [27] can be seen. The values of SAR were calculated based on the calorimetric
response at a frequency of 104 kHz and in the range of 1.5 to 3 kA/m.

The SAR was estimated as:

SAR =

(
Csolvent

xiron oxide

)(
ΔT
Δt

)
, (2)
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where csolvent is the heat capacity of the solvent (c = 4.18 J/Kg for water); xiron oxide is the
weight fraction of iron oxide; and (ΔT/Δt) is the initial slope of the time dependence of
the self-heating temperature. After a certain period of self-heating, the steady state was
achieved when generated heat at a constant temperature was equal to that lost to the
environment due to thermal convection. The maximum temperature of this steady state is
important when iron oxide-based magnetic fluids (MFs) with a high TC are used for in vivo
applications, as this is the only way to use such an MF without damaging the surrounding
tissue during MH.

Figure 25, right graph, shows tested MNPs and the corresponding MF for the SAR [26].
From the course, the SAR was estimated as:

SAR =

(
Csolvent

x(Mg, Ti)− f errite

)(
ΔT
Δt

)
, (3)

where csolvent equals cwater 4.18 J/kg; x(Mg,Ti)-ferrite is the weight fraction of (Mg, Ti)-ferrite;
and (ΔT/Δt) is the initial heating slope as a function of time. SAR values were estimated
between 1.2 and 3.9 W/g (8.4 kA and 29.6 kA/m). The result of calorimetric measurements
shows that the stationary temperature is higher than the planned TC (sample B, x = 0.37).

In Figure 26, left graph, a calorimetric measurements for the Ni0.725Cu0.275 sample
performed under the influence of AMF with an amplitude between 16.9 and 42.0 kA/m
and a frequency of 104 kHz [41] can be seen. The SAR was estimated as:

SAR = (cNi)

(
ΔT
Δt

)
, (4)

where cNi represents the heat capacity of nickel and is 0.444 J/kg. ΔT/Δt represents the
initial slope of the time dependence of the self-regulating temperature. After a certain time,
the curve reaches a maximum corresponding to the temperature, TC, already determined
by thermomagnetic measurements. Table 4 lists the corresponding SAR values.

Table 4. SAR values as a function of AMF amplitude for Ni0.725Cu0.275 (microemulsion method).

H [kA/m] SAR [mW/g]

16.9 4.3
25.4 21.8
33.8 35.8
42.0 41.6

In Figure 26, right graph [103], we determined the initial heating slopes (ΔT/Δt) that
we used to determine the values of SAR:

SAR =
(

calloy

)(ΔT
Δt

)(
1

xNi

)
, (5)

where xNi is 0.67, the calculation was based on the mass fraction of nickel in each sample.
Using the heat capacities of cNi (0.444 J/gK) and cCu (0.390 J/gK), we calculate the heat
capacity of the alloy, at a temperature of 20 ◦C, since all measurements had started at this
value, defined by the temperature of the surrounding thermal bath.

Table 5 lists the corresponding SAR values.

Table 5. Samples of composition Ni1−xCux (sol–gel method) and data of SAR measurements.

Composition SAR [W/g]

Ni67.5Cu32.5 (sample A) 0.60
Ni62.5Cu37.5 (sample B) 0.36

Ni60Cu40 (sample C) 0.12
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To conduct calorimetric measurements, a solid powder sample was subjected to
controlled heating. These measurements took place within a system capable of generating a
nominal field strength of 2 kA/m and operating within a frequency range of 80 to 800 kHz.
This setup allowed for precise characterization of the thermal properties and behavior
of the sample under varying magnetic field conditions. Figure 27, left graph, shows the
growth of the temperature of the powder sample in the calorimeter for different magnetic
fields [55]. Remarkably, the Cu27.5Ni72.5 MNPs exhibited a significant heating effect during
our experiments. Under an applied magnetic field strength of 3.13 kA/m, we were able to
achieve temperatures surpassing 40 ◦C.

Figure 27, right graph, shows the temperature rise of the Cr28Ni72 sample in the
calorimeter at different magnetic field strengths [107]. The magnetic measurements of the
solid powdered Cr28Ni72 with a TC of 44 ◦C were performed in a system that generates an
AMF (9.2–16.2 kA/m, 800 kHz).

4. Conclusions

The potential of superparamagnetic nanoparticles in magnetic hyperthermia holds
great promise. In this concise review, we explored different synthesis methods employed for
the preparation of Fe2O3, Mg1+xFe2−2xTixO4, Ni1−xCux, CrxNi1−x MNPs, their resulting
size, shape, functionalization, TC, magnetic, and calorimetric properties. The results
indicate that the described synthesis method of superparamagnetic nanoparticles with
adjustable Curie temperature offers a convenient approach for producing controlled TC
nanoparticles. These synthesized particles demonstrate excellent suitability, particularly
when optimized for MH applications.

Through the coprecipitation method, maghemite nanoparticles were successfully
synthesized, and a supplementary CM-dextran coating was applied. The resulting nanopar-
ticles displayed a distinct crystalline structure, as confirmed by both XRD and TEM analysis.
The magnetization ranged from 55 to 65 emu/g, with the results of calorimetric measure-
ments showing that the size of the nanoparticles and the thickness of the CM-dextran
coating affect the SAR.

The (Mg, Ti)-ferrite nanoparticles were also synthesized by coprecipitation, obtaining
nanoparticles of two crystallites, 20 and 200 nm. The TEM analysis revealed the presence
of larger nanoparticles, displaying low magnetization. Nevertheless, these nanoparti-
cles exhibited a favorable thermal response under the influence of alternating magnetic
fields (AMF), with the measured TC falling within the therapeutic range for magnetic
hyperthermia (MH) applications.

The NiCu and NiCr nanoparticles were successfully synthesized using the microemul-
sion technique. However, in both cases, additional homogenization was required, resulting
in partial agglomeration and the formation of larger nanoparticle clusters. Despite achiev-
ing a TC of approximately 45 ◦C for NiCu nanoparticles, their dissipation and/or heating
efficiency (SAR) proved inadequate. We also synthesized NiCu and NiCr nanoparticles
of different compositions by mechanical milling. We obtained nanoparticles of different
sizes and shapes, which in turn affected their magnetization and thermal response under
the influence of AMF, but again the TC were within the therapeutic temperature range for
MH. The sol–gel method proved to be the most promising. We obtained nanoparticles
with a size of about 18 nm, which could otherwise be further homogenized. Although
the particles partially grew during homogenization, they did not agglomerate because the
silica matrix prevented this. The only weakness of silica is that it affects magnetization, but
when silica is successfully removed, nanoparticles with higher magnetization and good
thermal response under the influence of AMF are obtained. Also, the TC of the mentioned
nanoparticles is in the therapeutic range for use in MH.

Through XRD measurements, we substantiated the successful completion of each
synthesis process. This assessment not only validated the creation of magnetic nanoparticles
(MNPs) with the intended composition but also allowed for the simultaneous estimation of
the MNPs’ size, employing Sherrer’s equation. The size of the nanoparticles ranged from
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5 to 25 nm, and in the case of homogenization, the particles were larger, or the growth of
the nanoparticles proved to be a result of the aforementioned homogenization.

The TM curves and corresponding TC were determined by thermal demagnetization.
The TC is very important in the field of MH. It is the temperature at which the material
passes from the magnetic to the non-magnetic state, which means that it no longer gives
off heat or heats up under the influence of an external magnetic field. The therapeutic
temperature in MH is between 41 and 46 ◦C. Most of the synthesized nanoparticles have a
TC in the therapeutic range. For maghemite nanoparticles and magnetic NiCu nanoparticles
synthesized by the microemulsion method in a silica matrix, this temperature is about
45 ◦C, and for magnetic NiCu nanoparticles synthesized by the sol–gel method, the TC
varies depending on the composition and ranged from 51 to 64 ◦C; similarly, for NiCu and
NiCr nanoparticles synthesized by mechanical milling, in the case of the former TC the
temperature varies from 24 to 174 ◦C, while for NiCr nanoparticles it ranges from 69 to
340 ◦C. As the Ni content increases, so does the TC.

Using TEM analysis, we determined the morphology, size, and size distribution of
the synthesized nanoparticles. The size of the nanoparticles, which we estimated using
Sherrer’s equation, was largely confirmed. The morphology of the MNPs is different, they
are mostly round nanoparticles, with the best distribution of the size of the nanoparticles in
the case of the synthesis of NiCu nanoparticles by sol–gel synthesis; in these nanoparticles,
no agglomeration can be detected. For other nanoparticles, homogenization leads to
agglomeration and consequently to a larger size of nanoparticles, and the size distribution
is also very wide.

The synthesized nanoparticles show magnetic properties, which we have confirmed
by magnetic measurements. The highest magnetization is observed for the maghemite
nanoparticles, but it decreases somewhat when they are coated with CM-dextran. The
magnetization is much lower for the magnetic NiCu nanoparticles, and the magnetization
increases with increasing nickel content. The difference is also evident in the sol–gel method
of magnetic NiCu nanoparticles, where the magnetization is about 2 emu/g for particles in
the silica matrix, while the value increases to 20 emu/g when the silica is leached.

Measurements of the magnetic heating effect were performed in a conventionally built
calorimetric system generating an AMF with a nominal field strength of 2 kA/m up to 42
kA/m in the frequency range from 80 kHz to 800 kHz and equipped with a fiber-optic
temperature probe to measure the temperature required to determine SAR. We monitored
the temperature response of individually synthesized nanoparticles at different magnetic
fields. Depending on the strength of the magnetic field, the nanoparticles showed different
temperature responses; all of them mostly reached a heating temperature in the therapeutic
range for use in MH, but it varied depending on the composition or strength of the magnetic
field. In the case of NiCu nanoparticles synthesized by the microemulsion method, we also
calculated the SAR values, which increased with increasing the magnetic field and ranged
from 4.3 to 41.6 mW/g, while in the case of magnetic NiCu nanoparticles, the values ranged
from 0.12 to 0.60 W/g, depending on the composition.

All synthesized MNPs have properties that are necessary for use in MH. A TC, which is
in the therapeutic temperature range, is particularly important because it means that heating
in this range is automatically interrupted, which in the case of cancer cells means damage
or destruction, while healthy cells remain undamaged. The magnetic NiCu nanoparticles
synthesized by the sol–gel method were found to be most suitable for use in MH. They are
about 10 nm in size and have a very narrow size distribution. The magnetization is very low
in the case of silica, but only this can be removed. TC is close to the therapeutic temperature,
which can also be adjusted by simply changing the composition or the nickel content.

In this short review article, we have shown that it is possible to synthesize MNPs of
different compositions with properties for use in MH using various synthetic methods. In
addition, it will be necessary to think in the direction of biocompatibility tests, or the use of
both in vitro and in vivo tests, especially of the synthesized nanoparticles that have shown
the best properties for use in the field MH.
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nickel alloy nanoparticles with a therapeutic Curie point using the microemulsion method. J. Alloy. Compd. 2013, 576, 220–226.
[CrossRef]

42. Pérez, J.A.L.; Quintela, M.A.L.; Mira, J.; Rivas, J.; Charles, S.W. Advances in the Preparation of Magnetic Nanoparticles by the
Microemulsion Method. J. Phys. Chem. B 1997, 101, 8045–8047. [CrossRef]

43. Umair, H.M.; Bibi, I.; Majid, F.; Kamal, S.; Alwadai, N.; Arshad, M.I.; Ali, A.; Nouren, S.; Al Huwayz, M.; Iqbal, M. Ferroelectric,
dielectric, magnetic and photocatalytic properties of Mn doped Ca-hexaferrite prepared via microemulsion route. Mater. Chem.
Phys. 2023, 307, 128152. [CrossRef]

44. Martín, R.F.; Prietzel, C.; Koetz, J. Template-mediated self-assembly of magnetite-gold nanoparticle superstructures at the
water-oil interface of AOT reverse microemulsions. J. Colloid Interface Sci. 2021, 581, 44–55. [CrossRef] [PubMed]

45. Hachani, R.; Lowdell, M.; Birchall, M.; Hervault, A.; Mertz, D.; Begin-Colin, S.; Thanh, N.T.K. Polyol synthesis, functionalisation,
and biocompatibility studies of superparamagnetic iron oxide nanoparticles as potential MRI contrast agents. Nanoscale 2016, 8,
3278–3287. [CrossRef] [PubMed]

46. Kotoulas, A.; Samara, D.; Angelakeris, M.; Kalogirou, O. The Effect of Polyol Composition on the Structural and Magnetic
Properties of Magnetite Nanoparticles for Magnetic Particle Hyperthermia. Materials 2019, 12, 2663. [CrossRef] [PubMed]

47. Khannanov, A.A.; Rossova, A.A.; Ignatyeva, K.A.; Ulakhovich, N.A.; Gerasimov, A.V.; Boldyrev, A.E.; Evtugyn, V.G.; Rogov, A.M.;
Cherosov, M.A.; Gilmutdinov, I.F.; et al. Superparamagnetic cobalt nanoparticles in hyperbranched polyester polyol matrix with
anti-protease activity. J. Magn. Magn. Mater. 2021, 547, 168808. [CrossRef]

48. Cheah, P.; Qu, J.; Li, Y.; Cao, D.; Zhu, X.; Zhao, Y. The key role of reaction temperature on a polyol synthesis of water-dispersible
iron oxide nanoparticles. J. Magn. Magn. Mater. 2021, 540, 168481. [CrossRef]

49. Koventhan, C.; Kumar, N.K.R.; Chen, S.M.; Pandi, K.; Sangili, A. Polyol mediated synthesis of hexagonal manganese cobaltate
nanoparticles for voltammetric determi-nation of thioridazine. Colloids Surf. A Physicochem. Eng. Asp. 2021, 621, 126625.
[CrossRef]

50. Ferk, G.; Stergar, J.; Drofenik, M.; Makovec, D.; Hamler, A.; Jagličić, Z.; Ban, I. The synthesis and characterization of nickel–copper
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Abstract: Thermally synthesized graphitic carbon nitride (g-C3N4) over pulsed laser deposition
(PLD) produced urchin-like iron oxide (FeOx) thin films were fabricated via in situ and ex situ
processes. Materials characterisation revealed the formation of the graphitic allotrope of C3N4 and a
bandgap Eg for the combined FeOx/g-C3N4 of 1.87 and 1.95 eV for each of the different fabrication
strategies. The in situ method permitted to develop a novel petal-like morphology, whereas for the
ex situ method, a morphological mixture between FeOx bulk and g-C3N4 was observed. Given
the improved optical and morphological properties of the in situ film, it was employed as a proof
of concept for the direct photocatalysis and photo-Fenton removal of ciprofloxacin antibiotic (CIP)
under visible light irradiation. Improved photocatalytic activity (rate constant k = 8.28 × 10−4 min−1)
was observed, with further enhancement under photo-Fenton conditions (k = 2.6 × 10−3 min−1), in
comparison with FeOx + H2O2 (k = 1.6 × 10−3 min−1) and H2O2 only (k = 1.3 × 10−4 min−1). These
effects demonstrate the in situ methodology as a viable route to obtain working heterojunctions for
solar photocatalysis in thin-film materials, rather than the more common powder materials.

Keywords: FeOx/g-C3N4 thin films; petal-like morphologies; Z-scheme; visible light photocatalysis;
ciprofloxacin degradation

1. Introduction

Direct Z-scheme photocatalysis mechanisms, obtained by combining two different pho-
tocatalysts (PC), have been proven to be a promising option for enhancing photocatalytic
reactions efficiency [1].

In this configuration, inspired by the study of natural photosynthesis, photogenerated
electrons in the conduction band (CB) of a PC I can recombine with photogenerated
holes in the valence band (VB) of a PC II: this results in a charge-separated state where
holes are left on the VB of PC I and electrons on the CB of PC II, separated in space.
This inhibits recombination, thus enhancing lifetimes and boosting the yield of redox
processes employing them. Z-schemes can be implemented using two semiconductors
with opportunely aligned band edges and offers the possibility of using materials with
different bandgaps, with a double advantage: (1) materials that are good oxidants but poor
reductants can be used as PC I and the reverse can be used for PC II, thus maximizing
the activity of their redox potentials; and (2) a broader portion of sunlight spectrum can
be exploited.

For these reasons, Z-schemes are increasingly popular in photoactive materials and
are increasingly studied for a variety of applications, from water splitting to wastewater
remediation [2,3].
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Graphitic carbon nitride (g-C3N4)-based materials recently attracted great attention
due to, among other things, useful optical properties, high chemical stability, and ease
of fabrication [4]. g-C3N4-based materials could also be used as Fenton-like catalysts,
adsorbents, disinfectants, and membrane materials [5–7]. Despite these advantages, g-
C3N4 also has significant drawbacks, such as poor UV–visible absorption (<450 nm), low
surface area, and fast recombination kinetics for photogenerated electron–hole couples,
limiting its photocatalytic performance.

Different methodologies for modifying g-C3N4 have been investigated in order to im-
prove its performance, for example by doping g-C3N4 with different elements: TiO2 [8–12],
Cu [13], SiC [14], Ag [15,16], ZnO [17], graphitized polyacrylonitrile [18], CdO [19], and
WO3 [20]. However, most of these dopings comprise nanomaterials in powdered form and
are used for colloidal photocatalysis.

Much less investigated is the possibility of utilizing g-C3N4 (either alone or in compos-
ites) as thin films over substrate surfaces, for example FTO [21–24]. In water purification
applications, the use of colloidal suspensions still represents the main research field due the
available high surface areas. However, the recovery of the material, after use, constitutes
an additional problem [25]. From an industrial perspective, working with immobilized
photocatalysts, such as thin films, allows the facile removal at the end of the process and
displays enhanced compatibility with flow reactor installations [26,27]. On the other hand,
the application of Z-schemes or other useful heterojunction-based design principles is
quite straightforward and well established for nanopowders but much more difficult for
thin-films. Indeed, for such a material to be effective in photocatalysis, both the components
need to have a solid–liquid interface at which redox reactions with substrates can occur,
and this is not possible with the layered composites generally obtained with most thin-film
fabrication methods.

In photocatalysis, g-C3N4 composites have been recently investigated for the degrada-
tion of emerging pharmaceutical contaminants (like sulphonamides, acyclovir) as well as
of pesticides [28–33]. Only a few papers deal with the synthesis of FeOx/C3N4 composites
for oxidation processes, water splitting, electro-catalysis, dye degradation, or artificial
photosynthesis [34–36]. Note that both materials are industrially scalable, economically
viable, abundant (in the case of iron oxides), and environmentally compatible [37], so that
a composite, based on these materials, which incorporates heterojunction effects into a
thin-film design would be a breakthrough towards application. Regarding pharmaceutical
contaminants specifically, CIP, a fluoroquinolone antibiotic used in medicine and veterinary
practice both, is of particular interest: it is one of the most widely used antibiotics world-
wide and standard wastewater treatments are largely ineffective for its removal, leading to
its frequent detection in surface waters in many regions. It is thus considered a potential
source of antimicrobial resistance (AMR), an increasingly severe threat to public health [38].
Note that, while the final target of solar-wastewater treatments is generally the complete
removal of pollutants via mineralisation, avoiding AMR in principle only requires the inac-
tivation of antibiotic residues in water instead [39]. To this end, solar-driven photocatalysis
would be a potentially cost-effective, high-efficiency treatment process.

In this paper, we investigate the production of Z-scheme composite thin films based on
the combination of pulsed laser deposition (PLD)-produced urchin-like iron oxide (FeOx)
nanostructured film with g-C3N4 to be employed for ciprofloxacin (CIP) degradation. The
urchin-like FeOx was recently developed in our lab and has been selected as a platform
for the composite synthesis because it has good solar spectrum compatibility, with an
energy bandgap Eg = 2.2 eV; consists of hierarchical structures, which are beneficial for
applications requiring high surface area [40,41]; and finally, it is photo-Fenton active [42,43].
Two different strategies were used to prepare FeOx/g-C3N4 composite films. In the first
case, we grew the petal-like g-C3N4 over iron urchins by directly drop-casting the melamine
solution followed by thermal treatment (in situ). In the second case, previously synthesized
g-C3N4 powder was spin-coated over iron urchins (ex situ). The photocatalytic performance
of the coatings has been evaluated via the degradation of ciprofloxacin (CIP) under visible
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light. CIP is indeed an important emerging contaminant, but at the same time it is well-
studied, its degradation mechanism well reported, and it can easily be followed by simple
UV–visible methods; therefore, it can be used to evaluate and tune the performances of our
new materials [44–49].

2. Materials and Methods

2.1. Materials and Reagents

Starting elements were metallic iron powder (Ventron GmBh (Karlsruhe, Germany), pu-
rity 97%, particle size mesh 325, 56 g/mol), boric acid (H3BO3 Sigma-Aldrich (St. Louis, MO,
USA) BioXtra, purity > 99.5%, 61.83 g/mol), and melamine (C3H6N6, Sigma-Aldrich, purity
> 99%, 126.12 g/mol). Ethanol absolute (VWR, purity 97%, 46.08 g/mol) was used as a dis-
persing agent for melamine and synthesized g-C3N4 powder. Ciprofloxacin (C17H18FN3O3,
Standard PHR1044 Sigma-Aldrich, purity 99%, 385.82 g/mol) was employed to test the
efficiency of photocatalysis. H2O2 solution (Merck (Rahway, NJ, USA), EMSURE ISO, concen-
tration 30%, 34.01 g/mol) was employed in the photo-Fenton reactions.

2.2. Synthesis of Iron Oxide Urchins

Urchin-like FeOx nanostructured thin films were produced via PLD following the
protocol and apparatus published elsewhere [40,50]. Briefly, the films were obtained using
a KrF Lambda Physik excimer laser with a 248 nm wavelength, 25 ns pulse duration, and
20 Hz repetition rate. Targets were prepared as pellets of cold-pressed iron and H3BO3-
mixed powders (1:1 weight). The deposition of films was carried out on both Si slides
(for the purpose of characterisation) and glass slides (75 mm × 26 mm) in O2 atmosphere
(4.5 Pa) at room temperature by keeping them at distance of 4.5 cm from the target. Dur-
ing the deposition, a laser fluence of 3 J/cm2 was applied using optical focusing, and
10,000 laser pulses were used for each single substrate glass slide. The prepared films were
thermally annealed at 550 ◦C for 4 h in air atmosphere with a heating rate of 5 ◦C/min.
Deposited films weight was measured using a balance with 10−5 g resolution.

2.3. Synthesis of g-C3N4 Powder

Melamine was used as the precursor for g-C3N4 synthesis. A total of 10 g of melamine
powder was added into a porcelain crucible (200 mL) with a closed cap. Before the synthesis,
the porcelain crucible was well polished with an abrasive sheet. In the synthesis process,
the crucible containing melamine was heated inside a muffle furnace at 550 ◦C for 4 h with
the heating rate of 9 ◦C/min [51]. This protocol was used to produce bulk g-C3N4 powder
for characterisation and as part of the process to produce ex situ film.

2.4. Preparation of FeOx/g-C3N4 Composite Thin Films

The FeOx/g-C3N4 composite materials were prepared by employing the iron oxide
urchin film described in Section 2.2 as a support for the g-C3N4, following two distinct
procedures as described below and schematically presented in Figure 1:

(a) The g-C3N4 powder was synthesized ex situ by thermally heating melamine for 4 h
(protocol from Section 2.3). The synthesized g-C3N4 was dispersed in ethanol with
concentration of 40 mg/mL. The prepared suspension was spin-coated on top of the
iron urchins with a rotational speed of 800 rpm for 60 s. The composite material was
dried at 60 ◦C for 4 h to evaporate the extra solvent. The final composite sample is
referred to from here onwards as (FeOx/g-C3N4)ex.

(b) Starting from melamine, g-C3N4 was synthesized in situ on the surface of iron oxide
urchin. Specifically, the melamine powder was dispersed in ethanol with a concentra-
tion of 100 mg/mL. The prepared suspension was used to spread a controlled amount
of melamine precursor on top of the iron urchin film via the drop-casting method.
Subsequently, films were heated in a muffle furnace at 550 ◦C for 1 h to obtain the
g-C3N4 on top of the iron oxide urchins. The prepared composite is referred to from
here onwards as (FeOx/g-C3N4)in.
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Figure 1. Schematic showing the synthesis of iron urchin (FeOx), g-C3N4, and FeOx/g-C3N4 com-
posites via different procedures.

Here, we selected 4 h and 1 h durations of annealing for ex situ and in situ meth-
ods, respectively, based on the optimisation described in the Supplementary Materials
(Section S1).

2.5. Materials Characterisation

The properties of the obtained materials were investigated via different characterisa-
tion techniques. A LabRAM Aramis Jobin-Yvon Horiba μ-Raman equipped with a He-Ne
laser source (785 nm) was used for Raman spectroscopy measurements. FT-IR was per-
formed using a JASCO model 4600 instrument (Easton, PA, USA). Grazing incidence XRD
(GIXRD) was employed to analyse the crystallinity of samples using a X’Pert Pro diffrac-
tometer, working with the Cu Kα radiation. A field emission scanning electron microscope
(FEG-SEM, JSM-7001F, JEOL (Tokyo, Japan)) equipped with an Energy-Dispersive X-ray
Spectroscopy (EDXS-INCA PentaFETx3, Oxford Instruments (Abingdon, UK)) analyser
was used to examine morphology and composition, whereas TEM analysis was performed
in order to add structural information at a microscopic scale (S/TEM TALOS F200S, Ther-
moFisher, Waltham, MA, USA). UV and visible (UV–Vis) absorption spectra were measured
using a VARIAN Cary 5000 UV-Vis-NIR spectrophotometer over a wavelength range of 200
to 800 nm. The Kubelka–Munk function (Equation (1)) and the Tauc equation were used to
evaluate the direct bandgap of the synthesized materials:

F(R) =
(1 − R)2

2R
(1)

where R is the reflectance of the sample.
The Tauc equation for direct electronic transitions is described in Equation (2):

(αhν)2 = A
(
hν − Eg

)
(2)

where α is the optical absorption coefficient; hν is the incident photon energy in eV; A is the
material-dependent absorption constant; and Eg is the energy bandgap.

X-ray photoemission spectroscopy (XPS) measurements were performed on the thin
film coatings to understand the surface chemical states of the elements. The X-ray source
was a monochromatized Al Kα (1486.6 eV) source, and the spectra were collected from
an electrostatic hemispherical electron energy analyser with ±8◦ of acceptance angle. The
X-ray beam incidence was at an angle of 45◦ on the surface of the samples and all spectra
were acquired in normal emission conditions with an initial base pressure of 2 × 10−9 mbar.
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The calibration of the data was performed using the C 1 s native peak present on the surface
of the samples.

2.6. Photocatalysis Experiments: Degradation of Ciprofloxacin

In a typical experiment, the photocatalyst film was positioned in the centre of a
borosilicate glass beaker and immersed in an aqueous solution (50 mL) containing CIP
(C0 = 10 ppm) on. The beaker was covered with aluminium foil and kept in the dark for
30 min while stirring (150 rpm) to achieve adsorption–desorption equilibrium. After 30 min
of initial dark, the foil was removed and the beaker was irradiated for 180 min. When
required, H2O2 was added to the starting solution to reach a (5 × 10−4 M) concentration.
Aliquots (1 mL) of irradiated solution were taken at fixed time intervals and UV–Vis spectra
were recorded to evaluate the extent of CIP disappearance. The absorbance values at
λmax = 272 nm were collected and the degradation of CIP was reported as:

Degradation efficiency (%) =

(
Co − Ct

Co

)
× 100 =

(
Ao − At

Ao

)
× 100 (3)

where Co and Ao are the starting molar concentration and absorbance of CIP while Ct and
At are the molar concentration and absorbance of CIP at time t. Control experiments were
carried out by irradiating the starting solution of CIP in the absence of any photocatalyst.

The irradiation was provided by three halogen lamps (Osram (Berlin, Germany)
HALOPAR 30, 75W, 30◦ aperture angle, luminous flux of 350 lumens) positioned in a
vertical support at 40 cm height from the reactor, and they were slightly inclined to direct
the focus towards the centre of the beaker containing the catalyst and the CIP solution.
The spectral irradiance of the light source is reported in Figure S1. Cooling was provided
by adding a constant supply of ice around the reactor with a monitored temperature
(35–20 ◦C). UV–Visible absorption spectra were recorded using a VARIAN Cary 5000 UV–
Vis–NIR spectrophotometer. When working in photo-Fenton mode, a 5 × 10−4 M of H2O2
is employed, which is high enough to ensure a large excess (ca. 20 times with respect to the
2.59 × 10−5 M CIP) and low enough for the absorbance of H2O2 not to interfere with the
spectrophotometric determination of CIP.

3. Results and Discussion

3.1. g-C3N4 Characterisation

Synthesized g-C3N4 powder and melamine precursor were characterized in terms of
structure and morphology (Supplementary Materials, Figures S2–S7). A UV–Vis spectrum
was acquired to characterize the melamine precursor before synthesis to g-C3N4, and the
spectrum shows significant absorbance only in the UV region (<275 nm), as seen in Figure
S2. After the melamine synthesis, a powder-like morphology with agglomerated particles
under 100 nm in size was observed in the SEM analysis, and the presence of only C and
N elements was confirmed from corresponding EDXS spectra (Figure S3). In the FTIR
(Figure S4), the peaks that appear in the 1200–1700 cm−1 region are related to the stretching
modes of C=N and C–N hetero-cycles, and the peaks at 875 and 804 cm−1 indicate the
presence of the stretching mode of the triazine ring [51]. Micro-Raman analysis proves the
presence of g-C3N4 from the peaks at 211, 359, 471, 588, 706, 768, 984, 1117, 1151, 1232, and
1312 cm−1, respectively (Figure S5 and Table S1). Also, the peaks 1360 cm−1 (D band) and
1580 cm−1 (G band) confirm the formation of C–N [52,53]. XRD analysis further confirmed
the presence of the graphitic-like phase of C3N4 lattice system given by the (002) peak
(Figure S6). An increase in UV absorbance was observed in the 400–500 nm range with
a maximum at 400 nm, and the Tauc plot demonstrates that the direct bandgap of the
synthesized g-C3N4 powder is 2.92 eV (Figure S7).

3.2. FeOx/g-C3N4 Composite Characterisation

Figure 2 presents the FTIR spectra comparison between the FeOx iron urchins film
only, (FeOx/g-C3N4)in and (FeOx/g-C3N4)ex composites. Both the composite materials
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present the C-N and C=N vibration states in the wavenumbers range between 1200 and
1700 cm−1. A triazine peak is also observed at 804 cm−1. Sharper peak formation in the
mentioned range is more evident in the (FeOx/g-C3N4)ex composite in comparison to
(FeOx/g-C3N4)in. This can possibly be attributed to the higher mass of g-C3N4 on top of
the FeOx supporting material. The corresponding FeOx spectrum involves the unresolved
peaks below 1000 cm−1, which are related to Fe-O stretching vibrations [54]. In Figure 2, a
cluster of weak bands found at around 1500 cm−1 correspond to the vibration modes of
carbonates resulting from interaction of the surface with CO2 from the air. This is commonly
observed in iron oxide surfaces exposed to air humidity, which leads to the formation of
hydroxides that are, in turn, susceptible to carbonate formation [55].

Figure 2. FTIR spectra comparisons between FeOx and the composites FeOx/g-C3N4.

Micro-Raman analysis was also employed to investigate the properties of the (FeOx/g-
C3N4)in and (FeOx/g-C3N4)ex as well as the reference FeOx support material. The Raman
spectra (Figure 3) show the peaks of g-C3N4 identified at 211, 359, 471, 588, 706, 768, 984,
1117, 1151, 1232, and 1312 cm−1, respectively. For the (FeOx/g-C3N4)ex, spectrum shows
essentially the g-C3N4 bulk nature due to the complete coverage of the FeOx thin film.
The (FeOx/g-C3N4)in spectrum presents the g-C3N4 with the characteristic peaks shifted
with respect to the bulk powder g-C3N4, such as the 521, 749, 810, 999, 1156, 1266, and
1346 cm−1 and small traces of FeOx at 298 and 1386 cm−1 being the other peaks in overlap
with g-C3N4. The shifting on the FeOx/g-C3N4 (in situ) sample is attributed to the atomic
lattice compressive stress because of synthesis procedure. In particular, in situ synthesis
induces stress modifications on the FeOx because of the melamine thermal conversion to
C3N4 on its surface that indeed favours strong adhesion with the substrate. On the other
hand, in the ex situ preparation condition, the interaction between the already prepared
g-C3N4 powder and the FeOx surface is milder, as proved by the poor adhesion [56]. Peaks
assignments are presented in Supplementary Table S1.
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(a) 

 

( ) 

Figure 3. Raman spectra of g-C3N4 compared to composites (FeOx/g-C3N4)in and (FeOx/g-C3N4)ex
(a) and FeOx supporting material (b).

Figure 4 presents the GIXRD patterns for both (FeOx/g-C3N4)in and (FeOx/g-C3N4)ex.
(FeOx/g-C3N4)ex clearly presents the peaks at 13.1◦ and 27.5◦ corresponding to the (100)
and (002) crystal planes of the g-C3N4 (JCPDS No. 87-1526). The diffraction peaks typical of
hematite are labelled (012), (104), (113), (024), (116), and (122) (JCPDS No. 33-0664), and the
observed traces of magnetite phase are labelled (111), (220), (311), (222), and (400) (JCPDS
No. 19-0629). According to the growth mechanism of the urchins during the oxidizing
annealing, the most oxidized iron phase (Fe2O3) is expected to most likely be present on
the surface of the nanostructured film, in contact with the solution and with the g-C3N4.

On the other hand, in the (FeOx/g-C3N4)in there is clear evidence of hematite and
traces of magnetite. However, in comparison to (FeOx/g-C3N4)ex, the (002) peak of g-C3N4
is observed slightly shifted toward lower diffraction angle with considerably reduced
intensity and also the (100) peak is apparently supressed. This suggests the intercalation of
the layered structure of g-C3N4 by the abundant urchin-like structures (size ~10–20 nm)
present on the surface of FeOx contributing to diminish the peak [57,58]. According to the
Bragg equation (λ = 2dsinθ), the expanded interlayer distance of the d-spacing due to the
intercalation of iron urchins into g-C3N4 layers may lead to the shift of the diffraction peak
toward low angle. Moreover, the reduced intensity of the peak shows the possibility of

109



Appl. Sci. 2023, 13, 10591

less dense lamellar structure of the g-C3N4 in the composite due to the presence of small
amounts of g-C3N4 (in the form of thin petals) on the FeOx surface [59,60]. These structural
changes likely imply that in the in situ method of the formation of composite films, the
g-C3N4 interacts and reconfigures the surface of FeOx differently than ex situ method.

Figure 4. GIXRD patterns for the films (FeOx/g-C3N4)in and (FeOx/g-C3N4)ex recorded at incidence
angle = 0.5 deg.

The absorption spectra and Tauc plot of the FeOx/g-C3N4 composites are presented
in Figure 5. An absorption region can be observed from the visible range (<600 nm)
while a constant increase up to the UV range of the spectrum is detected for both compos-
ite materials. Interestingly, the (FeOx/g-C3N4)in composite film shows lower bandgap
(~1.87 eV) than the (FeOx/g-C3N4)ex composite (~1.95 eV). Also, the observed bandgaps
(1.87 and 1.95 eV) are in agreement with the literature [61]. For both synthesis methods,
due to the presence of FeOx as the supporting material, the absorbance is shifted towards
the visible part of the spectrum in comparison to the bulk g-C3N4 presented in Figure S7.

Morphology and composition of the synthesized FeOx iron urchins and of the compos-
ites (FeOx/g-C3N4)in and (FeOx/g-C3N4)ex FeOx were investigated using SEM and EDXS
techniques. Figure 6 presents the images of the surface of the FeOx urchin-like structure
produced by PLD and annealed at 550 ◦C for 4 h in a tubular furnace used as the support
material. EDXS results essentially confirm the presence of Fe and O on the microstructures
(Figure S8). This agrees with previously published reports on this material [40,42]. The
mass of the FeOx films was 21 ± 2 mg before the composite preparation steps.

SEM images in Figure 7 show the morphology of the (FeOx/g-C3N4)in composite.
The formation of a petal-like microstructure (Figure 7a,b) is now observed as compared
to the bare FeOx urchin. From Figure 7c, it is also observable that urchins present on the
FeOx surface possibly intercalate the petal structure. A special formation of petal-like
morphology growth is highlighted in (Figure 7d) as a single petal close-up (magnified
image in the inset). Moreover, EDXS (Figure S9) confirms the presence of the C, N, Fe, and
O elements in the composite film. The mass of the composite is about 10 mg more than the
21 ± 2 mg of the initial FeOx. This corresponds to 5–10% conversion yield of melamine.
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Figure 5. UV–Vis absorption spectra and corresponding Tauc plot (inset) of the synthesized (FeOx/g-
C3N4)in and (FeOx/g-C3N4)ex composites materials.

 

Figure 6. SEM images (a,b) showing the bare surface of the FeOx urchin-like structures employed in
the composite with g-C3N4.

Morphology of the synthesized composite (FeOx/g-C3N4)ex are presented in
Figure 8a–c. The visual inspection of the images demonstrates the absence of petal-like
morphology and island separation (Figure 8d) between the FeOx particles and g-C3N4
deposited on the surface of the iron urchins. In this case, the mass increase was about
40 mg (about 60 mg total composite mass), due to the drying of 1mL solution after the
spin-coating process. EDXS (Figure S10) confirms the distinct separation of particles in the
composite materials.
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Figure 7. SEM images (a–d) of (FeOx/g-C3N4)in composite thin films.

 

Figure 8. SEM images (a–d) of (FeOx/g-C3N4)ex composite thin films.

The morphology, composition, and crystalline structures of the composite (FeOx/g-
C3N4)in were also investigated using HRTEM. Figure 9a–c presents the image of a single
petal partially covered by g-C3N4 (darker areas). The magnification of Figure 9a shows
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lattice fringes 0.252 and 0.295 nm and the white arrowheads define intervals corresponding
to 10 lattice planes. The SAED spectra of clean single crystal return hematite or magnetite
spot diffraction patterns (Figure S11), whereas larger area SAED spectra containing crys-
talline structure and darker regions show the presence of both Fe2O3 and Fe3O4 as well as
the (002) peak of g-C3N4, which supports the XRD results (SAED patterns were identified
with the identical XRD JCPDS card database).

 

 

Figure 9. (FeOx/g-C3N4)in TEM and HRTEM analysis (a). Bright field TEM image of a crystalline
petal whose SAED diffraction pattern is given in (c). The intensity profile obtained from (c) is shown
in (b): gray lines indicate gross intensity (solid line) and the subtracted background (dashed line),
and the red line is the resulting net intensity.

3.3. XPS Analysis

XPS was used to analyse the chemical bonding and composition of all the prepared
materials. Figure 10 presents the full survey scan of the FeOx iron urchins, (FeOx/g-
C3N4)in, and (FeOx/g-C3N4)ex composites that are compared to the FeOx as a support
material only. The XPS survey spectra reveals presence of Fe, O, N, and C.
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Figure 10. XPS survey scan for all elements in the FeOx urchin and its composites with g-C3N4.

Figure 11 shows Fe 2p3/2 core level spectra of FeOx and its composites, the Fe 2p
survey can be found in the Supplementary Materials (Figure S12a). The Fe 2p3/2 core level
main peak position (without curve fitting) is located at around 711 eV binding energy
(BE) with spin-orbit splitting and a satellite at 719 eV. The peak at 711 eV was further
deconvoluted into three peaks, namely 709.8 eV, 710.8 eV, and 712 eV, which correspond
to +3 oxidation state of alpha hematite [62–64]. This clearly indicates the presence of
dominating alpha Fe2O3 phase (hematite) with the +3 oxidation state on the surface of
FeOx and (FeOx/g-C3N4)ex samples. For the XPS spectra of (FeOx/g-C3N4)in, the main
BE positions at 711.5 eV with spin-orbit splitting indicate the presence of a Fe3O4 phase.
Therefore, the presence of both hematite and Fe3O4 cannot be excluded in the samples,
thus further supporting our previously reported (Figure 4) XRD results. In Figure 12a,
the C1s spectrum of the composite materials contains two peaks at 285 eV and 288.9 eV
for (FeOx/g-C3N4)in, which arise from C–N and sp2-hybridized C in N=C–N. However,
for (FeOx/g-C3N4)ex, the peaks originate at 285.1 eV and 289.3 eV [65,66]. Thus, the C 1s
core level spectra of both composite films, i.e., (FeOx/g-C3N4)ex and (FeOx/g-C3N4)in,
clearly show the presence of the C–N bonding structure coming from g-C3N4 with specific
contributions as shown in adjacent peaks resulting from the fitted components. A slight
modification of peak positions related to g-C3N4 was observed in case of the (FeOx/g-
C3N4)in composite film, which could be attributed to interface effects with FeOx [65–70].

The N 1s spectrum (Figure 12b) related to (FeOx/g-C3N4)in is deconvoluted into
three different peaks at 399.8, 401.5, and 402.1 eV, which are attributed, respectively, to
sp2-hybridized N in C=N–C, sp3-hybridized N in N–C3, and C-N-H from amino groups
and π excitations in heterocycles. The N 1s core level spectra also clearly indicate the
respective bonding contributions (reported with fitted components) originating from the
g-C3N4 chemical structure. It is also interesting to see that the fitted components with
respective chemical structures show modifications in the intensity as well. This is not fully
understood yet but probably results from minor changes in the atomic lattice arrangement.
Also, the O 1s spectra reported in the Figure S12b, identifies the presence of Fe-O chemical
bonding as in Fe oxides with two peaks at 530 eV and 532.6 eV arising from the lattice
oxygen in FeOx and the related hydroxide-oxyhydroxide system [71,72]. The small peak
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around 532 eV is associated with the presence of adsorbed water on the surface of the
samples [73].

Figure 11. XPS spectra of the Fe 2p3/2 core level and deconvolution peaks of the iron urchin and its
composites with g-C3N4. All the spectra were normalized to the maximum of the peak and curve
fitting was achieved using Shirley background and Voigt profiles.

Figure 12. XPS spectra of (a) C 1s and (b) N 1s core levels and the corresponding deconvolution
peaks of the iron urchin and its composites with g-C3N4. All the spectra were normalized to the
maximum of the peak and curve fitting was achieved using Shirley background and Voigt profiles.
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Moreover, looking at the lower bandgap (inset in Figure 5) of the (FeOx/g-C3N4)in thin
film with respect to (FeOx/g-C3N4)ex, we can suggest that the detected minor differences
(1.87 vs. 1.95 eV) could also be related to slight changes in atomic lattice arrangement in the
in situ-produced g-C3N4 and FeOx likely promoting charge carrier separation and mobility.

3.4. Photocatalytic Activity

The photocatalytic activity of the prepared materials was evaluated at the proof-of-
concept level in CIP degradation. First the g-C3N4 dispersed powder and coating samples
were tested. The adsorption of powders and the poor photocatalytic degradation of CIP in
films and powders was observed (Figure S13). Also, the (FeOx/g-C3N4)ex thin films show
only 5% CIP disappearance after 180 min irradiation (Figure S14). The observed inferior
CIP removal of (FeOx/g-C3N4)ex was due to the weak g-C3N4 adhesion with consequent
partial detachment during the experiment, as pointed out by SEM. Therefore, we have not
performed further in-depth analysis of these samples.

The photocatalytic activity of the (FeOx/g-C3N4)in thin films were compared in the
photocatalytic removal of CIP through visible irradiation. Results are reported in Figure 13,
and the corresponding UV–Vis spectra obtained are reported in Supplementary Figure
S16. Low adsorption (less than 5%) is observed in the dark during the equilibrium period.
Upon visible illumination, the system (FeOx/g-C3N4)in shows a better performance and
leads to a 14% of CIP disappearance after 180 min of irradiation with a kinetic constant of
8.28 × 10−4 min−1. The results obtained via (FeOx/g-C3N4)in are of relevance if one con-
siders the control experiments reported in Figure S15. It is observed that both thermolysis
at 50 ◦C and visible irradiation in the absence of a photocatalyst (photolysis) do not cause
any decrease in CIP concentration. This demonstrates that the presence of the composite
(FeOx/g-C3N4)in is mandatory for achieving CIP degradation and that degradation is not
a consequence of the temperature increase from the heat developed by the radiation system
or photolysis.

Figure 13. (a) removal yields and (b) corresponding reaction kinetics of the CIP upon irradiation of
(FeOx/g-C3N4)in immersed in aqueous solutions containing CIP (C0 = 10 ppm).
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Given the results obtained from (FeOx/g-C3N4)in, the photo-Fenton reaction was
tested with the addition of H2O2. Results are reported in Figure 14, where experiments
performed with FeOx alone and in the presence of H2O2 5 × 10−4 M are reported for
comparison. The irradiation of FeOx alone (black) caused a disappearance of CIP of about
15%. When H2O2 (5 × 10−4 M) is present, the material showed a higher CIP disappearance
in the dark (17%), possibly due to an initial Fenton reaction, and upon irradiation a
disappearance of 35% of CIP is observed with moderate improvements of the degradation
after the initial 60 min of illumination on both photo-Fenton cases (FeOx + H2O2 and
(FeOx/g-C3N4)in + H2O2). This moderate enhancement of degradation is attributed to
slight temperature changes and is consistent with the literature [74]. The calculated kinetic
constant is k = 1.6 × 10−3 min−1. A comparison of the results of FeOx (Figure 14) with
(FeOx/g-C3N4)in (Figure 13) shows that their photocatalytic activities are very similar.
However, the addition of H2O2 (5 × 10−4 M) to the aqueous solution of CIP in which
(FeOx/g-C3N4)in is present had a booster effect: in fact, 60% of CIP disappearance is
achieved after irradiation, a value significantly higher than that observed with FeOx and
(5 × 10−4 M) H2O2 alone (6%).

Figure 14. Removal yields (a) and reaction kinetics (b) of the CIP disappearance upon the irradi-
ation of FeOx (black), FeOx + H2O2 (5 × 10−4 M) (red), and FeOx/g-C3N4 composites + H2O2

(5 × 10−4 M) (blue). The starting concentration of CIP is 10 ppm.
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Therefore, the photo-Fenton process further enhances the degradation efficiency of
the (FeOx/g-C3N4)in composite material compared with the two parts alone. In addition,
good adhesion over the glass slides was observed both during photocatalysis and the
photo-Fenton reaction.

An overview of the results obtained during the photocatalytic and photo-Fenton
experiments are provided in Table 1.

Table 1. Summary of the testing conditions and results for the photocatalysts.

Experimental Condition Catalyst Form CIP Adsorption
CIP

Removal Yield
Kinetic Constant

(k, min−1)

H2O2 (5 × 10−4 M) No catalyst 0% 6% 1.3 × 10−4

(FeOx/g-C3N4)in 5% 13% 8.28 × 10−4

FeOx 5% 15% 5.5 × 10−4

FeOx + H2O2 (5 × 10−4 M) 17% 35% 1.6 × 10−3

(FeOx/g-C3N4)in + H2O2
(5 × 10−4 M) 30% 60% 2.6 × 10−3

It has been observed that the (FeOx/g-C3N4)in composite material exhibits very
important photoactivity during CIP removal under photo-Fenton conditions, showing
an increase of one order of magnitude of the relative kinetic constant. This activity is
higher than that of each counterpart alone. This picture is compatible with the arising
of a heterojunction effect, such as a complete (where the solid–liquid interfaces of both
materials are redox active) or partial (where only one, i.e., the FeOx conduction band is
redox active) Z-scheme in the composite. Another possible explanation for the enhanced
performance in the composite is that g-C3N4 is simply acting as an electron acceptor, thus
temporarily trapping electrons from the FeOx conduction band and inhibiting charge
recombination [75]. We consider this last scenario unlikely, as the bandgap of g-C3N4 is
also compatible with visible absorption.

A likely photocatalysis mechanism for the (FeOx/g-C3N4)in composite, presented in
Figure 15, can be hypothesized based on our data and the current literature. It is known that
the degradation of CIP in the presence of iron oxides and g-C3N4 occurs mainly through
the formation of active species, i.e., superoxide radicals (O2

−), hydroxyl radical (.OH), and
holes (h+) [30,48,76–80]. In the case of (FeOx/g-C3N4)in, the degradation of CIP is then
expected to proceed via two different pathways depending on whether H2O2 is present
or not. Without H2O2 (Figure 15a), the CIP degradation probably proceeds through the
formation of a Z-scheme between FeOx and g-C3N4 where primarily the (O2

−) and (.OH)
active species are produced. Note that in this case, .OH can only be produced through
the reaction between h+ and water [78–82] and that the superoxide radicals are not very
efficient in reacting with CIP [76,83]. When H2O2 is added, .OH can also be produced
through the reactions between CB electrons and H2O2 and between superoxide and H2O2,
(Figure 15b) [76,83–87], resulting in a greater availability of highly active .OH, which
would explain the higher activity in the photo-Fenton mode. A detailed investigation of
the composite materials working mechanism via transient UV–visible spectroscopy and
using selective radical inhibitors will be undertaken in future investigations to confirm
this mechanism hypothesis. Nevertheless, we consider the results reported here as a
proof-of-concept that the in situ approach is a viable route for achieving heterojunction
effects on thin-film photocatalysts for application in pollutant degradation. This is proven
by data in Table 2 where a comparison is reported between the best results we obtained
with the (FeOx/g-C3N4)in +H2O2 (5 × 10−4 M) samples and literature data (90−97) for
the removal of ciprofloxacin in water and additional information can also be found from
literature [88–91].
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Figure 15. Schematic showing the (FeOx/g-C3N4)in photocatalyst degradation mechanism (a) with-
out H2O2 and (b) with H2O2.

Table 2. Comparison for CIP removal with photocatalysts.

Ref Catalyst
CIP

Concentration
(ppm)

Tested
Volume (mL)

Experimental
Time (min)

Illumination
Source

Removal
Yield

[92] N,S-
CQDs/Bi2MoO6@TiO2

20 15 270 Visible light ca.
200 mW/cm2 90%

[93] FTO/BaTiO3/SnO2 5 75 180
100 W Xe lamp +

Ultrasound
24 KHz

60%

[94] Bi2MoO6@Bi2MoO6–x 20 100 150
6.2 W LEDs

between 400 and
700 nm

95%

[95] TiO2 MOCVD 20 100 480 UV LED 365 nm 100%

[96] (nc-TiO2) from
Degussa P25 10 100 600 UV lamp 276 nm 100%

[97]
TiO2

films grown
electrochemically

40 190 180 UV lamp
(100–280 nm) 70%

[98] Ag2MoO4 20 100 40 UV lamp
(200–400 nm) 90%

[99] CeO2/CuO/ZnO/Zn 10 100 120 Mercury lamp
120 W—UV light 70%

This work (FeOx/g-C3N4)in +
H2O2 (5 × 10−4 M) 10 50 180 Visible Halogen

lamps, 225 W 60%

4. Conclusions

The development of composites produced by combining iron oxide urchins (FeOx)
with g-C3N4 following two different procedures (FeOx/g-C3N4)in and (FeOx/g-C3N4)ex
was reported along with its application in the photocatalytic degradation of ciprofloxacin
pharmaceuticals.

The PLD procedure to obtain annealed hematite iron urchins followed by the drop-
casting of the melamine precursor to thermally condense the g-C3N4 (FeOx/g-C3N4)in
composite thin film evolved into to a petal-like morphology with a high surface area
featuring good absorption in the visible range (<600 nm). This composite material exhibits
an improved photocatalytic performance when compared to the single components, with
the optimal condition for ciprofloxacin degradation (from 20 to nearly 60%) observed under
the photo-Fenton condition. These results are compatible with a heterojunction effect in the
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composite, likely of the Z-scheme type. The advantages with (FeOx/g-C3N4)in rely on the
mechanical stability of the coating on the glass surface, which allows us to overcome the
problems related to the use of nanoparticles in suspension. The research presented in this
paper will be further developed as we consider the reported results as a significant starting
point for obtaining a Z-scheme strategy specifically for thin-films. Indeed, further activities
aimed at elucidating the working mechanism of these composites under light are ongoing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app131910591/s1, Section S1: Different aspects regarding ex
situ and in situ materials synthesis methods, Section S2: light source for photocatalysis experiments,
Section S3: characterisation of g-C3N4 bulk and Section S4: FeOx composite films, Section S5: sup-
porting information for photocatalytic tests, Section S6: Raman peak assignments , and Section S7:
UV–Vis spectra from the photocatalysis experiments. Figure S1: Measured and normalized spec-
trum of visible light lamps (75 W each) employed in this work (Osram HALOPAR 30, 75 W, 30◦
aperture angle, luminous flux of 350 lumens); Figure S2: Absorption spectrum of melamine used
as precursor to g-C3N4 synthesis; Figure S3: SEM image of g-C3N4 powder synthesized at 550 ◦C
4h and its corresponding EDXS spectra; Figure S4: FTIR spectra of the melamine and g-C3N4 syn-
thesized at 550 ◦C 4 h; Figure S5: Raman spectra of melamine and g-C3N4 synthesized at 550 ◦C
4 h; Figure S6: GIXRD pattern of the synthesized g-C3N4 powder at 550 ◦C; Figure S7: UV–Vis
absorption spectra and Tauc plot of the g-C3N4 synthesized at 550 ◦C 4h; Figure S8: EDXS spectrum
of the surface of the FeOx urchin like structures used as support in the composite with g-C3N4;
Figure S9: EDXS spectra from 4 different regions of the (FeOx/g-C3N4)in composite thin films;
Figure S10: EDXS spectra from two different regions of the (FeOx/g-C3N4)ex composite thin films;
Figure S11 (FeOx/g-C3N4)in TEM image and corresponding larger area SAED pattern; Figure S12
XPS spectra of (a) Fe 2p (top left) and specifically Fe 2p3/2 (top right) and (b) O1s core levels without
curve fitting of the iron urchin and its composites with g-C3N4; Figure S13: Removal yields of
the CIP disappearance upon irradiation of g-C3N4 4h in powder (black) and in the film (blue) in
aqueous solutions containing CIP (C0 = 10 ppm); Figure S14: Removal yields of the CIP disappear-
ance upon irradiation of (FeOx/g-C3N4)ex thin films immersed in aqueous solutions containing CIP
(C0 = 10 ppm); Figure S15: Control experiments: aerated aqueous solution of CIP (10 ppm) maintained
at 50 ◦C in the dark (red) or visible irradiated (blue) in the absence of any photocatalyst; Table S1:
The modes of every peak identified in the Raman measurements. The peaks identifications are based
on the literature [100–103]; Figure S16: UV–Vis spectra from obtained from the photocatalysis and
photo-Fenton experiments.

Author Contributions: Conceptualisation: M.F., O.P.B. and M.O.; sample preparation and analysis:
M.F., O.P.B., R.E., A.M. (Alessandra Molinari), P.R. and C.M.; original draft preparation: M.F. and
O.P.B.; writing—Review and editing: M.O., A.M. (Antonio Miotello), A.M. (Alessandra Molinari),
R.E. and C.M.; supervision: M.O. and A.M. (Antonio Miotello); funding acquisition: A.M. (Antonio
Miotello) and M.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the ERICSOL project, funded by the University of Trento, and
by the FarSol project, funded by the Caritro Foundation (Research & Development 2020 Grant). We
also acknowledge project “Produrre Idrogeno in Trentino—H2@TN” (PAT-Trento). Chiara Maurizio
and Paola Ragonese acknowledge project FUN-FACE (SID_2019) of the Physics and Astronomy
Department of the University of Padova (Italy).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data or datasets not included here are available from the authors
upon request.

Acknowledgments: We thank Nicola Bazzanella for SEM/TEM measurements and Mario Rossi for
FT-IR support.

Conflicts of Interest: The authors declare no conflict of interest.

120



Appl. Sci. 2023, 13, 10591

References

1. Xu, Q.; Zhang, L.; Yu, J.; Wageh, S.; Al-Ghamdi, A.A.; Jaroniec, M. Direct Z-scheme photocatalysts: Principles, synthesis, and
applications. Mater. Today 2018, 21, 1042–1063. [CrossRef]

2. Ghorai, K.; Panda, A.; Hossain, A.; Bhattacharjee, M.; Chakraborty, M.; Bhattacharya, S.K.; Show, B.; Sarkar, A.; Bera, P.; Kim,
H.; et al. LaNiO3/g-C3N4 nanocomposite: An efficient Z-scheme photocatalyst for wastewater treatment using direct sunlight.
J. Rare Earths 2022, 40, 725–736. [CrossRef]

3. Xu, C.; Zhou, Q.; Huang, W.-Y.; Yang, K.; Zhang, Y.-C.; Liang, T.-X.; Liu, Z.-Q. Constructing Z-scheme β-Bi2O3/ZrO2 heterojunc-
tions with 3D mesoporous SiO2 nanospheres for efficient antibiotic remediation via synergistic adsorption and photocatalysis.
Rare Met. 2022, 41, 2094–2107. [CrossRef]

4. Guo, X.; Duan, J.; Li, C.; Zhang, Z.; Wang, W. Highly efficient Z-scheme g-C3N4/ZnO photocatalysts constructed by co-melting-
recrystallizing mixed precursors for wastewater treatment. J. Mater. Sci. 2020, 55, 2018–2031. [CrossRef]

5. Yuan, Y.; Zhang, L.; Xing, J.; Utama, M.I.B.; Lu, X.; Du, K.; Li, Y.; Hu, X.; Wang, S.; Genç, A.; et al. High-yield synthesis and optical
properties of g-C3N4. Nanoscale 2015, 7, 12343–12350. [CrossRef] [PubMed]

6. Chen, Z.; Zhang, S.; Liu, Y.; Alharbi, N.S.; Rabah, S.O.; Wang, S.; Wang, X. Synthesis and fabrication of g-C3N4-based materials
and their application in elimination of pollutants. Sci. Total Environ. 2020, 731, 139054. [CrossRef] [PubMed]

7. Schwarzer, A.; Saplinova, T.; Kroke, E. Tri-s-triazines (s-heptazines)-From a “mystery molecule” to industrially relevant carbon
nitride materials. Coord. Chem. Rev. 2013, 257, 2032–2062. [CrossRef]

8. Song, G.; Chu, Z.; Jin, W.; Sun, H. Enhanced performance of g-C3N4/TiO2 photocatalysts for degradation of organic pollutants
under visible light. Chin. J. Chem. Eng. 2015, 23, 1326–1334. [CrossRef]

9. Jo, W.K.; Natarajan, T.S. Influence of TiO2 morphology on the photocatalytic efficiency of direct Z-scheme g-C3N4/TiO2
photocatalysts for isoniazid degradation. Chem. Eng. J. 2015, 281, 549–565. [CrossRef]

10. Hu, K.; Li, R.; Ye, C.; Wang, A.; Wei, W.; Hu, D.; Qiu, R.; Yan, K. Facile synthesis of Z-scheme composite of TiO2 nanorod/g-C3N4
nanosheet efficient for photocatalytic degradation of ciprofloxacin. J. Clean. Prod. 2020, 253, 120055. [CrossRef]

11. Lettieri, S.; Pavone, M.; Fioravanti, A.; Amato, L.S.; Maddalena, P. Charge carrier processes and optical properties in TiO2 and
TiO2-based heterojunction photocatalysts: A review. Materials 2021, 14, 1645. [CrossRef] [PubMed]

12. Zhou, D.; Chen, Z.; Yang, Q.; Shen, C.; Tang, G.; Zhao, S.; Zhang, J.; Chen, D.; Wei, Q.; Dong, X. Facile Construction of g-C3N4
Nanosheets/TiO2 Nanotube Arrays as Z-Scheme Photocatalyst with Enhanced Visible-Light Performance. ChemCatChem 2016, 8,
3064–3073. [CrossRef]

13. Li, X.; Wang, B.; Yin, W.; Di, J.; Xia, J.; Zhu, W.; Li, H. Cu2+ modified g-C3N4 photocatalysts for visible light photocatalytic
properties. Acta Phys. Chim. Sin. 2020, 36, 1902001. [CrossRef]

14. Zhu, H.; Yang, B.; Yang, J.; Yuan, Y.; Zhang, J. Persulfate-enhanced degradation of ciprofloxacin with SiC/g-C3N4 photocatalyst
under visible light irradiation. Chemosphere 2021, 276, 130217. [CrossRef] [PubMed]

15. Li, H.; Jing, Y.; Ma, X.; Liu, T.; Yang, L.; Liu, B.; Yin, S.; Wei, Y.; Wang, Y. Construction of a well-dispersed Ag/graphene-like
g-C3N4 photocatalyst and enhanced visible light photocatalytic activity. RSC Adv. 2017, 7, 8688–8693. [CrossRef]

16. Zhu, Z.; Lu, Z.; Wang, D.; Tang, X.; Yan, Y.; Shi, W.; Wang, Y.; Gao, N.; Yao, X.; Dong, H. Construction of high-dispersed
Ag/Fe3O4/g-C3N4 photocatalyst by selective photo-deposition and improved photocatalytic activity. Appl. Catal. B Environ.
2016, 182, 115–122. [CrossRef]

17. Wang, F.; Zhu, Z.; Guo, J. 2D-2D ZnO/N doped g-C3N4 composite photocatalyst for antibiotics degradation under visible light.
RSC Adv. 2021, 11, 35663–35672. [CrossRef]

18. He, F.; Chen, G.; Yu, Y.; Hao, S.; Zhou, Y.; Zheng, Y. Facile approach to synthesize g-PAN/g-C3N4 composites with enhanced
photocatalytic H2 evolution activity. ACS Appl. Mater. Interfaces 2014, 6, 7171–7179. [CrossRef]

19. Munusamy, T.D.; Yee, C.S.; Khan, M.M.R. Construction of hybrid g-C3N4/CdO nanocomposite with improved photodegradation
activity of RhB dye under visible light irradiation. Adv. Powder Technol. 2020, 31, 2921–2931. [CrossRef]

20. Yoon, M.; Oh, Y.; Hong, S.; Lee, J.S.; Boppella, R.; Kim, S.H.; Marques Mota, F.; Kim, S.O.; Kim, D.H. Synergistically enhanced
photocatalytic activity of graphitic carbon nitride and WO3 nanohybrids mediated by photo-Fenton reaction and H2O2. Appl.
Catal. B Environ. 2017, 206, 263–270. [CrossRef]

21. Safaei, J.; Mohamed, N.A.; Noh, M.F.M.; Soh, M.F.; Riza, M.A.; Mustakim, N.S.M.; Ludin, N.A.; Ibrahim, M.A.; Isahak, W.N.R.W.;
Teridi, M.A.M. Facile fabrication of graphitic carbon nitride, (g-C3N4) thin film. J. Alloys Compd. 2018, 769, 130–135. [CrossRef]

22. Mohamed, N.A.; Safaei, J.; Ismail, A.F.; Jailani, M.F.A.M.; Khalid, M.N.; Noh, M.F.M.; Aadenan, A.; Nasir, S.N.S.; Sagu, J.S.; Teridi,
M.A.M. The influences of post-annealing temperatures on fabrication graphitic carbon nitride, (g-C3N4) thin film. Appl. Surf. Sci.
2019, 489, 92–100. [CrossRef]

23. Zhang, Y.; Zhao, S.-M.; Su, Q.-W.; Xu, J.-L. Visible light response ZnO–C3N4 thin film photocatalyst. Rare Met. 2021, 40, 96–104.
[CrossRef]

24. Zhao, W.; Yang, X.; Liu, C.; Qian, X.; Wen, Y.; Yang, Q.; Sun, T.; Chang, W.; Liu, X.; Chen, Z. Facile Construction of All-Solid-State
Z-Scheme g-C3N4/TiO2 Thin Film for the Efficient Visible-Light Degradation of Organic Pollutant. Nanomaterials 2020, 10, 600.
[CrossRef] [PubMed]

25. Nandy, S.; Savant, S.A.; Haussener, S. Prospects and challenges in designing photocatalytic particle suspension reactors for solar
fuel processing. Chem. Sci. 2021, 12, 9866–9884. [CrossRef]

121



Appl. Sci. 2023, 13, 10591

26. Fendrich, M.; Popat, Y.; Orlandi, M.; Quaranta, A.; Miotello, A. Pulsed laser deposition of nanostructured tungsten oxide films:
A catalyst for water remediation with concentrated sunlight. Mater. Sci. Semicond. Process. 2020, 119, 105237. [CrossRef]

27. El Golli, A.; Fendrich, M.; Bazzanella, N.; Dridi, C.; Miotello, A.; Orlandi, M. Wastewater remediation with ZnO photocatalysts:
Green synthesis and solar concentration as an economically and environmentally viable route to application. J. Environ. Manag.
2021, 286, 112226. [CrossRef]

28. Sun, Z.; Zhang, X.; Zhu, R.; Dong, X.; Xu, J.; Wang, B. Facile synthesis of visible light-induced g-C3N4/rectorite composite for
efficient photodegradation of ciprofloxacin. Materials 2018, 11, 2452. [CrossRef]

29. Song, Y.; Tian, J.; Gao, S.; Shao, P.; Qi, J.; Cui, F. Photodegradation of sulfonamides by g-C3N4 under visible light irradiation:
Effectiveness, mechanism and pathways. Appl. Catal. B Environ. 2017, 210, 88–96. [CrossRef]

30. Suyana, P.; Ganguly, P.; Nair, B.N.; Pillai, S.C.; Hareesh, U.S. Structural and compositional tuning in g-C3N4 based systems for
photocatalytic antibiotic degradation. Chem. Eng. J. Adv. 2021, 8, 100148. [CrossRef]

31. Nguyen, T.B.; Huang, C.P.; Doong, R.-A.; Chen, C.W.; Dong, C. Di Visible-light photodegradation of sulfamethoxazole (SMX)
over Ag-P-codoped g-C3N4 (Ag-P@UCN) photocatalyst in water. Chem. Eng. J. 2020, 384, 123383. [CrossRef]

32. Li, G.; Nie, X.; Gao, Y.; An, T. Can environmental pharmaceuticals be photocatalytically degraded and completely mineralized in
water using g-C3N4/TiO2 under visible light irradiation?—Implications of persistent toxic intermediates. Appl. Catal. B Environ.
2016, 180, 726–732. [CrossRef]

33. Mohamed, R.M. Synthesis and characterization of AgCl@graphitic carbon nitride hybrid materials for the photocatalytic
degradation of atrazine. Ceram. Int. 2015, 41, 1197–1204. [CrossRef]

34. Geng, Y.; Chen, D.; Li, N.; Xu, Q.; Li, H.; He, J.; Lu, J. Z-Scheme 2D/2D α-Fe2O3/g-C3N4 heterojunction for photocatalytic
oxidation of nitric oxide. Appl. Catal. B Environ. 2021, 280, 119409. [CrossRef]

35. Alduhaish, O.; Ubaidullah, M.; Al-Enizi, A.M.; Alhokbany, N.; Alshehri, S.M.; Ahmed, J. Facile Synthesis of Mesoporous
α-Fe2O3@g-C3N4-NCs for Efficient Bifunctional Electro-catalytic Activity (OER/ORR). Sci. Rep. 2019, 9, 14139. [CrossRef]
[PubMed]

36. Wang, Z.; Fan, Y.; Wu, R.; Huo, Y.; Wu, H.; Wang, F.; Xu, X. Novel magnetic g-C3N4/α-Fe2O3/Fe3O4 composite for the very
effective visible-light-fenton degradation of Orange II. RSC Adv. 2018, 8, 5180–5188. [CrossRef] [PubMed]

37. Vesborg, P.C.K.; Jaramillo, T.F. Addressing the terawatt challenge: Scalability in the supply of chemical elements for renewable
energy. RSC Adv. 2012, 2, 7933–7947. [CrossRef]

38. aus der Beek, T.; Weber, F.-A.; Bergmann, A.; Hickmann, S.; Ebert, I.; Hein, A.; Küster, A. Pharmaceuticals in the environment—
Global occurrences and perspectives. Environ. Toxicol. Chem. 2016, 35, 823–835. [CrossRef]

39. Ribeiro, A.R.; Nunes, O.C.; Pereira, M.F.R.; Silva, A.M.T. An overview on the advanced oxidation processes applied for the
treatment of water pollutants defined in the recently launched Directive 2013/39/EU. Environ. Int. 2015, 75, 33–51. [CrossRef]

40. Edla, R.; Tonezzer, A.; Orlandi, M.; Patel, N.; Fernandes, R.; Bazzanella, N.; Date, K.; Kothari, D.C.; Miotello, A. 3D hierarchical
nanostructures of iron oxides coatings prepared by pulsed laser deposition for photocatalytic water purification. Appl. Catal. B
Environ. 2017, 219, 401–411. [CrossRef]

41. Popat, Y.; Orlandi, M.; Patel, N.; Edla, R.; Bazzanella, N.; Gupta, S.; Yadav, M.; Pillai, S.; Patel, M.K.; Miotello, A. Pulsed laser
deposition of CoFe2O4/CoO hierarchical-type nanostructured heterojuction forming a Z-scheme for efficient spatial separation of
photoinduced electron-hole pairs and highly active surface area. Appl. Surf. Sci. 2019, 489, 584–594. [CrossRef]

42. Chieregato, F.; Molinari, A.; Milani, M.; Fendrich, M.; Orlandi, M.; Miotello, A. Colloids and Surfaces A: Physicochemical and
Engineering Aspects an immobilized iron-oxides catalytic platform for photocatalysis and photosynthesis: Visible light induced
hydroxylation reactions. Colloids Surf. A Physicochem. Eng. Asp. 2022, 648, 129428. [CrossRef]

43. Orlandi, M.; Filosa, N.; Bettonte, M.; Fendrich, M.; Girardini, M.; Battistini, T.; Miotello, A. Treatment of surfactant-rich industrial
wastewaters with concentrated sunlight: Toward solar wastewater remediation. Int. J. Environ. Sci. Technol. 2019, 16, 2109–2114.
[CrossRef]

44. Phillips, G.; Johnson, B.E.; Ferguson, J. The loss of antibiotic activity of ciprofloxacin by photodegradation. J. Antimicrob. Chemother.
1990, 26, 783–789. [CrossRef]

45. Karim, A.V.; Shriwastav, A. Degradation of ciprofloxacin using photo, sono, and sonophotocatalytic oxidation with visible light
and low-frequency ultrasound: Degradation kinetics and pathways. Chem. Eng. J. 2020, 392, 124853. [CrossRef]

46. Rashid, J.; Abbas, A.; Chang, L.C.; Iqbal, A.; Haq, I.U.; Rehman, A.; Awan, S.U.; Arshad, M.; Rafique, M.; Barakat, M.A. Butterfly
cluster like lamellar BiOBr/TiO2 nanocomposite for enhanced sunlight photocatalytic mineralization of aqueous ciprofloxacin.
Sci. Total Environ. 2019, 665, 668–677. [CrossRef]

47. Wagner, D.R.; Ament, K.; Mayr, L.; Martin, T.; Bloesser, A.; Schmalz, H.; Marschall, R.; Wagner, F.E.; Breu, J. Terrestrial solar
radiation driven photodecomposition of ciprofloxacin in clinical wastewater applying mesostructured iron(III) oxide. Environ.
Sci. Pollut. Res. 2021, 28, 6222–6231. [CrossRef]

48. Rajiv, P.; Mengelizadeh, N.; McKay, G.; Balarak, D. Photocatalytic degradation of ciprofloxacin with Fe2O3 nanoparticles loaded
on graphitic carbon nitride: Mineralisation, degradation mechanism and toxicity assessment. Int. J. Environ. Anal. Chem. 2023,
103, 2193–2207. [CrossRef]

49. Wang, Y.; Li, X.; Lei, W.; Zhu, B.; Yang, J. Novel carbon quantum dot modified g-C3N4 nanotubes on carbon cloth for efficient
degradation of ciprofloxacin. Appl. Surf. Sci. 2021, 559, 149967. [CrossRef]

122



Appl. Sci. 2023, 13, 10591

50. Bonelli, M.; Cestari, C.; Miotello, A. Pulsed laser deposition apparatus for applied research. Meas. Sci. Technol. 1999, 10, 27–30.
[CrossRef]

51. Svoboda, L.; Praus, P.; Lima, M.J.; Sampaio, M.J.; Matýsek, D.; Ritz, M.; Dvorský, R.; Faria, J.L.; Silva, C.G. Graphitic carbon
nitride nanosheets as highly efficient photocatalysts for phenol degradation under high-power visible LED irradiation. Mater. Res.
Bull. 2018, 100, 322–332. [CrossRef]

52. Zhang, Y.; Pan, Q.; Chai, G.; Liang, M.; Dong, G.; Zhang, Q.; Qiu, J. Synthesis and luminescence mechanism of multicolor-emitting
g-C3N4 nanopowders by low temperature thermal condensation of melamine. Sci. Rep. 2013, 3, 1943. [CrossRef] [PubMed]

53. Jiang, J.; Zou, J.; Wee, A.T.S.; Zhang, W. Use of single-layer g-C3N4/Ag hybrids for surface-enhanced raman scattering (SERS).
Sci. Rep. 2016, 6, 34599. [CrossRef] [PubMed]

54. Mishra, D.; Arora, R.; Lahiri, S.; Amritphale, S.S.; Chandra, N. Synthesis and characterization of iron oxide nanoparticles by
solvothermal method. Prot. Met. Phys. Chem. Surf. 2014, 50, 628–631. [CrossRef]
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Abstract: Environmental issues related to phosphate and resource depletion have recently emerged
as serious problems. This study focuses on solving the problems of phosphate removal and recovery
using synthesized granular akaganeite (GAK). This study identified that akaganeite, which possesses
an FeOOH structure in iron oxyhydroxide, can be synthesized and used as a reusable material.
Immobilization with the core–shell method using polyethersulfone was applied as a strategy to
recover phosphate anions from a trace of phosphate solution. GAK was successfully analyzed using
SEM/TGA/BET to understand its physical properties. XRD and SAD pattern analyses suggested
that the GAK powder form was amorphous in nature. The powdered akaganeite had a surface
area of 231 mg2/g and a maximum adsorption capacity of 21.27 mg/g. To prevent the dispersion
of powder during granulation, polyethersulfone was used as a scaffold since akaganeite particles
can be effectively immobilized onto PES polymer scaffolds, as substantiated by the SEM/EDS
results. Moreover, a lack of changes in the pore sizes suggested that physical properties remained
unchanged. Furthermore, compared to the granular akaganeite, the surface area of powdered
akaganeite decreased 4–5-fold. The adsorption kinetic of granular akaganeite fit the pseudo-second-
order model. The powdered form displayed high removal efficiency, intimate with phosphate anions,
when n > 1.0, instead of lower KF. On the other hand, granular akaganeite showed lower affinity
when n < 1.0, but appeared positive for an adsorbate with higher KF. This implies that the granulation
of akaganeite with the PES polymer did not change its adsorption property, with the maximum
adsorption capacity for granular akaganeite being 3.65 mg/g.

Keywords: polymer core granulation; phosphate removal; akaganeite adsorbent

1. Introduction

Phosphorus is commonly found in many terrestrial and aquatic areas where it acts as
an essential nutrient for the growth of plants, animals, bacteria, and soil-based organisms.
Owing to this, fertilizers containing phosphate have been used in agricultural production
for many years. Moreover, inorganic phosphate-based products have been used in practical
applications, including toothpaste, cosmetics, synthetic detergents, bone cement, and
medical products [1–6].

The increasing consumption of phosphates has led to two significant problems. First,
phosphate rock, which contains high amounts of phosphate, is a limited global resource.
With the increasing global phosphate consumption, the prices of phosphate rock have been
climbing in the mineral market. In fact, global phosphorus reserves likely peaked, causing
greater derived demand for phosphate rock [7]. The Food and Agricultural Organization of
the United Nations (FAO) reported that demands for fertilizers increased by approximately
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2.6% each year from 2010 to 2014 [8]. Based on this price inflation, further investigations
have revealed that the rising demand for phosphate rock will continue to deplete phosphate
resources in the future. In addition, investigators predict that given the current phosphate
usage in America and China, their resources are expected to be depleted by 2070 [9].
Furthermore, an overload of waste phosphorus from sewage treatment plants directly
damages aquatic systems, causing excessive microbial growth in developed cities. It is
difficult to safely remove this wastewater, including phosphate, from sewage treatment
plants; typical plants employ only biological processes, making it hard to remove traces
of phosphate.

The overconsumption of phosphates creates two main problems: on a smaller scale,
it influences aquatic systems, and on a larger scale, it depletes phosphate reserves. These
increasingly problematic issues have garnered international attention. A more gradual use
of this resource will put pressure on conservation and environmental protection efforts.

Recently, municipal sewage treatment plants have started making an effort to remove
phosphates by incorporating a variety of chemical and precipitation methods. The most
commonly used method is the use of coagulants, such as inorganic coagulants of Al+3 and
Fe+2, to settle the precipitation [10]. However, such chemical dosing generates by-products
and disposal problems given the nonrecovery of phosphorus. Thus, to address this problem,
a crystallization technique with magnesium dosing has been introduced for removing
ammonium from wastewater and obtaining the nutrient elements struvite and apatite [11].
Though this technique has improved the recovery of coagulated phosphorus, it has failed
to recover the phosphate resources. However, it is still difficult to remove the precipitate
containing the phosphorus from the bottom of the grit chamber. The powdered chemical
products used in most of these techniques cause fine particles to be dissolved in water,
which are released from effluent sewage treatment plants. These secondary pollutants
were first reported in Korean rivers by the National Institute of Environmental Research
of Korea [12]. Three factors are essential for overcoming these problems: developing
high removal capacity with economics, developing reusable materials with recovered
phosphorus, and immobilizing fine particles to prevent secondary pollution.

Iron-based adsorbents are particularly useful because they are safe and economical.
Iron-based adsorption studies have received significant, sustained attention for many
years now. Many long-term studies have verified that iron-based adsorbents are capable
of removing various heavy metals [13–18]. They exist in various forms and have varied
properties, and they can be classified as iron oxides, iron hydroxides, or iron oxyhydroxides,
depending on their characteristics [19,20]. Among them, iron oxyhydroxide is well known
for adsorbing anionic substances. However, the reusability of the material depends on its
specific characteristics or adsorption mechanism impacts [21,22]. Thus, this study used
iron oxyhydroxide adsorbents to recover reusable phosphorus.

In previous studies, powder forms of akaganeite were evaluated for the removal of
oxyanions such as phosphate [19,20]. However, the use of powdered adsorbents in water
treatment is problematic, e.g., due to the need for posterior removal of fine adsorbent
particles from the purified water. Applications where powdered adsorbents are encased in
the filtration columns require a high working pressure. Thus, in order to solve this problem
fundamentally, the powdered adsorbents need to be immobilized, and immobilizing a
powdered adsorbent onto a polymer scaffold can be a good way. Various immobilization
techniques have been introduced and are being widely used for adsorption, acting as a cata-
lyst, in the medical field [23–26]. Granulation is an important component of the adsorption
process where nanoparticles are immobilized from the scaffold material and are directly
put in contact with targeted anion materials on the edge of the beads. Polyethersulfone
(PES) polymers, as organic compounds, have been found to be suitable for immobilizing
fine particles; they provide an optimal material that is non-toxic and freely forms a shape
given the high viscosity of the liquid. Moreover, the material is highly resistant to acidic
and alkaline conditions and has superior strength in the membrane field [27]. In terms of
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recovering phosphorus from sewage treatment plants, these two strategies are extremely
close to being successful and have the potential to relieve the environmental burden.

In this study, phosphate removal and recovery were accomplished by using aka-
ganeite, which is an iron oxyhydroxide polymorph. This study allowed the identification
of adsorbents that could be used to recycle phosphate. Granular iron oxyhydroxides were
synthesized using a simple core–shell technique using the PES polymer as a scaffold. Im-
mobilizing the nanoparticles on the surface of the beads is important because it increases
the effective area for removing phosphate anions on granular adsorbents. Therefore, we
attempted immobilizing nanoparticles on the outer surface using granular adsorbents.
First, the characteristics of powdered iron oxyhydroxide were analyzed. To determine its
adsorption, tests were conducted on the phosphate anion (PO4

3−; as HPO4
2− and H2PO4

−
at near-neutral pH) using isotherm adsorption, kinetic adsorption and desorption, the
effects of pH, and regeneration experiments for granular forms. Based on these results, this
study investigated the formation of struvite using eluted phosphorus and evaluated the
application of granular iron oxyhydroxide to water treatment technology.

2. Materials and Methods

2.1. Preparation of Powdered Iron Oxyhydroxide
2.1.1. Materials

All chemicals in this study were of reagent grade and used without further purification.
Sodium hydroxide (NaOH) and ammonium carbonate (NH4OH) were purchased from
Sigma-Aldrich. Iron species reagents purchased were as follows: Iron (III) sulfate pentahy-
drate (Fe2(SO4)3·5H2O) from Acros Organics in Germany; Iron (III) chloride hexahydrate
(FeCl3·6H2O) from Fluka in Germany; and Iron(II) nitrate 9-hydrate (Fe(NO3)3·9H2O)
from Yakuri Pure Chemical Ltd. in Kyoto, Japan. Urea (H2NCONH2) and ethylene glycol
(C2H6O2) were purchased from Daejung in the Republic of Korea. Polyethersulfone (Ga-
fone 3000) was obtained from Solvay Advanced polymers, and Dimethylformamide (DMF)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.1.2. Synthesis of Iron Oxyhydroxide Adsorbents

A total of 0.1 M of the ammonium carbonate solution (2000 mL) was added dropwise
with constant vigorous stirring to 0.1 M ferric chloride solution (2000 mL). The generated
brown precipitate was then washed thrice with 2000 mL of deionized (DI) water and
separated by centrifugation at 2000 rpm for 10 min. Since the radius of the centrifuge rotor
used in the centrifugation process is 5 cm, the relative centrifugal force applied in this
process is 224× g. The final products were stored in an oven at 55 ◦C for 48 h and then
washed with DI water.

2.2. Granulation of Powdered Adsorbents

To immobilize particles, 20% PES polymer solution was prepared by dissolving 6 g of
polyethersulfone in 24 mL DMF solution. Later, the PES polymer solution was stored at
150 rpm for 24 h in a shaking incubator at room temperature. The PES polymer solution
was dropped onto powdered materials via a syringe. A drop of translucent PES polymer
on the plate was shaken until powdered akaganeite was covered with PES (Figure 1). Each
drop that fell in DI water was indurated. After separation from DI water, sphere-shaped
akaganeite was obtained (Figure 1).
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Figure 1. Schematic diagram of granulation process using PES polymer.

2.3. Characterization
2.3.1. X-ray Diffraction (XRD) Analysis

XRD patterns were measured using an X-ray diffractometer (X’Pert PRO Multi-
Purpose X-ray Diffractometer, PANalytical) using Cu Ka radiation at 40 kV and 25 mA,
with a wavelength equal to 1.5405980 Å. A sample of goethite, which has an orthorhombic
structure, was recorded at scan speed of 1◦/min at low 2θ angles from 20 to 80◦. A sample
of akaganeite, which has a tetragonal structure, was recorded at a scan speed of 1◦/min at
low 2θ angles from 10 to 40◦. Finally, a sample of lepidocrocite, which has an orthorhombic
structure, was recorded at a scan speed of 1◦/min at low 2θ angles from 20 to 80◦. The
samples were then analyzed using selected area diffraction (SAD) patterns. The standard
data were obtained from the International Centre for Diffraction Data (Goethite, ICDD No.
98-015-9962; Akaganeite, ICDD No. 96-900-1320; Lepidocrocite, ICDD No. 98-010-8876).

2.3.2. Transmission Electron Microscopy (TEM) Analysis

Powdered samples were prepared by dispersing them in ethanol and dried on a Cu
grid coated with carbon film. Field emission transmission electron microscopy (JEM-2100F,
JEOL, Peabody, MA, USA) was performed to obtain TEM images.

2.3.3. Nitrogen Adsorption–Desorption Measurement

Nitrogen adsorption–desorption measurements were performed at 77 K on a Mi-
cromeritics ASAP 2020 analyzer. A sample of powdered goethite was degassed for 24 h at
150 ◦C, while a sample of powdered akaganeite was degassed for 16 h at room temperature;
a sample of powdered lepidocrocite was degassed for 20 h at 80 ◦C. Each sample of granular
iron oxyhydroxide was degassed under the same conditions as those for each powdered
iron oxyhydroxide sample. Then, the samples were analyzed using the Barett–Joyner–
Halenda (BJH) method. The adsorption pore size distribution (PSD), which is based on
nitrogen adsorption isotherms, was calculated. Additionally, the pore volume was obtained
at the P/P0 ≤ 0.976 single point, and BET surface area was calculated from adsorption data.

2.3.4. Isoelectric Point Measurement and Zeta Potential Measurement

The point of zero charge pH (pHpzc) for each powdered iron oxyhydroxide was
determined using a zeta potential analyzer (Nano ZS, Malvern, Chester County, PA, USA).
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Each iron hydroxide sample of 0.5 g/L was suspended in 0.01 M NaNO3 solution (50 mL)
as an electrolyte, and the aqueous suspension was equilibrated at different pH values using
the HCl and NaOH solutions. The average zeta potential at a certain pH value was plotted
on pH in the range from 3 to 11.

2.3.5. Scanning Electron Microscopy (SEM) Analysis

The cross-section of the granular iron oxyhydroxide was observed using a field emis-
sion scanning electron microscope (S-4700, Hitachi, Tokyo, Japan). Each sample was
divided into blank, 30, 60, 120, 300, and 1440 s exposure times in air. All measurements
were performed at 10 kV. An energy-dispersive X-ray spectrometer (EDS) was also used
to confirm the chemical constituents of the surface. EDS analysis and the analysis of the
distribution of Fe on the PES were conducted with a spot with an approximate diameter of
20 μm in selected areas on the sample.

2.3.6. Thermogravimetric Analysis (TGA)

The weights of each powdered and granular iron oxyhydroxide required for im-
mobilization on the PES polymer were analyzed with increasing temperature using a
thermogravimetric analyzer (TGA 2050, TA instruments, New castle, DE, USA) under a
nitrogen flow of 100 mL/min.

2.4. Adsorption/Desorption Experiments
Batch Experiment

A series of batch experiments were conducted to evaluate the performance of the new
material in terms of regeneration and removal of aqueous phosphate. Isothermal adsorp-
tion was conducted by adjusting the concentration of phosphate for powdered/granular
adsorbents. Additionally, the kinetic experiment of adsorption/desorption was conducted
with increasing time for powdered/granular adsorbents. The pH effect experiment was
performed by adjusting the pH using HCl and NaOH solutions for the granular adsorbent.
The desorption experiment was performed using NaOH 0.5 M solution for 6 h by injecting
the adsorbent adsorbed from phosphate for granular adsorbents. Finally, 10-cycle regen-
eration was conducted through continuous adsorption/desorption experiments. During
the regeneration experiments, the adsorbents were washed with DI water following the
desorption, before the adsorption step was started again. All of the adsorption experiments
were carried out in a 50 mL conical tube containing 50 mL of phosphate solution (initial
concentration: 5 mg/L, except isothermal adsorption experiment) and 0.05 g of the pow-
dered/granular adsorbents. All of the samples were then shaken at 150 rpm/min in a
shake incubator at 25. Samples were filtered through a 0.2 μm cellulose acetate membrane
filter, extracted by solid-phase extraction, and analyzed using the UV spectrum (HS-3300,
HUMAS, Daejeon, Republic of Korea).

3. Results and Discussion

3.1. Characteristic Analysis of Iron Oxyhydroxide Material
3.1.1. XRD Analysis of Powdered Iron Oxyhydroxide

The XRD patterns of the synthesized iron oxyhydroxide nanoparticles are presented
in Figure 2. The diffraction peaks obtained from the XRD analysis of FeOOH nanoparticles
were compared with the standard database (The International Centre for Diffraction Data
(ICDD), 1997) using PCPDFWIN Version 2.00 software. The red color lines indicate reference
peaks applicable to each nanoparticle, as provided by ICDD. For synthesized akaganeite
data, the 203 hkl peak displayed weakening intensity against the reference data, indicating
that the lattice plane of 203, 200, 001 hkl in a unit cell showed amorphous structure
responding to the weak diffraction from constructive interference by an irregular structure.
A peak of 312 hkl with relatively strong intensities can suggest that the akaganeite phase
formed at a length perpendicular to 312 hkl.
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Figure 2. The diffraction peaks obtained from each iron akaganeite with those of the standard
database (red).

3.1.2. Transmission Electron Microscopy (TEM) Analysis of Powdered Iron Oxyhydroxide

The morphology and crystallinity of each iron oxyhydroxide were investigated through
TEM, as shown in Figure 3. The shape of goethite resembled a long stick, as mentioned in
the XRD analysis. The goethite particle was over 200 nm in length and was confirmed to
have crystallinity through SAD. For akaganeite, XRD showed particles similar to aggre-
gated millet grains having an average size of 5 nm. SAD patterns for akaganeite indicated
an amorphous phase, as seen in the XRD data of akaganeite. Overall, the study suggests
that akaganeite appears to have a different phase and has a rod shape, which is a result
of a blunt shape due to a noncrystalline structure. Lepidocrocite develops in a flower
shape (Figure 3). The phase appears as flakes with very sharp tips, and the particles were
observed in aggregation. The crystallinity of lepidocrocite was confirmed through SAD
patterns. The lepidocrocite particles had a size of approximately 5–10 nm, and the size of
the extended stem on the particle was less than 200 nm in length.

Figure 3. TEM images and selected area diffraction (SAD) patterns of akaganeite.

3.1.3. BET Analysis and Zeta-Potential Analysis of Powdered Iron Oxyhydroxide

The akaganeite had a higher BET surface area (231 m2/g) than other materials. When
considering the pore size and volume, the effective area of akaganeite is advantageous
for adsorbing polluted substances with regard to contact between anions and those sur-
faces. This may be attributed to akaganeite forming a tunnel structure in a unit cell [28].
Meanwhile, akaganeite PZC was observed to have a higher pH (pH 10) than general oxy-
hydroxide (pH 7~9) [29]; lepidocrocite PZC had a pH of 9.5. Phosphate has a natural pH of
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5~10 mg/L; thus, the zeta potential of akaganeite in the range of pH 6–7 is advantageous for
adsorbing phosphate anions by attracting electrostatic force. Iron oxyhydroxide is known
for adsorption via electrostatic forces or chemisorption. Chemisorption implies that it does
not return to its original state on bonding with other anions. In the absence of this, it is acted
upon by electrostatic forces from anions of hydroxyl groups, thus helping the desorption
of the anion by switching the O− on the FeOOH surface [21]. Further investigations are
required to understand interfacial behavior in order to distinguish the types of bonds. This
study attempted to understand the sorption behavior by conducting repetition tests on
these powders.

3.2. Granulation of Akaganeite
3.2.1. Optimum Granulation Condition for Iron Oxyhydroxide Powder

Time variation with PES polymer exposure to the air during the process of granulation
was monitored, and corresponding SEM images of cross-sections were obtained. Only
granular PES without powdered akaganeite showed that bulky pores were located in
internal granules and fine pores were located at the edge (Figure 4a). SEM images (b)–(f)
suggest that powdered akaganeite was immobilized around the edge of the PES polymer.
Though (a) and (b) appear similar, the latter has a rough surface on the edge when compared
to blank (a), where the powdered akaganeite attaches to the PES polymer. With increasing
the exposure time, a pore in an internal granule was converted to a huge hole, and the
akaganeite layer formed a thin layer (Figure 4b–f). The reason for phase inversion has been
attributed to the non-solvent/solvent exchange rate, with DI water as the non-solvent and
the DMF as the solvent; this parameter plays the role of drying phase inversion phenomena
that control the phase of the PES polymer in a membrane field [30]. The DMF solvent
dissolved in water when immersed, and the position was filled with water by allowing
water to form empty pores in the internal PES. Moreover, images (b)~(f) explain why more
pores were produced with decreasing exposure time and the non-solvent/solvent exchange
rate of water was faster than that of natural volatilization. These results suggest that a
granule with much higher exposure time had a big hole, not a pore, and that the drying
phase inversion did occur, which did not allow PES enough time to form pores (f); thus,
PES polymer formed a much denser non-porous structure. Because of this, a granule of
(f) must form a hole in the internal granule. As a result, granular akaganeite at 30 s of
exposure time, which does not float on water, was selected and carefully analyzed.

To analyze the components of the granule surface, an edge was analyzed through
field emission scanning electron microscopy with energy-dispersive X-ray spectroscopy
(FESEM-EDS). Akaganeite formed the chemical constituents of FeOOH·H2O (Fe 52.2%, H2O
25.0%) [22], and polyethersulfone was used to immobilize particle forms (C12H8O3S) [31].

According to the results obtained from qualitative analysis (Table 1), the S element
existed only in the PES polymer, not in akaganeite. Thus, the S element can be a reference
for the existence of PES. In order to measure the distribution of akaganeite powder in the
akaganeite granule, EDS mapping was performed on the surface of the granule where the
akaganeite was immobilized (#1 in Figure 5b) and the inside of the granule (#2 in Figure 5b).
The O and Fe contents in #1 were higher than those in #2 (Figure 5a,b). Moreover, the EDS
mapping results (red dot in (b) and white dot in (c) in Figure 5) confirmed that the Fe and O
elements were situated close to the edge (left side in boundary). In contrast, the S element
((white dot) in (d)) was detected far from the edge. Thus, these data suggest that akaganeite
was doped onto the PES polymer scaffolds and that the Fe was gradually distributed from
the inner area to the edge of the granularity. These data verify the immobilization of the
akaganeite particles from the PES polymer scaffolds.
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Figure 4. SEM images of cross-section area for synthesized granular akaganeite depending on the
exposure time in the air. The samples are named as follows: blank (a), 30 s (b), 60 s (c), 120 s (d), 300 s
(e), and 1440 s (f).

Figure 5. SEM images of cross-sections of granular akaganeite (a), EDS mapping of Fe (b), EDS
mapping of O (c) and EDS mapping of S (d).
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Table 1. The constituent elements from qualitative analysis of the PES polymer and cross-section area
on the edge part of granular akaganeite as shown in Figure 5b.

Only PES #1 #2

Element Weight (%) Atomic (%) Element Weight (%) Atomic (%) Weight (%) Atomic (%)

C K 53.60 66.36 O K 35.81 64.05 37.50 62.20
O K 26.03 24.20 S K 8.03 7.16 22.97 19.01
S K 20.37 9.45 Fe K 56.17 28.78 39.53 18.78

Total 100.00 Total 100.00 100.00

3.2.2. TGA Analysis of Granular Iron Oxyhydroxide

TGA profiles of the thermal decomposition were analyzed to determine the PES poly-
mer retention on a granule. First, powdered akaganeite showed weight loss by hydroxyl
group decomposition up to 300 ◦C (Figure 6 (red line)). According to previous studies, aka-
ganeite heated at temperatures above 300 ◦C transforms into hematite and magnetite [32,33].
Secondly, granular akaganeite showed a substantial weight loss at around 550 ◦C (Figure 6
(black line)); a substantial amount of PES polymer was volatilized due to the combination
of carbon dioxide with the oxygen and carbon atoms. From this result, it is clear that the
remaining PES in the granule accounted for approximately a 55% difference, with 86.05%
for powdered akaganeite and 31.03% for granule akaganeite, suggesting that 55% of PES
polymer was in granule form while the rest in powder form.
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Figure 6. Thermogravimetric analysis curves of powdered/granular akaganeite.

3.2.3. BET Analysis of Granular Iron Oxyhydroxide

The hysteresis loop obtained from granular akaganeite showed type V with meso-
porosity. This indicates that the pore shape of akaganeite immobilized onto PES polymer
suggests ink-bottle-shaped pores (Figure 7 (blue line)) [29]. Moreover, no difference was
identified between the pore sizes of powdered/granular akaganeite (Table 2), implying
no structural changes after granulation. However, the BET surface area of granular aka-
ganeite was reduced by 4 times compared with the powdered akaganeite, as suggested by
SEM/TGA analysis. Preferentially, the TGA analysis confirmed that half-weight loss of
beads was observed in each powdered akaganeite/PES polymer. The outer surface of the
bead has an affinity for nitrogen adsorption (Figure 8a), but inner akaganeite immobilized
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onto the PES polymer does not contribute towards adsorption due to loss by fixation
(Figure 8b). This means that the akaganeite particles were reduced to half. Thus, consider-
ation of the amount of akaganeite in the bead and the effective area on the bead surface
could explain why BET surface area had reduced to one-fourth of the adsorption capacity;
the analysis accurately corresponded to the 4-fold reduction in surface area (Table 2).
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Figure 7. Nitrogen adsorption/desorption isotherm obtained for powdered/granular iron oxyhy-
droxide.

Figure 8. Schematic diagram of pore clogging.
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Table 2. Comparison of physical properties of the powdered/granular akaganeite.

Powdered Akaganeite Granular Akaganeite

BET surface area (m3/g) 231 54
Pore volume (cm3/g) 0.249 0.060

Pore size (nm) 4.3 4.4

3.3. Adsorption Experiments
3.3.1. Kinetic Adsorption/Desorption Experiment

Kinetic adsorption/desorption of phosphate anions by GAK was measured using
phosphate 5 mg/L as initial phosphate concentration, followed by desorption of adsorbed
granular akaganeite using 50 mL of NaOH 0.5 M. The adsorption kinetic experiment data
(Figure 9) were fitted into a pseudo-second-order rate kinetic model, and the rate constants
and determination coefficients were tabulated (Figure 9). The adsorption/desorption
kinetics indicate that the desorption rate was faster than the adsorption rate due to the
strong base of NaOH 0.5 M with a pH range of 13~14. This is supported by the rate constant
(k2). Accordingly, each equilibrium time at 5 mg/L of phosphate was estimated as 12 h for
adsorption and 6 h for desorption. Furthermore, the pseudo-second-order kinetic model
calculated the equilibrium adsorption capacity (qe) to be 2.71 mg/g and the desorption
capacity to be 2.53 mg/g. The desorption rate was thus estimated to be 93%.

Figure 9. Effect of contact time on the adsorption of phosphate onto granular akaganeite applied by
the pseudo-second-order kinetic model.

3.3.2. Isothermal Adsorption Experiment

Experimental data were expressed by qe (amount of phosphate anions attached to
adsorbents) versus Ce (equilibrium concentration of phosphate anions in the solution) plots,
and the parameters were calculated by applying Freundlich and Langmuir isotherm models
for each powdered/granular akaganeite (Figures 10 and 11). The adsorption isotherm
model of powdered/granular akaganeite followed the Freundlich isotherm model with
R2 > 0.88 for both powdered and granular akaganeite, using the Sigma plot 12.0 program.
This result was analyzed using the Freundlich model with a high R2. It showed that
powdered akaganeite has an affinity for phosphate anions, as shown by n > 1.0; conversely,
granular akaganeite showed a lower affinity, as shown by n < 1.0. The maximum adsorption
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capacity was calculated to be 21.27 mg/g for powdered akaganeite and 3.65 mg/g for
granular akaganeite. The reason for the lower adsorption capacity of granular akaganeite
was that the BET surface area was decreased by the immobilization of the particles from
the PES polymer, and only the outer surface had effective adsorption. Thus, it is possible
to remove phosphate at a concentration of 5 mg/L, which a biological treatment process
cannot remove.

Figure 10. Adsorption isotherms for powdered akaganeite obtained using the Freundlich model (red
dash line) and Langmuir model (black dash line).

Figure 11. Adsorption isotherms for granular akaganeite obtained using the Freundlich model (red
dash line) and Langmuir model (black dash line).
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4. Conclusions

In this study, akaganeite with an FeOOH structure in iron oxyhydroxide was synthe-
sized, and reusable materials were developed. Immobilization with the core–shell method
using polyethersulfone was applied as a strategy to recover phosphate anions from a trace
of phosphate solution. The synthesized granular akaganeite was successfully investigated
through various analyses, such as SEM/TGA/BET, to understand its physical properties.

The XRD analysis of the powder form of the synthesized akaganeite showed a blunt
peak, while TEM showed an aggregated millet grain shape with an average size of 5 nm.
The SAD patterns of akaganeite verified the amorphous form owing to scattering patterns;
these data were supported by the results from XRD analysis. Powdered akaganeite had
a surface area of 231 mg2/g and was estimated as a superior material given that the zeta
potential of akaganeite was higher than that of goethite and lepidocrocite at pH 6–7, with
5 mg/L of phosphate. In the granulation process, to prevent the dispersion of the powder,
granular akaganeite was synthesized using polyethersulfone as a scaffold. The granulation
of akaganeite was carried out to improve the field applicability of intrinsic akaganeite. In
the analysis of its characteristics, the result of the SEM images of the cross-section area
of granular akaganeite depending on the exposure time was explained by the dry phase
inversion due to DMF volatility participating in forming holes in an internal granule.
SEM/EDS analyses of the edge surface of granular akaganeite suggest that akaganeite
particles are well immobilized onto PES polymer scaffolds. Moreover, based on the pore size
data, the physical properties were found to have remained unchanged. Finally, the surface
area of granular akaganeite decreased by 4–5 times compared to powdered akaganeite.
The adsorption kinetic of granular akaganeite was well fitted by the pseudo-second-order
model (R2 > 0.99 for adsorption and R2 > 0.99 for desorption). The adsorption equilibrium
time for granular akaganeite reached 12 h, while the desorption equilibrium time reached
6 h. Furthermore, the equilibrium adsorption capacity (qe) was calculated as 2.71 mg/g
using the pseudo-second-order kinetic model, while the desorption capacity was calculated
as 2.53 mg/g. The Freundlich and the Langmuir isotherm models were applied using
granular akaganeite as well.

Powdered akaganeite showed a high removal efficiency in affinity with phosphate
anions. On the other hand, granular akaganeite showed a lower affinity. This suggests that
the granulation of akaganeite with the PES polymer did not change its adsorption property.
As a result, the maximum adsorption capacities calculated were 21.27 mg/g for powdered
akaganeite and 3.65 mg/g for granular akaganeite.
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Abstract: Thermal conductivity and viscosity are important properties for nanofluids as they signifi-
cantly affect the flow and heat transfer process. To date, the rheological properties of water-based
nanofluids have been well studied, while the results are scarce for non-aqueous nanofluids. In this
study, the thermal conductivity and rheological properties of two different kinds of oxide nanofluids
(CuO and Al2O3) in a typical commercial data center focusing on liquid coolants were systematically
investigated at different mass fractions and temperatures. The results showed that the addition of
nanoparticles can significantly improve the heat conduction capacity of mineral oil coolants. There
is an average increase in thermal conductivity of up to 20–25%. The shear rate–shear stress and
shear rate–viscosity curves all showed that mineral oil coolant-based oxide nanofluids behaved
as Newtonian fluids and that nanoparticles did not cause the increment in viscosity. The effect of
temperature on rheological properties was also studied, and the result showed that high temperatures
resulted in low viscosity and shear stress. Finally, the effect of particle type was investigated, and
it was found that no matter what kind of nanoparticles were added, their effects on the rheological
behaviors were the same.

Keywords: liquid cooling; nanofluids; heat conductivity; viscosity; rheology

1. Introduction

Nanofluids have attracted much attention in the past several years thanks to the small
sizes and large specific surface areas of nanoparticles [1–9]. In general, nanofluids are
defined as a new kind of heat transfer fluid with nanosized particles dispersing into con-
ventional working fluids, such as water, methanol, ethanol, glycol and oil [10,11]. Various
metallic or nonmetallic nanoparticles can be applied to form nanofluids, for example, Cu,
CuO, Al2O3, SiO2, TiO2, Fe3O4, etc. [12–24]. Many researchers have found that compared
to fluids without nanoparticles, nanofluids have many superior features, such as enhanced
solar energy absorption, high heat transfer efficiency, an enhanced rate of oil and gas
recovery and other properties related to spreading, wetting and antibacterial activity [25].

To date, most informed research studies regarding nanofluids have only focused on the
behaviors during the thermal conduction, convective heat transfer and phase change heat
transfer processes. Although very little attention has been paid to the rheological properties
of nanofluids, especially for nanofluids applied in the data center cooling process, rheo-
logical properties play equally significant roles as thermal parameters in the engineering
applications and parameters of nanofluids. For example, the viscosity of working fluids
has a tight relation with pressure drop, which determines the power of the pump. Overall,
from the point view of engineering applications, it is valuable to find ideal nanofluids that
not only have high thermal conductivity, but also possess low viscosity.
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The most widely used metal nanoparticle in the literature is Cu. Leong [18] inves-
tigated the heat transfer enhancement of ethylene glycol-based copper nanofluids in an
automotive cooling system. The volume concentration of nanoparticles they used ranged
from 0% to 2%, and they studied the heat transfer rate in different air and coolant conditions
with different Reynolds numbers. They found that with the increase in nanoparticles, the
heat transfer rate can increase by up to 3.8%. The increase in the Reynolds number also
has an effect on the heat enhancement of Cu-ethylene glycol nanofluids. When the air’s
Reynolds number was increased from 4000 to 6000, the heat transfer rate showed a 45.2%
enhancement. But when the Reynolds number of the coolant was increased from 5000 to
7000, the enhancement of the heat transfer rate was not obvious (only 0.4%).

Another commonly used metal nanoparticle is Ag. Behrangzade and Heyhat [26]
compared the effect of using nano-silver–water nanofluid and pure water for energy
efficiency enhancement at the same flow rate and same Reynolds number, respectively. By
using 100 ppm of nano-silver dispersed water-based nanofluid, they obtained a 16.79%
enhancement in the overall heat transfer coefficient, while the pressure drop value did not
exhibit an obvious change.

Al2O3 nanofluids are the most widely investigated type of nanofluids in the literature.
Hassani et al. [27] used different volume fractions of Al2O3 nanoparticles to synthesized
nanofluids. Al2O3 nanofluids were used as nanofluid coolants for an electronic heat sink.
The results disclosed that Al2O3 nanofluids with 0.5% and 1.0% volume fractions can
enhance the performance index of the heat sink by averages of 14.7% and 28.3%.

Al2O3–water nanofluids were used by Nguyen [28] in an electronic liquid cooling
system. Among the different volume concentrations of Al2O3–water nanofluids tested
in their experiments, it was found that 6.8% of the Al2O3 particle can enhance the heat
transfer coefficient by 40% compared to pure water. And the particle size also has an effect
on heat transfer. A 36 nm Al2O3 particle is better at enhancing heat transfer coefficients
than a 47 nm particle.

CuO is another commonly studied nanosized metal oxide material. Chein and
Chuang [29] designed a series of experiments to investigate the effect of using a CuO-
water nanofluid as a coolant. The CuO particle volume fraction ranges from 0.2% to 0.4%
in nanofluids. The authors found that a CuO-water nanofluid can take away more heat
than pure water in a microchannel heat sink at a low flow rate. But when the flow rate is
high, the nanofluid has little effect on extra heat transfer and the heat transfer is mainly
affected by the volume flow rate.

The performance of a CuO-water nanofluid in a heat sink was also studied by
Sarafraz [30]. A CuO-water nanofluid, gallium liquid metal and water were used to
transfer the heat of a CPU when it worked separately at three states (standby, normal and
overload). Compared to the other two working fluids, a CuO-water nanofluid can provide
higher thermal performance than water and lower pressure drop and pumping power than
gallium liquid metal when the heat flux is not very high.

The heat transfer performance and rheological properties of a coolant are important
for the practical application of liquid cooling in data centers. To date, the heat transfer
and rheological properties of water-based nanofluids have been sufficiently investigated.
However, both the thermal conductivity and viscosity of nanofluids based on data center
coolants have rarely been studied. Thus, in the present work, we report on the synthesis
of nanofluids based on a data center coolant containing CuO and Al2O3 nanoparticles
separately. We also measure and analyze their thermal conductivity and rheological
behaviors, including shear stress and viscosity. Additionally, the effects of temperature,
particle type and volume fraction are fully investigated and discussed. Our experimental
work will be useful for the optimal design of various electronic components in cooling
processes that use nanofluids as working fluids.
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2. Materials and Methods

2.1. Materials and Preparation

Commercially available data center coolant (YT198, purchased from Amer Technology
Co., Ltd., Dongguan, China) was used as base fluid. The basic parameters of the coolant are
listed below (see Table 1). Various volume fractions of CuO (40 nm, Macklin Biochemical
Cooperation, Shanghai, China) and Al2O3 (80 nm, Sinopharm Chemical Reagent Coopera-
tion, Shanghai, China) nanofluids, respectively, were formulated. And then the rheological
properties of the nanofluids were investigated with a rotating rheometer (Haake Mar 60,
Thermo Fisher Scientific Inc., Waltham, MA, USA) over a shear rate ranging from 0 s−1

to 100 s−1.

Table 1. Typical properties of coolant (YT198) used for this study.

Density (20 ◦C) Pour Point Flash Point Acidity Specific Heat (40 ◦C)

804.3 kg/m3 −38 ◦C 198 ◦C 0.03 mgKOH/g 2.089 KJ/kg·K

Breakdown Voltage
Relative Permittivity

(90 ◦C)
Volume Resistivity

(20 ◦C)
Surface Tension

Global Warming
Potential

62 KV 2.039 1.9 × 1010 Ω·cm 16 mN/m 0

Table 2 shows the typical properties of the nanoparticles employed for this study; the
properties were measured with reliable accuracy by reagent manufacturers.

Table 2. Typical properties of nanoparticles employed for this study.

Nanoparticle Particle Size Density (20 ◦C) Melting Point Boiling Point

CuO 40 nm 6.315 g/cm3 1326 ◦C 1026 ◦C

Al2O3 80 nm 1.06 g/cm3 2000 ◦C 2977 ◦C

In order to disperse nanoparticles into the base fluid fully and uniformly, an ultrasonic
homogenizer was applied in this experiment. The ultrasonic homogenizer (YT-JY99-IIDN,
Shanghai Yetuo Technology Co., Ltd., Shanghai, China) has a max power of 1800 W, and
the diameter of its ultrasonic horn is 22 mm. A picture of the ultrasonic homogenizer
used in this work is shown in Figure 1. The main reasons for our choice of these kinds of
nanoparticles are that they can be easily obtained in industry and their chemical properties
are very stable but not harmful to human beings.

 
Figure 1. The ultrasonic homogenizer used in this work.

To start the experiment, the two kinds of nanoparticles with different volume fractions
were added into the coolant using the following two-step method. The relationship between
mass fraction and volume fraction is listed hereinafter (see Equation (1)):

ϕ =
ω·ρb f(

1 − ω
100

)
ρp +

ω
100 ρb f

(1)
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In this equation, ϕ and ω stand for volume fraction and mass fraction, respectively,
while ρ represents the density of the two different kinds of nanoparticles, and subscripts p
and bf stand for particles and base fluid, respectively.

Firstly, the different kinds of nanoparticles were accurately weighed using an electronic
balance and were then added in a methanol base fluid. The mass fractions investigated
in our study are 0.01%, 0.05%, 0.1% and 0.15%, respectively. After that, the mixtures of
the nanoparticles and base fluid were placed into an ultra-sonic homogenizer so that the
nanoparticles could be fully and uniformly dispersed in the coolant. After 3 h of ultrasonic
treatment, the methanol-based CuO and Al2O3 nanofluids were ready for use. And then
a certain volume of nanofluids (19 mL) was taken out as a sample, and the rheological
investigation was conducted.

2.2. Thermal Conductivity and Rheological Investigation

Thermal conductivity was measured using HotDisk TPS2500S (Hotdisk AB, Co., Ltd.,
Gothenburg, Sweden). A photo of the thermal conductivity measure system is shown in
Figure 2. More details about the instrument can be found in reference [31].

 
Figure 2. HotDisk TPS2500S, used to measure thermal conductivity.

A Haake Mars 60 rheometer (See Figure 3) was mainly used for the rheological
measurement. The temperature was controlled by a refrigerated circulating bath connected
with the rheometer. A schematic diagram of the apparatus is given in Figure 3. More details
about this rheometer can be found in reference [32].

 

Figure 3. Haake Mars 60 rheometer used to study the rheological behavior.

The shear stress and viscosity of CuO-YT198 and Al2O3-YT198 at various volume
fractions (0.01%, 0.05%, 0.1% and 0.15%) were measured through two programed modes,
respectively: shear rate sweep and temperature sweep. In shear rate sweep mode, the shear
rates were increased from 0 s−1 to 100 s−1 at 25 ◦C; at the same time, the shear stress and
viscosity were measured. For temperature sweep, the temperature rose from 25 to 70 ◦C at
a heating rate of 1 ◦C/min. At the same time, shear stress and viscosity were measured,
while the shear rate was fixed at 50 s−1.

2.3. Experimental Uncertainty

The thermal conductivity (k) was calculated according to Fourier’s Law [33] using
Equation (2):

k =
q × s
ΔT

(2)
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where q is the measured heat flux (W/m2) on the face of the wall specimen, s is the thickness
of the wall specimen (meters) and ΔT is the temperature difference between the two wall
specimens’ faces (◦C).

The sensors were calibrated, and the uncertainty of each of sensor was ±0.01 ◦C
(temperature sensor), ±0.1 W/m2 (heat flux sensor) and ±0.01 mm (caliper for specimen
thickness). The uncertainty of the final thermal conductivity result was associated with
the propagation of uncertainty of indirect experimental measurements [34]. The calculated
uncertainty propagation for thermal conductivity is ±0.00005 W/m·K.

The error value of the rheological measurements depended on the rheological mea-
surement device used and its settings. The whole set of the determined characteristics
was defined by repeating experiments under identical initial conditions. Many factors can
result in random errors, for example, uncontrolled vibrations during measurements [35].
To process the results, including the identification and elimination of gross errors, stan-
dard approaches [36] were used, including calculating the mathematical expectation
(Equation (4)), variance of a random variable (Equation (5)), and standard deviation for
each series (Equation (6)).

Mx =
1
n ∑n

i=1 Xi (3)

V =
1

n − 1 ∑n
i=1(Xi − Mx)

2 (4)

σ = V1/2 (5)

where Mx is the mathematical expectation; Xi is the measurement result; n is the number
of measurements; V is the variance; and σ is the standard deviation. The calculated
uncertainty propagation for the viscosity is ±0.017 mPa·s.

3. Results and Discussion

3.1. The Basic Properties of the Investigated Nanofluids

The particle size distribution and morphology of the particles not only affect the
dispersion stability of the nanofluid, but also the heat transfer characteristics [37]. A large
number of studies have shown that the optimization of the effective thermal conductivity
is a function of particle size reduction. This effect is even more obvious when the fluid
temperature and particle concentration increase.

When the particle size is less than 100 nm, the thermal conductivity decreases with
the increase in particle size. Beyond this particle size, further increases in particle size do
not have effects on the effectiveness of thermal conductivity. However, even for the same
nanofluid, the rate of change of thermal conductivity with nanoparticle size distribution
at the same particle concentration and fluid temperature has different conclusions in
different studies.

Figure 4a,b exhibit SEM images of CuO and Al2O3, respectively. The shapes and
morphologies of the employed nanoparticles in our experiments can be seen in this figure.
In Figure 4, one can see that the average size of a CuO nanoparticle is 40 nm, which
conforms to the declared diameter, while the average size of an Al2O3 nanoparticle is
35 nm, which is much less than its declared diameter.
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Figure 4. SEM images of (a) CuO and (b) Al2O3 nanoparticles.

3.2. Thermal Conductivity Enhancement of Nanofluids

In the following study, the effects of adding different volume fractions of nanoparticles
are discussed. Before measuring the thermal conductivity of the nanoparticle coolant sys-
tem, the thermal conductivity was tested, and the result is shown in Figure 5. As we can see
from Figure 5, the thermal conductivity of pure YT198 was 0.1390 and 0.1450 W/(m·K) at
25 ◦C and 55 ◦C, respectively. After the addition of CuO and Al2O3 nanoparticles, the ther-
mal conductivity increased obviously, regardless of the amount and kind of nanoparticles
and the temperature.

Figure 5. Thermal conductivity of pure coolant and coolant with different volume fractions: (a) CuO
and (b) Al2O3 nanoparticles.

In Figure 5a, one can see that with the increment in the CuO nanoparticle’s volume
fraction, the thermal conductivity also increased with monotony; when the volume concen-
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tration of CuO nanoparticles was 0.15%, the thermal conductivity reached 0.1737 W/(m·K)
at 25 ◦C and 0.1814 W/(m·K) at 55 ◦C. Compared with pure YT198, these growths in
thermal conductivity represent growths of 20% and 25%, respectively.

Temperature variations affect the dispersion of nanoparticles in base fluids. High
temperatures can result in more intense Brownian motion. Thus, the aggregation and
sedimentation of nanoparticles can be hindered.

Similar laboratory findings can also be seen in Figure 5b; the addition of very few
Al2O3 nanoparticles (0.01%) can cause a great enhancement in thermal conductivity from
0.1390 and 0.1450 W/(m·K) to 0.1666 and 0.1712 W/(m·K) at 25 ◦C and 55 ◦C, respectively,
and the increasing percentages can be as large as 20% and 18%. But the growth trend is
not synonymous with the volume of nanoparticles. The largest enhancement in thermal
conductivity occurred when the volume fraction of Al2O3 + YT198 nanofluids was 0.05%;
the increasing percentage reached 20% and 21% compared with the pure coolant. When
comparing Figure 5a,b, it can be seen that the CuO nanoparticles had a slightly more
significant improvement in thermal conductivity than the Al2O3 nanoparticles overall.

A possible explanation for the better thermal conductivity enhancement of the CuO
nanoparticle in comparison to that of the Al2O3 nanoparticle is that CuO nanoparticles
have greater conductivity [38]. Furthermore, as the number of nanoparticles increases,
there may be more rapid interactions between the nanoparticles, and the Brownian motion
of the nanoparticles may increase accordingly.

Durga Bhavani et al. observed that Al2O3 nanofluids had high compressibility at
a high concentration [39]. When the concentration of Al2O3 nanofluids increased, the
bulk modulus also increased, and the adiabatic compressibility decreased, which led to a
strong cohesive interaction force among the molecules and atoms. Al2O3 particles tend to
move less freely, and the Brownian motion of these nanoparticles also decreases. This may
explain the decrease in thermal conductivity when the concentration of Al2O3 nanofluids
surpassed 0.1%.

Surface modifications of nanoparticles contribute to the enhanced properties of nanoflu-
ids through the anti-aggregation effect produced by surface-modified nanoparticles. As
studied by Linyang Dan. et al. [40], due to the Coulombic energy from the heteroatoms
of SiO2 nanoparticles, nanoparticles lacking alkyl chains can form aggregates and show
a strong tendency to approach each other. By grafting alkyl chains on the surfaces of
SiO2 nanoparticles, Coulombic interactions can be shielded effectively, and the van der
Waals interaction with natural esters can increase. Thus, the aggregation tendency of
nanoparticles can be reduced. Furthermore, surface modification can reduce the diffusion
ability of nanoparticles under the steric hindrance effect, thereby inhibiting the collision
and aggregation of nanoparticles.

The pH mainly affects nanofluids in the following two aspects: the stability of nanoflu-
ids and the surface tension of nanofluids [41]. By adjusting the pH, the surface tension of a
nanofluid can be changed. A pH value that is too high or too low can lead to corrosion and
rusting [42].

Surfactants can increase the stability of nanofluids. The addition of surfactants does
not have a great effect on the thermal conductivity, but it can increase the viscosity of
the nanofluid.

The thermal conductivity of the base fluid has a great influence on the thermal con-
ductivity of the nanofluid. The thermal conductivity of water-based nanofluids is generally
higher than that of other nanofluids. The thermal conductivity of synthetic oil-based
nanofluids is greater than that of water-based nanofluids mainly because synthetic oil-
based nanofluids are more stable.

3.3. Rheological Properties of Various Nanofluids at Different Shear Rates

As typical experimental results, Figure 6 shows the shear stress vs. shear rate curve of
a pure coolant and various nanofluids with different volume fractions at room temperature.
In Figure 6, we can see that regardless of whether nanoparticles were added or not, pure
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YT198 and nanofluids all exhibited properties of Newtonian fluids. The shear stress of
pure YT198 and nanofluids showed linear monotonic growth as the shear rate increased.
For example, in the case of CuO nanofluids, there is a small increase in the shear stress
after adding CuO nanoparticles compared to pure coolant. But there is little difference
between various volume fractions of CuO nanofluids. This trend is consistent with the
findings of our previous works [43,44]. In our previous work [43], we found that with the
mass fractions of CuO, Cu2O and TiO2 being increased from 0.01% to 0.15%, the viscosity
showed almost no obvious change.

Figure 6. Shear stress vs. shear rate for various nanofluids with different volume fractions of (a) CuO
and (b) Al2O3 nanoparticles at 25 ◦C.

The Al2O3 nanofluids also showed similar trends, and 0.15% Al2O3 nanofluids showed
the highest shear stress. One explanation for this phenomenon may be the low levels
of nanoparticle addition. The shear stress of the base fluids cannot be changed if the
concentration of nanoparticles is too low. Another important factor influencing the shear
stress–shear rate curve is temperature. When the temperature is low (25 ◦C, as is shown
in Figure 6), the interactions between the molecules and the Brownian motion are not
strong. Thus, the shear stress does not show an obvious change despite the concentration
being increased.

The comparison of viscosity between pure YT198 and nanofluids is also shown in
Figure 7. In Figure 7, one can see that the viscosity increased with the increasing shear
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rate before the shear rate reached 20 s−1, and then, after a slight decline, the viscosity of
both pure YT198 and nanofluids tended to achieve stable values. For the CuO nanofluids
(Figure 7a), the descending order of viscosity values at the same shear rate is 0.15% > 0.05%
> 0.01% > 0.10% > pure YT198; the maximum increase in viscosity occurred between pure
YT198 and 0.15% CuO at 20 s−1 (5.34%). And the various numbers of nanoparticles added
did not show obvious differences.

Figure 7. Viscosity vs. shear rate for various nanofluids with different volume fractions of (a) CuO
and (b) Al2O3 nanoparticles at 25 ◦C.

As shown in Figure 7b, the addition of Al2O3 nanoparticles also caused the viscosity
to increase. The greater the concentration of nanoparticles added, the more obvious the
increase in viscosity as follows: 0.15% > 0.01% = 0.05% = 0.10% > pure YT198.

3.4. Effects of Temperature on Rheological Properties of Nanofluids

In this section, the different volume fractions (0.01%, 0.05%, 0.1% and 0.15%) of
nanoparticles will be discussed in order to study the effect of temperature on their rhe-
ological properties. It was first found, as shown in Figure 8, that with the increment in
temperature, the shear stress decreased exponentially. And one can see that various volume
fractions of nanoparticles have little effect on the shear stress. This result is different from
that obtained by Amir Yousuf Bhat and Adnan Qayoum [45]. They measured the viscosity
of CuO nanofluids and reported a maximum increase of 0.5% in viscosity. The main reason
why the results of our experiments differ from those in the literature is that the volume
concentrations they used were between 1% and 4%, which are much larger than those used
in this work.
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Figure 8. Effect of temperature on shear stress of pure YT198 and nanofluids at shear rate of 50 s−1.
(a) CuO; (b) Al2O3.

Additionally, the viscosity of CuO-YT198 and Al2O3-YT198 at different volume con-
centrations can be analyzed in Figure 9. As shown in Figure 9a,b, the results are consistent
with the trend found in the study by Madhusree Kole and T.K. Dey [46]. Their results show
that the viscosity of a nanofluid increases with an increasing nanoparticle concentration
and decreases with an increase in temperature. The viscosity of these nanofluids decreased
sharply with the increase in temperature, and the decreasing trend was also non-linear,
which also illustrated that these mineral oil-based nanofluids are fluids whose rheologi-
cal properties are strongly temperature-dependent. By comparing Figures 8 and 9 with
the work of Amir Yousuf Bhat and Adnan Qayoum, we can see that a small number of
nanoparticles can enhance heat transfer without causing a significant increase in viscosity.
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Figure 9. Effect of temperature on viscosity of pure YT198 and nanofluids at shear rate of 50 s−1.
(a) CuO; (b) Al2O3.

The stability of nanofluids is affected by temperature. Temperature variations affect
the dispersion of nanoparticles in base fluids. High temperatures can result in more
intense Brownian motion. Thus, the aggregation and sedimentation of nanoparticles can be
hindered [47].

The nanofluid does not contain nitrogen, sulfur or aromatic hydrocarbons. So, over
the course of long-term use, the color of the coolant will not turn yellow due to oxidation,
which is a very common occurrence in other traditional cooling media. It will not form
paint film and oil scale on electronic components. All of these characteristics ensure that
the cooling medium has a long service life of more than 6 years and greatly decrease the
cost of the cooling medium.

The cooling medium is made of extremely stable synthetic materials. It has a very
low acid value and does not contain mineral oil or aromatic hydrocarbons. Long-term
experiments have proven that nanofluids will not produce hardening, cracking, deforma-
tion, discoloration, corrosion, adhesion or other phenomena. They are harmless to the
common plastics, resins, non-ferrous metals, plating and other components of the server
circuit board, hard disk, central processing unit, etc. Using nanoparticles can ensure the
stable performance of the parts and long-term trouble-free operation.

3.5. Derivation of Empirical Correlation

In this subsection, a mathematical model used to predict thermal conductivity and four
famous models used to predict viscosity were used to fit and compare our experimental
values of viscosity.

The Maxwell model [48] was suggested to predict the thermal conductivity of a
nanofluid, and it is shown in the following Equation (6):

kn f

kb f
=

2kb f + knp + 2ϕ
(

knp − kb f

)
2kb f + knp − ϕ

(
knp − kb f

) (6)

The suggested model is best suited for a nanofluid with nanoparticles with spherical
shapes and lower volume fractions; a comparison of the theoretical predictions with the
experimental results is shown in Figure 10.

As can be seen in Figure 10a, the Maxwell model was fixed well with the experimental
results of thermal conductivity. The error between the experimental value and the predicted
value of the model for the thermal conductivity of CuO nanofluids is no more than 6.1%.
At concentrations of 0.01% and 0.05%, the predicted values of the model were greater
than those measured in the experiments. At concentrations of 0.1% and 0.15%, the model
predicted values were smaller than those from the experimental measurements. When
comparing Figure 10a,b, it can be seen that the model agrees better with Al2O3.

151



Energies 2024, 17, 1313

Figure 10. Comparison of theoretical predictions with experimental results of thermal conductivity
at 25 ◦C for (a) CuO + YT198 and (b) 0.01% Al2O3 + YT198.

The four famous rheological models we used to fit and compare with our experimental
values were Einstein’s equation [49], Brinkman’s equation [50], Batchelor’s equation [51]
and Wang et al.’s equation [52]. By using these four models, we could derive empirical
correlations and then obtain quantitively valuable insights into the YT198 coolant-based
metal oxide nanofluid system. The equations of the four models are listed and briefly
discussed in the following sections.

As the first theoretical model created to calculate the viscosity of mixtures and com-
posites, the Einstein model has been widely proven to be valid in the case of mixtures with
a volume fraction (ϕ) of less than 0.02. The key assumption of the Einstein model is that
the mixtures were simplified as linear viscous fluids and spherical particles. The equation
for this model is as follows:

μn f = μb f (1 + 2.5ϕ) (7)

Currently, the Brinkman-modified Einstein’s equation can be used for suspensions
with volume fractions of up to 4%.

μn f = μb f (1 − ϕ)−2.5 (8)

As a further modification, the exitance of the Brownian motion effect was considered
in the model proposed by Batchelor.

μn f = μb f

(
1 + 2.5ϕ + 6.5ϕ2

)
(9)

In 1999, Wang et al. [52] proposed another novel model to forecast the viscosity
of nanofluids.

μn f = μb f

(
1 + 7.3ϕ + 123ϕ2

)
(10)

For all of the above equations, μ represents the viscosity, and the subscripts nf and
bf represent nanofluids and base fluids, respectively. ϕ represents the volume fraction
of nanoparticles.

A comparison of the theoretical predictions with the experimental results at 20 ◦C is
shown in Figure 11.
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Figure 11. A comparison of the theoretical predictions with the experimental results at 20 ◦C for
(a) 0.01% CuO + YT198 and (b) 0.01% Al2O3 + YT198.

As shown in Figure 11, the predictions of the Brinkman model and the Batchelor
model almost exactly coincide, mainly because the volume fraction of the nanofluid is too
small. For CuO, the experimental prediction is made between the Wang model and the
Brinkman model. As can be seen in (b), for Al2O3, all model predictions are higher than
the experimental values. The biggest difference between the predicted value of the model
and the experimental value is 20 s−1, and the errors are about 3.8% and 8.5%. Overall,
the predicted and experimental values of the model are in good agreement. One possible
reason for the model and experimental errors is that nanoparticles are not usually spherical.

4. Conclusions

The thermal conductivity and rheological properties of two different kinds of oxide
nanofluids (CuO and Al2O3) in YT198, a typical mineral oil coolant used for data center
liquid cooling, were measured at different volume fractions and temperatures. The thermal
conductivity measurement results showed that even adding a small number of nanopar-
ticles can significantly improve the heat conduction capacity of mineral oil coolants. The
average increase in thermal conductivity is 20–25%. The temperature of nanoparticles also
has an effect on the rheological properties of methanol-based nanofluids. The higher the
temperature, the lower the viscosity and shear stress. However, it was found that the type
of nanoparticles has little effect on the rheological properties. The difference in the effect of
adding copper oxide and aluminum oxide on the viscosity is not very obvious.

More experimental research studies are needed to obtain the best types of nanoparticle
additives which have the best rheological parameters and the best thermal conductivity
enhancement effects. A good rheological parameter can guarantee minimum flow energy
consumption, and high thermal conductivity provides optimum heat transfer. Additionally,
more characteristics such as the sizes, shapes and types of nanoparticles should be taken
into consideration because they are essential to establish more numerical models for further
studies of heat transfer and rheology.

Based on the outcomes of this study, several suggestions for future research are
listed below:

1. There are several parameters that have influences on the effect of a nanofluid coolant,
including but not limited to particle size and size distribution, particle shape and
morphology, the concentration of nanoparticles and temperature. These factors must
be comprehensively and adequately studied in future works.

2. The stability of nanofluids is critical for their use in practical applications. Thus,
more investigations about the surface modifications of nanoparticles and the use of
surfactants should be conducted in order to determine an appropriate surfactant with
remarkable stability, moderate viscosity and thermal conductivity.
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3. The long-term effects of using these nanofluids in cooling systems, such as corrosion
or clogging, deserve more attention. A life cycle analysis (LCA) of cooling systems
using nanofluids may be necessary to evaluate whether a nanofluid is suitable for
long-term use.

4. There are various models that can predict the thermal conductivity and viscosity of
nanofluids separately. In future works, more mechanisms such as Brownian diffu-
sion, particle aggregation, thermomigration and nanolayer formation can be taken
into consideration. Therefore, models that will be developed in the future can be
more accurate.
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Abstract: In this study, we investigate the electrochemical properties of a nickel oxide-carbon (NiO/C)
material, synthesized in the form of highly porous carbon nanofibers through the electrospinning of
polymers such as polyacrylonitrile (PAN) and polystyrene (PS) followed by a carbonization process.
The primary focus of this work is to determine the optimal mixing ratio for the hybrid material
composed of NiO and carbon. While it is widely acknowledged that supercapacitor materials benefit
from having a high specific surface area, our findings reveal that hybrid carbon nanofibers with a
45% specific carbon-to-nickel oxide ratio exhibit significantly enhanced capacitance (39.9 F g−1). This
outcome suggests the promising potential of our materials as an energy storage material for hybrid
supercapacitors, combining the advantages of electric double-layer capacitors (EDLC) and Pseudo
capacitors (Pseudo).

Keywords: supercapacitor; NiO; hybrid; electrospinning; porous material

1. Introduction

In the realm of electrochemical energy storage and conversion technology, the su-
percapacitor is one of the renowned systems for its practicality and versatility. Superca-
pacitors are distinguished from other electrochemical energy storage systems by offering
a unique balance of high-power capabilities, exceeding that of batteries, along with en-
hanced energy density compared to traditional capacitors [1]. Based on the charge storage
mechanism, supercapacitors are categorized as electric double-layer capacitors (EDLCs),
pseudo-capacitors, and hybrid supercapacitors.

EDLCs exhibit high power density and cycle life, which are attributed to the efficient
separation of charges through electrostatic attraction within the electrochemical double
layer. EDLCs generally employ activated carbon-based nanomaterials with high surface
area and electrical conductivity in their electrodes to facilitate the rapid movement of ions
and electrons [2]. The nanometer-scale pore size plays a pivotal role in reducing charge
separation distances, consequently leading to increased capacitance [3]. Consequently, a
common strategy involves the fabrication of nanostructured electrodes to bolster electrode
material conductivity [4] while simultaneously reducing diffusion pathways [5], with spe-
cific surface area serving as a direct determinant of specific capacitance. In contrast, Pseudo
capacitors employ electrode materials consisting of conductive polymers and transition
metal oxides to store charge through surface-controlled faradaic reactions taking place at
the electrode–electrolyte interface at rates comparable to those of electrochemical double-
layer formation in EDLCs. The architecture and composition of electrode materials have a
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significant impact on the performance of supercapacitors. Various electrode materials with
different dimensional structures such as 0D, 1D, 2D, and 3D have been designed to enhance
their performance. Among them, 1D nanomaterials synthesized by the electrospinning
method show promising potential due to their easy preparation, high aspect ratio, which
facilitates efficient electron and mass transportation, and strong plasticity. The composite
materials synthesized using carbon materials, carbide materials, conductive polymers,
sulfides, nitrides, metal oxides, etc., show better electrochemical performance due to their
high stability, conductivity, and electron storage capacity [6,7]. In general, transition metal
oxides offer higher capacitance than carbon materials and superior charge-discharge cycle
stability compared to polymers, despite their lower electronic conductivity [8]. Among
transition metal oxides, NiO is a popular choice as a pseudo-capacitor electrode material
due to its high theoretical capacitance, large surface area, cycling stability, multi-oxidation
states, and reversible redox reactions [7]. However, NiO grapples with challenges such as
low electronic conductivity, limited redox active sites, and a low charge/discharge ratio,
which inevitably impact capacitance and cycling performance. To address these issues,
strategies have been explored, including the nanostructuring of NiO electrodes to enhance
the effective surface area, hybridization with highly conductive carbon-based materials,
and doping with foreign elements [9]. Various studies have been reported to enhance the
capacitance of capacitors by using NiO-based composite materials. For instance, R. D. Noce
and coworkers achieved 150 F g−1 capacitance using NiO/CNF with Na2SO4 as elec-
trolyte [10], T. Hussain et al. reported 157.9 F g−1 with CNF-NiO [11], and 742.2 F g−1

capacitance was reported by S. Shin and coworkers [12].
In our study, we have developed a hybrid Nickel oxide-carbon nanofiber (NiO-CNF)

hybrid capacitor electrode, notably for its rectangular shape observed in cyclic voltammetry
(CV), stable operating voltage, high energy, low cost, self-balancing, and close resemblance
to the ideal characteristics of a capacitor [13]. Moreover, the NiO-CNFs hybrid capacitor
exhibited significantly faster charge and discharge rates compared to bare NiO. This notable
improvement can be attributed to enhancements in both the redox reaction kinetics and the
electrode’s resistivity. The superior electronic conductivity of CNF in comparison to NiO
played an important role in achieving this enhanced performance. Specifically, the inclusion
of Polystyrene (PS) in the synthesis process led to the development of internal lotus root-like
pores in CNF during the subsequent heat treatment process, which encompassed oxidation
stabilization and carbonization. Additionally, this process resulted in the formation of
numerous surface curvatures, akin to a chemical etching effect. This enhancement in specific
surface area was strategically designed to mitigate the internal resistance of the electrode,
consequently boosting the overall capacitance of the supercapacitor. The porous structure
of carbon materials was found to exert a profound influence on the mobility of ions within
pores, with small pores hampering ion transport [14]. Hybrid capacitors combine the
strengths of EDLC and pseudo-capacitors, utilizing different electrochemical materials with
varying working potentials for higher energy and power densities. They can be created
using various electrode material combinations [15]. The investigation demonstrates that
the superior performance of micropores (<2 nm) persists over mesopores (2–50 nm), even
in instances where mesopores undergo fine-tuning to achieve a carbon structure. Improved
capacitance can be facilitated through the process of partial desolvation, accessed by the
pores measuring less than 2 nm within the microporous structure [16]. We synthesized
Polyacrylonitrile (PAN)-based nanofibers containing Ni and PS through electrospinning,
with subsequent heat treatment to remove the PS polymer and form nanopores, thereby
augmenting the specific surface area. The process results in a lotus root-type NiO-CNFs
nanocomposite. The utilization of PS proved to be effective in enhancing the specific surface
area of CNFs, a fact corroborated by various analytical techniques [17]. This facilitated
a comprehensive comparison of material properties between NiO and carbon after the
carbonization process [18].
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2. Materials and Methods

2.1. Material Preparation

The first step in the experimental procedure was to dissolve the solute in a sol-
vent to synthesize a polymer solution for electrospinning, and the following materials
were used to prepare the active material. To prepare the carbonized material, poly-
acrylonitrile (PAN) (150,000 g/mol, Sigma-Aldrich, St. Louis, MO, USA), polystyrene
(PS) (192,000 g/mol, Sigma-Aldrich), and nickel(II) acetate tetrahydrate (99.995%, Sigma-
Aldrich) were used as solutes, dimethylformamide (N,N-Dimethylformamide, DMF)
(99.5%, JUNSEI, Tokyo, Japan) was used as a solution, and nanofibers were manufactured
using an electrospinning/spraying system (eS-robot, NanoNC, Seoul, Republic of Korea).

During the experiment, the operation was conducted in an environment where the
temperature and relative humidity were kept constant at 25 ◦C and 50%, respectively. The
nozzle tip through which the polymer solution was discharged was 0.33 mm, the discharge
rate of the solution was 30 μL min−1, and the voltage applied to the nozzle tip at this time
was DC 20.0 kV. The polymer fibers manufactured through electrospinning are heated to
250 ◦C at 6 ◦C min−1 in normal air through a sample-sintering electric furnace (Box Furnace,
K-TEC, Incheon, Republic of Korea), and then undergo an oxidation stabilization step and
are thermally decomposed in a carbonization process at 1000 ◦C [19].

In the case of high-elasticity fibers, a higher temperature is required [20]. The carbon
fiber manufacturing process involves a carbonization process in which the PAN polymer
fiber is graphitized at a high temperature and converted into a carbon structure with a
purity of at least 99% [21]. The secondary heat treatment for the carbonization process was
performed at 1000 ◦C for 1 h in a hydrogen gas atmosphere at a flow rate of 500 mL min−1

in a tube furnace (ScienTech, Suwon, Republic of Korea). Figure 1 is a schematic diagram
of the material manufacturing process.

Figure 1. Schematic representation illustrating the reaction mechanism associated with the manufac-
turing method and material of CNF used in supercapacitors.

Heat treatment for the oxidation of nickel metal was carried out at 400 ◦C and 450 ◦C
for 30 min at a heating rate of 6 ◦C min−1, respectively, to obtain NiO/C samples. The
powder produced by PAN/PS was named Lotus-root-typed Carbon nanofiber (LC). The
sample types were divided into 0.5 g and 0.7 g depending on the nickel content with 8 mL
of DMF and 1.0 g of PAN, and the heat treatment temperature was set at 400 ◦C and 450 ◦C
to classify the sample types. The nomenclature of the Lotus-root-typed Carbon Nickel
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oxide nanofiber (LCN) series is based on the nickel content remaining after the removal of
carbon by TGA and is divided into LCN-35 (35.6%), LCN-40 (40.3%), LCN-45 (45.5%), and
LCN-48 (48.6%). In addition, a sample containing nickel content is additionally heat-treated
in a normal atmospheric atmosphere, leaving only a trace amount of carbon necessary to
maintain the shape of the lotus root structure, and is named lotus-root-typed nickel oxide
nanofiber (LN).

2.2. Material Characterization

The morphology of samples was investigated through the use of a field emission
scanning electron microscope (FE-SEM) (S-4800, Hitachi, Tokyo, Japan). High-resolution
X-ray diffraction (XRD) patterns were acquired employing a state-of-the-art X-ray diffrac-
tometer (HRXRD, X’pert Pro MRD, PANalytical, Tokyo, Japan) and analyzed using Cu-Kα

radiation within the range of 10◦ ≤ 2θ ≤ 90◦ at a scanning rate of 2◦ min−1. Thermogravi-
metric Analysis (TGA) (TGA 2050, TA Instruments, New Castle, DE, USA) was used to
analyze the quantitative content of carbon and nickel/nickel oxide, and each sample was
heated from room temperature to 800 ◦C at a rate of 6 min−1 under normal air atmosphere.
N2 adsorption/desorption isotherms were obtained using an automated specific surface
area and pore size distribution analyzer (BELSORP-mini II, MicrotracBEL, Osaka, Japan).
The specific surface area and pore properties of the samples were assessed employing the
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods.

2.3. Electrochemical Characterization

The supercapacitor electrode is made by spreading a slurry composed of NiO-CNFs
nanocomposites, a conductive material (super-P), styrene-butadiene rubber (SBR), and
carboxymethyl cellulose (CMC) binder in a weight ratio of 80:10:10 on a 1 × 1 cm2 nickel
metal foil. The mass of active material within the slurry was 0.92 mg, 0.51 mg, 0.53 mg,
0.36 mg, 0.48 mg, and 0.90 mg after drying for LC, LCN-35, LCN-40, LCN-45, LCN-48,
and LN, respectively. It was manufactured by casting and the casted electrode was placed
in a vacuum oven and dried at 100 ◦C for 1 h. In addition to the manufactured working
electrode, a counter electrode and reference electrode were used to form a three-electrode
system with platinum and Hg/HgO, respectively. When evaluating the electrochemical
properties, 6 M KOH was applied as the electrolyte.

Cyclic voltammetry (CV) was measured in the voltage range of 0.25 to 0.5 V. Galvano-
static charge/discharge (GCD) characteristics of the electrode were performed between
0 and 0.45 V. The scan rates for CV and GCD were 2 to 100 mV s−1 and 0.2–3.0 A g−1,
respectively. Long-term cycle life was performed with GCD measurements for 1000 cycles
with a current density of 1.0 A g−1.

The capacitance value (Cm) determined as the area of the cyclic voltammetric curve
was calculated for each scanning speed according to Equation (1).

Cm =
1

mv(E2 − E1)

∫ E2

E1

i(E)dE [F/g] (1)

Here, Cm is the mass of the active electrode material [g], v is the scan rate [V/s], i(E)
is the respective current [A], and E2 − E1 is ΔV [V] the voltage of one scanning portion.
From the time potential difference curve of the constant current charge/discharge curve,
the weight-based capacitance (Cm) is calculated according to Equation (2).

Cm =
I × Δt

m × ΔV
[F/g] (2)

Here, Cm is the total capacitance [F], I is the discharge current value [A], Δt is the
discharge time [s], m is the mass of the working electrode active material [g], and ΔV [V] is
the potential change excluding the IR drop within Δt [22]. Additionally, to determine the
internal resistance that impedes the flow of electrons, EIS was measured in the frequency
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range of 100,000 to 0.1 Hz with an amplitude voltage of 5 mV using IVUM STAT (HS
Technologies, Plano, TX, USA).

3. Results and Discussion

The color of the nanofiber produced by electrospinning was initially white and later
changed to yellow or brown through oxidation stabilization heat treatment, and the sample
after final carbonization was black. The morphological characteristics of the final car-
bonization samples were observed using a field emission-scanning electron microscope
(FE-SEM), and the corresponding images are presented in Figure 2. When viewed at a low
magnification, the samples showed long nanofibers with diameters ranging from 700 nm to
1.5 μm. Additionally, these fiber samples displayed numerous internal pores and noticeable
waviness on the fiber surface. This suggests that in contrast to CNFs fabricated solely from
PAN [23], the portion of fibers containing PS is removed during the heat treatment, as
shown in Figure 2a. PS is removed as it decomposes, and during this process, it plays an
important role in forming the lotus root shape and additionally forms the internal pores
and external etched surface of the electrospun nanofiber. This removal process results in the
formation of internal pores and surface curvature in the CNFs. Interestingly, Figure 2b–e,
illustrating various Ni content levels and temperature differences during the third heat
treatment process, did not exhibit significant morphological distinctions. However, Fig-
ure 2f, where carbon was entirely removed, leaving only NiO, exhibited intensified fiber
destruction and surface curvature. Nonetheless, it was apparent that the fiber’s morphol-
ogy, including internal pores, was retained, similar to the CNF sample. These findings
suggest that CNFs acted as a morphological template.

Figure 3a displays the results of the TGA analysis, which was performed to assess the
thermal decomposition characteristics and NiO content of LC, LCN series, and LN samples.
To investigate the changes occurring during the heat treatment process, thermal gravimetric
analysis (TGA) was conducted under the condition of a constant temperature increase
of 6 ◦C per minute in an air atmosphere using a TGA 2050 (TA Instruments) instrument,
with temperatures rising up to 800 ◦C. The NiO content was determined by comparing the
remaining mass to the initial mass, considering the reduction in carbon and moisture loss
due to thermal decomposition within the measured temperature range. The contents of
NiO were determined to be 0, 35.6, 40.3, 45.5, 48.6, and 94.3 wt% for LC, LCN-35, LCN-40,
LCN-45, LCN-48, and LN, respectively. In the case of LC samples without NiO, the thermal
decomposition behavior indicated a change due to the moisture removal from the sample
between 60 ◦C to 100 ◦C. Subsequently, carbon decomposition began at 450 ◦C, culminating
in complete carbon removal at 750 ◦C. In contrast, the LCN series samples exhibited a
steady mass decrease from around 450 ◦C until approximately 600 ◦C, signifying carbon
decomposition. No further mass change was observed above 650 ◦C.

Figure 3b shows the results of XRD analysis, confirming the crystalline properties of the
samples. In the case of LC, the XRD pattern demonstrated an amorphous carbon, while LN,
where most of the carbon had disappeared, exhibited a distinct NiO structure. For the LCN
series, diffraction peaks associated with graphite and NiO were evident in all samples after
undergoing three heat treatment processes. As the NiO content increased, carbon content
decreased, and the peak at 26.02◦ corresponding to carbon gradually diminished. Notably,
with the increase in NiO content from the LCN series to LN, the peaks related to NiO
gradually intensified, relative to the proportion of NiO in the composite. Therefore, these
XRD results confirmed the formation of a NiO-CNF composite in the LCN series samples.

The specific surface area and pore properties of the prepared samples were analyzed
using Brunauer, Emmett, and Teller (BET) and Barrett, Joyner, and Halenda (BJH) measure-
ments. Figure S1a depict the adsorption isotherm, pore distribution, and BET plots for each
sample, while Figure S2 summarizes the data in Table S1. The specific surface area for LC,
LCN-35, LCN-40, LCN 45, LCN-48, and LN is 124.71 m2 g−1, 209.89 m2 g−1, 122.91 m2 g−1,
133.34 m2 g−1, and 205.68 m2 g−1, respectiviely. In the LCN series, the specific surface area
equaled or exceeded that of the LC sample. This increase can be attributed to the deepening
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of surface curvature resulting from the heat treatment process of the sample containing
the nickel source. Figure S1a presents the adsorption isotherm curve, indicating the pore
size and volume distribution within each sample. All samples, including the LC, LCN
series, and LN, exhibited a sharp increase in the latter, with the isotherm line rising above
0.9, indicative of a porous structure [24]. Figure S1b illustrates the BJH analysis results,
portraying the pore size distribution graph for each sample, spanning a range of 2 to 185 nm.
Overall, pore sizes exhibited non-uniformity, with various pore sizes present. LC primarily
featured pores around 80 nm, the LCN series displayed an even distribution around 90 nm,
and LN exhibited an even distribution around 100 nm. Mostly, it has been reported that a
large specific surface area can enhance capacitance performance by facilitating electrolyte
diffusion to the redox reaction’s active site. Meanwhile, it has been recently reported that
specific surface area alone does not exclusively dictate a capacitance increase [25].

 

Figure 2. SEM images of (a) LC, (b) LCN-35, (c) LCN-40, (d) LCN-45, (e) LCN-48, and (f) LN.
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Figure 3. (a) TGA measurements and (b) XRD patterns of LC, LCN series, and LN.

The electrochemical properties of the LC, LCN series, and LN samples, classified based
on NiO content through TGA and XRD analysis, were analyzed through Cyclic Voltamme-
try (CV), Galvanostatic Charge/Discharge (GCD), and Electric Impedance Spectroscopy
(EIS). CV was conducted using a 6 M KOH electrolyte and a three-electrode system. All elec-
trodes were analyzed by selecting a voltage range (0.25–0.5 V) wherein oxidation/reduction
reactions occur at a fixed scanning speed of 2 mV s−1. As the curve area increased, so did
the capacitance values [26]. In Figure 4a, the CV curve for LC exhibits a distorted rectangu-
lar shape with an unclear redox reaction, whereas the CV curve for LN displayed a distinct
redox peak attributed to the reversible Faradaic transition of nickel, indicating typical
pseudocapacitive behavior. In Figure 4b, the CV curves for LCN series samples exhibited a
distorted rectangular shape coupled to a distinct pseudo-capacitance behavior attributed to
the Faradaic redox reaction. The reason for the different positioning of redox peaks among
LCN series might be attributed to the synthetic electrochemical interference between NiO
and carbon. Among the LCN series, the highest capacitance was calculated for the LCN-45
sample. Figure 4c shows the CV curves within the voltage range of 0.25 to 0.5 V for the
LCN-45 sample. CV was also used to measure chemical changes in the electrode at the scan-
ning speed ranging from 2 to 100 mV s−1. An increase in the scanning speed resulted in an
expanded curve area, demonstrating the potential for improved charge storage capability.
Figure 4d shows specific capacitance values derived from CV conducted at various voltage
scan rates for LCN-45. This highlights the charge storage mechanism of the NiO/C elec-
trode, resulting from faradic redox reactions [27]. The highest capacitance for the LCN-45,
measured at 2 mV s−1, reached 92.52 F g−1 (0.18504 C g−1), with corresponding energy and
power density of 2.89 Wh kg−1 and 46.05 W kg−1, respectively. As the scan rate increases,
capacitance decreases, with values of 90.72 F g−1, 85.91 F g−1, 80.09 F g−1, 70.65 F g−1,
and 61.11 F g−1 (0.4536 C g−1, 0.8591 C g−1, 1.6018 C g−1, 3.5325 C g−1, and 6.111 C g−1)
observed for 5 mV, 10 mV, 20 mV, 50 mV, and 100 mV, respectively. The phenomenon of
pseudo-redox, which can result in the irreversibility of the redox process, is often associated
with factors such as the generation of voltage polarization and ohmic resistance during
the faradic redox reaction and ion diffusion limitation within the porous electrode during
the redox reaction process [28]. The electrochemical Faradaic reaction of NiO, responsible
for the pseudo reaction, involves a simple adsorption/desorption reaction of OH−. The
positive peak corresponds to the oxidation of NiO to NiOOH, while the negative peak
corresponds to the reverse reaction, involving the reversible conversion between Ni2+ and
Ni3+. This redox reaction occurs on the surface of the NiO electrode and can be expressed
as the following reaction (3) [29,30].

NiO + OH− ↔ NiOOH + e− (3)

For galvanostatic charge–discharge (GCD) experiments, electrodes were prepared
from each sample and the prepared electrode was employed in the three-electrode cell,
with the working electrode immersed in a 6 M KOH aqueous solution. Figure 5a shows
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the charge–discharge curves of the electrodes for each sample within the voltage range
between 0 and 0.45 V and at a current density of 0.2 A g−1. In the low potential range
of 0 to 0.25 V, no significant Faradaic reactions, such as forming an electric double layer.
However, as the current density increased, the electric double layer showed a shape close to
an asymmetric triangle due to the non-Faradaic current. At the beginning of the discharge,
it shows a completely asymmetric graph with a fairly large IR voltage drop. It exhibited
0.14 V, 0.16 V, 0.17 V, 0.07 V, 0.13 V, and 0.14 V for LC, LCN-35, LCN-40, LCN-45, LCN-48,
and LN, respectively. Figure 5b shows the discharge curve behavior at different current
densities for each sample and shows a weight-based capacitance graph in the time potential
difference curve, which is a constant current discharge curve with a voltage range of 0.45 V.
In Figure 5c, bar graphs representing the specific capacitance of each sample calculated
at a fixed current density of 0.2 A g−1 are displayed. The calculated values for LC, LCN-
35, LCN-40, LCN 45, LCN-48, and LN are 14.2 F g−1, 23.6 F g−1, 21.7 F g−1, 39.9 F g−1,
24.5 F g−1, and 18 F g−1 (3.195 C g−1, 5.31 C g−1, 4.8825 C g−1, 8.9775 C g−1, 5.5125 C g−1,
and 4.05 C g−1), respectively.

Figure 4. Cyclic voltammetry curves of (a) LC and LN, (b) LCN series at a scan rate of 2 mV s−1.
(c) Cyclic voltammetry curves of LCN-45 with different scan rates ranging from 2 to 100 mV s−1.
(d) Calculation of the specific capacitance of the LCN-45 sample based on (c).

The impedance spectroscopy curves of LN (Bare NiO) and LCN-45 (NiO-CNFs) nanocom-
posites are shown in Figure 5d. The Nyquist Plot of the LN electrode showed a highly sup-
pressed semicircle in the high-frequency region and an oblique line in the low-frequency
region, which may be due to the charge transfer process at the electrode/electrolyte interface
and electrolyte ion diffusion process. At high frequencies, the arc in the curve of the LCN-45
electrode was difficult to discern, but the arc was clearly visible in the curve of the LN elec-
trode. Through this, it can be seen that in the high-frequency range, the LN electrode has
much faster charge transfer characteristics between the electrolyte and the lotus root-shaped
active material, with a resistance of less than 0.2 Ω. The equivalent series resistance value of
the LCN-45 electrode was found to be lower compared to the LN electrode, measuring 0.57 Ω
and 0.78 Ω, respectively. This distinction arises due to the lotus root-shaped morphology and
porous structure, which enhance the mobility of electrolyte ions across the electrode surface.
Additionally, the LCN-45 electrode exhibits a steeper slope compared to the LN electrode,
indicating a closer resemblance to an ideal electrode with a favorable electrolyte penetration
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pathway during the charge storage process. This suggests that the LN electrode has a lower
charge transfer resistance than the LCN-45 electrode.

Figure 5. (a) Galvanostatic Charge–Discharge (GCD) curves of LC, LCN series, and LN at a current
density of 0.2 A g−1. (b) Discharge curve from (a). (c) Calculation of specific capacitances of LC, LCN
series, and LN from (b). (d) Electrochemical Impedance Spectroscopy (EIS) Nyquist plot of LCN-45
and LN electrodes (Inset shows the enlarged region of high-frequency range).

Figure 6a shows the charge/discharge curve of LCN-45 at various current density
values, which shows the highest capacitance among the electrodes analyzed previously.
The measurements were taken at different current densities at a potential range of 0 to
0.45 V. The graph indicates that the charge time exceeds the discharge time due to ion
diffusion resistance in the electrolyte during charging and discharging, which mitigates the
ion migration during charging; the other factor is the polarization of the electrode at a slow
rate leading to an increase in charging time. The graph in Figure 6b illustrates the variation
in capacitance corresponding to each current density during discharge. The inserted graph
in Figure S3 displays the capacitance calculated while considering the voltage drop, with
measurements conducted at current densities of 0.2, 0.3, 0.5, 1, 2, and 3 A g−1. It was
observed that the capacitance decreased as the current density increased, measuring 142.8,
138.7, 124.5, 115.3, 87.6, and 75.1 F g−1 (32.13 C g−1, 31.2 C g−1, 28.01 C g−1, 25.94 C g−1,
19.71 C g−1, and 16.89 C g−1), respectively.

Figure 6c presents a Ragone plot depicting the energy and power density of the
LCN-45 electrode. Cycling stability is demonstrated in Figure 6d, where continuous
charge and discharge cycles were performed on the LCN-45 electrode for 1000 cycles at
a constant current density of 1 A g−1 [31]. The capacitance and charge/discharge time
exhibited stability, with the constant current charge/discharge curve of the final cycle
closely resembling the initial one. The sample’s capacitance retention rate was 82.6%.
The constant current charge/discharge cycle of the LN electrode is depicted in Figure S4,
demonstrating that the hybrid-type supercapacitor maintains a high lifespan and safety
even after several charge/discharge cycles.
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Figure 6. (a) Galvanostatic charge–discharge (GCD) curves of the LCN-45 electrode with various
current densities from 0.2 to 3 A g−1. (b) Discharge curve from (a). (c) Ragone plot of LCN-45
electrode. (d) Cycling stability for 1000 cycles at 1.0 A g−1 of the LCN-45 electrode (Inset shows the
GCD curves for the 1st and 1000th cycles).

4. Conclusions

In summary, we generated polymer fibers through electrospinning, incorporating
PAN, PS, and Ni sources. Subsequently, we fabricated highly porous lotus root-type hybrid
supercapacitor materials comprising NiO and carbon using a straightforward carbonization
process. Additionally, the TGA data revealed an optimized material ratio of 45% NiO
causing a synergetic advanced electrochemical effect with carbon. Notably, the LCN-45
electrode, constructed with this ratio, demonstrated a higher specific capacitance (39.9 F g−1)
than materials with alternative ratios at a current density of 0.2 A g−1. Regarding cycling
durability, a capacitance retention rate of 82.6% was demonstrated after approximately
1000 cycles at a current density of 1.0 A g−1. Likewise, an energy density as high as
2.83 Wh kg−1 was confirmed at a current density of 1.0 A g−1. This demonstrates that
the hybrid-type LCN-45 material outperforms EDLC, pseudo-materials, and LCN series
materials of other ratios. It is believed that the discovery of the optimal ratio for hybrid
materials combining metal oxides and carbon will pave the way for the development of
high-performance supercapacitors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app14072977/s1. Figure S1: (a) Adsorption isotherms and (b) Pore
size distribution graphs of LC, LCN-45, and LN; Figure S2: BET plots of LC, LCN series, and LN
samples; Figure S3: Specific capacitances of LCN-45 electrode calculated from Figure 6b; Figure S4:
Cycle stability of LN electrode at 1.0 A g−1 (Inset shows the GCD curves of the 1st and 1000th cycles);
Table S1. Adsorption characteristics of LC, LCN series, and LN.
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Abstract: Transition metal dichalcogenides are widely studied for their photocatalytic ability due
to the adjustable bandgap, high carrier mobility and possibility of foreign-element doping. In this
work, multilayer molybdenum diselenide (MoSe2) was decorated with ultra-fine Pt nanoparticles
through the mild hydrothermal method. MoSe2-Pt nanocomposites were synthesized and showed
good structural and chemical stabilities. The incorporation of Pt nanoparticles provides plenty of
active sites for MoSe2. The dominant Pt particle sizes are 1.8 nm, 1.8 nm, and 1.9 nm for the three
synthesized samples, respectively. The mean crystal sizes of Pt (111) were calculated from X-ray
diffraction patterns and we found that they were in accordance with the particle sizes. Both the
particle sizes and mean crystal sizes are related to the synthesis conditions. X-ray photoelectron
spectroscopy (XPS) characterizations revealed the formation of Se–Pt bonding. The relative contents
of Pt–Se bonding were also calculated from XPS results, and they show the same trends as the optical
absorption properties. Combining the XPS and optical absorption results, the effects of Se–Pt bonding
during the photo-related process could be further confirmed. By degrading methylene blue (MB)
under visible light, the synthesized nanocomposites proved promising for application in real-case
degradation of organic pollutants. The sample synthesized with a moderate content of MoSe2

exhibited the best photodegradation efficiency, which could be explained by the maximum Pt-Se
contents. Based on the experimental findings, we proposed a possible photodegradation mechanism.

Keywords: MoSe2; photodegradation; photocatalyst; two-dimensional materials

1. Introduction

Photodegradation of organic pollutants in natural water has been studied for several
decades [1,2]. By employing sunlight and semiconducting materials, redox reactions could
be taking place to degrade and remove those dissolved pollutants, especially organic
dyes [3] such as methylene blue, methyl orange, bisphenol A (BPA), etc. It provides a green
and sustainable route for natural water purification. Among so many semiconducting
candidates, transition metal dichalcogenides (TMDs) are known for their suitable bandgaps
for visible light absorption and utilization [4,5]. As layered two-dimensional materials,
TMDs are formed by covalence bonds in layers and van der Waals forces between layers [6].
Such a layered structure also brings an adjustable bandgap which can be easily manipulated
by controlling the layer numbers [7]. They usually have active edge sites due to various
types of defects but a relatively inert basal surface [8,9]. Thanks to their host ability for
incorporating dopants, especially noble metal nanoparticles, the light–matter interaction as
well as the photocatalytic performance could be improved. In this case, members of the
TMD group are currently featured as photocatalysts for hydrogen evolution and organic-
pollutant decomposition in water [10]. It is believed that the TMDs would hopefully provide
a solution towards current fossil fuel deficiency and natural water pollution problems.

As a typical member of the TMD family, molybdenum diselenide (MoSe2) has sim-
ilar atomic arrangements to molybdenum disulfide (MoS2) [11], and has been widely
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investigated for applications such as transistors, gas sensors, photodetectors and photocat-
alysts [12,13]. For example, n-MoSe2 transistors perform well in detecting the streptavidin
molecule, due to the controllable high reverse current [14]. As for photocatalytic ability,
researchers proposed the hydrothermal synthesis method to prepare MoSe2 for hydro-
gen evolution reactions and organic dye degradations [15]. MoSe2 is stacked into layers
of Se-Mo-Se sandwich planes through the van der Waals force. The typically tunable
bandgap also exists in MoSe2, making it suitable for light absorption among a wide range
of wavelengths. It should be mentioned that MoSe2 has relatively smaller band gap than
MoS2, which brings more efficient photoexcitation [16]. In the photocatalytic applications,
researchers proposed several routes to improve its total activities. For instance, the typical
core-shell structures are beneficial for strong chemical activities which could be achieved
by incorporating carbon nanotubes, MoS2 nanoflakes, and transition metals, especially
noble metals [17–21]. The optical absorption of MoSe2 has been successfully adjusted by
phase engineering, providing another choice for obtaining efficient photocatalytic perfor-
mance [22]. Moreover, it is also possible to form Z-scheme nanocomposites by introducing
other semiconducting materials [23,24]. Among the above methods, noble-metal doping
is an effective and controllable way. Noble metal nanoparticles could be easily anchored
to MoSe2 edges due to the commonly existing Se defects. However, it usually requires
sophisticated synthesis to activate the inert MoSe2 basal planes [8]. For instance, there
should be a pre-synthesis to prepare MoSe2@mesoporous hollow carbon spheres, and the
following step to obtain the incorporation of Pt nanoparticles [25].

Herein, we report a feasible and straightforward synthetic method to introduce Pt
nanoparticles onto MoSe2. The Pt nanoparticles are well formed and their sizes are con-
trolled within 2.3 nm, which could be called ultra-fine Pt nanoparticles. The synthesized
MoSe2-Pt nanocomposites exhibit great structural and chemical stabilities. The introduced
Pt nanoparticles provide plenty of active sites for light absorption and photocatalysis.
We performed the photodegradation of MB under visible light irradiation. It has been
found that the synthesized materials could decompose MB efficiently compared to pristine
MoSe2. Such improved photocatalytic performance has been explained by the enhanced
light absorption and photoelectron transportation. Using X-ray photoelectron spectroscopy
(XPS), the chemical bonding between Se and Pt was confirmed. It explains not only the
great stabilities of the compounds but also the efficient channels for charge transfer dur-
ing photocatalytic reactions. The Pt–Se bonding also contributes to the enhanced visible
light absorption. Considering the excellent photocatalytic properties of the MoSe2-Pt
nanocompounds, we believe that the reported synthetic method might be suitable for
further investigation and mass production.

2. Materials and Methods

2.1. Materials and Sample Preparations

The materials were purchased from Sigma-Aldrich (St. Louis, MA, USA) with analyti-
cal grade, and deionized water was produced at our own lab. The MoSe2-Pt samples were
synthesized with the following steps: (a) multilayer MoSe2 nanopowders were dispersed
into deionized water with various ratios. The concentration of MoSe2 suspension was
0.1 mg/mL, 0.2 mg/mL and 0.3 mg/mL, respectively. (b) In order to obtain Pt nanoparti-
cles with an extremely small size, K2PtCl4 and trisodium citrate were used as precursors
to obtain Pt nanoparticles [26,27]. K2PtCl4 and trisodium citrate were added into the
MoSe2 suspension by mechanically stirring. (3) The mixed solution was set under an
ultrasonic bath at 50 ◦C for 150 min or 200 min. (4) Pt0 can be reduced from PtCl42−, and Pt
nanoparticles would finally grow onto MoSe2 nanoflakes. After synthesis, three samples
with different mass ratios were obtained, as shown in Table 1. These samples are labelled
according to their contents, which were M1Pt, M2Pt and M3Pt, respectively.

170



Appl. Sci. 2024, 14, 3592

Table 1. The synthetic details of the samples.

Samples MoSe2 K2PtCl4 Conditions

M1Pt 0.1 mg/mL × 10 mL 41.5 mg 50 ◦C, 150 min

M2Pt 0.2 mg/mL × 10 mL 41.5 mg 50 ◦C, 150 min

M3Pt 0.3 mg/mL × 10 mL 41.5 mg 50 ◦C, 200 min

2.2. Characterizations

The sample morphologies were studied through a transmission electron microscope
(TEM, JEOL 2200FS (JEOL, Tokyo, Japan)). The crystal structures of MoSe2 and the syn-
thesized complexes were measured through X-ray diffraction (XRD, Bruker (Billerica, MA,
USA)). Cu Kα emission (λ = 1.5406 Å) was employed as the X-ray source. The optical
properties were measured through a Lambda 950 UV-Vis spectrophotometer (Spectralab
Scientific Inc., Markham, ON, Canada) with BaSO4 as reference. The synthesized powder
was dissolved in deionized water for UV–vis absorption tests. The chemical states were an-
alyzed by Thermo Fisher (Waltham, MA, USA) K-Alpha X-ray photoelectron spectroscopy.

2.3. Photodegradation Measurements

The photocatalytic properties of the synthesized MoSe2-Pt catalysts were studied by
degrading Methylene blue (MB). During each photocatalytic reaction, 50 mg of the catalyst
was put in 50 mL of MB solution (10 mg/L). Reactions were carried out under a 300 W Xe
lamp. We used a cutoff filter (#84-689, TECHSPEC, Co., Ltd., Gauteng, South Africa) to
block the light under the wavelength of 400 nm. Before degradation tests, MB solutions
with catalysts inside were stirred under a dark environment for half an hour to dispose
of the adsorption/desorption effects. During photocatalytic degradations, 2 mL of the
solution was taken every 30 min and was centrifuged to remove the MoSe2-Pt powder.
Visible-light absorption spectra ranging from 400 nm to 800 nm were measured through
a Lambda 950 UV-Vis spectrophotometer. During measurements, the absorption peak
of MB was set at 664 nm and the concentration of residual MB could be determined by
the integration of the MB absorption peaks. The photocatalytic reactions were therefore
presented by time-course decrease in MB concertation.

3. Results and Discussion

3.1. MoSe2-Pt Morphologies and Crystal Structures

After synthesis, a drop of the solution containing MoSe2-Pt was placed onto a holey
carbon grid and dried in air. Then the samples were observed under TEM. The morpholo-
gies of MoSe2 flakes among the three samples were similar in shape and size. Therefore, we
chose sample M1Pt as an example whose morphologies are shown in Figure 1. In Figure 1a,
MoSe2 nanoflakes are of a round shape with a typical size of 40 nm. There are tiny Pt dots
on the edge of the MoSe2. The Pt dots are clearer in the zoomed-in image in Figure 1b. Due
to the mild synthetic conditions and low concentration of K2PtCl4 in solution 1, PtCl42−
was reduced to ultrafine particles. There are more Pt nanoparticles formed on the edge
sites compared to the surfaces of the MoSe2 because the edge sites are more reactive than
the basal planes [28]. Although very small in size, the Pt particles were well crystallized in
(111) phase with a lattice spacing of 2.29 Å, as shown in Figure 1c. Such crystalline structure
is compatible with the MoSe2 (100) facet. It suggests the Pt particles are well grown on
MoSe2. Figure 1d–f show the distribution of Pt nanoparticles for the samples of M1Pt,
M2Pt, and M3Pt, respectively. It can be seen that the samples of M1Pt and M2Pt have the
same dominant Pt size of 1.8 nm, while M3Pt has a slightly larger Pt size of 1.9 nm.
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(d) (e) (f)(e) (f)

Figure 1. Morphologies of MoSe2-Pt samples. (a) TEM image of MoSe2-Pt; (b) zoomed-in image of the
squared region in (a); (c) HR-TEM image shows the crystal structure of Pt; (d–f) Pt size distributions
of the samples of M1Pt, M2Pt, and M3Pt, respectively.

In Figure 2, the XRD spectra show the crystal structure of the three samples of MoSe2-
Pt nanocomposites and pristine MoSe2 nanopowder. The crystal planes of MoSe2 and Pt
were marked with diamonds and stars, respectively. The MoSe2 (100), (103), (105), (110)
and (200) planes were identified from both samples, which was in good agreement with
previous reports [29]. Compared to the pristine MoSe2, Figure 2 shows that MoSe2 is stable
and keeps its crystal structure after synthesis.
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Figure 2. XRD spectra of the synthesized MoSe2-Pt nanocomposite and MoSe2 nanopowder.
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Pt (111) and (200) planes were identified in the synthesized MoSe2-Pt samples. The Pt
(111) lattice spacings are shown in Table 2. We can see that Pt (111) peak positions were
slightly varied among the three samples. The lattice spacings are calculated as 0.2285,
0.2291, and 0.2274 nm, respectively. Moreover, the mean crystal sizes (D (111) in Table 2)
were also calculated through Scherrer’s equation [30]. They are very close for the M1Pt
and M2Pt samples, while slightly larger for the M2Pt sample. It should be noted that the
calculated mean crystal sizes are not the particle sizes which could be directly measured
under TEM; however, the D (111) values show the same trends with the particle sizes
shown in Figure 1d–f.

Table 2. Pt (111) lattice spacings and mean crystal sizes.

Samples 2θ/◦ FWHM/◦ d (111)/nm D (111)/nm

M1Pt 39.40 12.4217 0.2285 0.6793

M2Pt 39.30 12.4017 0.2291 0.6802

M3Pt 39.60 12.0752 0.2274 0.6992

3.2. Chemical States, Mechanism of Efficient Photocatalytic Reactions

The chemical electronic states of the MoSe2-Pt samples were evaluated through XPS.
The high-resolution XPS spectra of Pt 4f and Se 3d are shown in Figure 3. In Figure 3a–c,
there are two Pt species which were identified by fitting the original Pt 4f spectra. Pt0

peaks are the reduced Pt nanoparticles in metal form, and Pt-Se peaks are attributed to
the Pt–Se bonding. The binding energies of these Pt peaks are slightly shifted among the
three samples which may be caused by partial electron transfer between MoSe2 and Pt [31].
In Figure 3d–f, two main contents are found in the Se 3d spectra, which are the Se-Mo
peaks and Se-Pt peaks. Such results are typical for MoSe2 and PtSe2 characteristics [32],
and further confirm the formation of Se–Pt bonding. Therefore, it is obvious that chemical
bonding of Pt–Se formed after the synthesis. Such chemical bonding can provide an
effective pathway for charge transportation during photocatalytic reactions [9]. The Se-Mo
3d5/2 peaks at 54.56 eV are barely shifted among the three samples, suggesting that MoSe2
takes a dominant content compared to the Se-Pt species.

Based on the XPS results, it is noticed that the relative contents of Pt-Se varies among
the samples, which may have influence on electron transportation. The relative contents
of Pt-Se can be calculated from Pt 4f spectra, which are 34.78%, 40.02%, and 19.79%,
respectively. It suggests that too much MoSe2 involved in the synthesis (the M3Pt sample)
may limit the formation of Pt–Se bonding.

In this case, there may be two ways that the photocatalytic abilities could be affected.
Firstly, Pt–Se bonding provides an efficient pathway for charge transfer, so more contents
of Pt-Se would be beneficial to the photocatalytic reactions. Secondly, the existence of
Pt nanoparticles (Pt0) can be confirmed by TEM results in Figure 1. Such ultra-fine Pt
nanoparticles offer active sites for photocatalytic reactions where degradation could take
place [33]. Introducing noble metal nanoparticles on edge sites of MoSe2 is a typical method
for enhancing the photocatalytic properties.

3.3. Optical Properties of the Catalysts

In order to evaluate the optical performance of the synthesized samples, they were
prepared in aqua solution for UV–visible absorption measurements. Figure 4 shows the
absorption spectra of MoSe2 and the three samples. In the visible wavelength range, there
are obvious absorption peaks at around 475 nm and 710 nm, respectively. Such optical
behavior is typical for multilayer MoSe2 on a nanometer scale [34]. It can be seen that the
pristine MoSe2 has a weak response to visible light, while the MoSe2-Pt samples strongly
absorb the short wavelength of visible light, mainly between 450 and 550 nm. Among the
three synthesized samples, M2Pt shows the best absorption ability for visible light while
M3Pt shows the worst. Moreover, there is slight red-shift between the pristine MoSe2 and
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the catalysts. Such feature enhances the absorption of light in a longer wavelength, making
it suitable for the utilization of the solar spectrum.

Figure 3. XPS spectra of the synthesized MoSe2-Pt samples. (a) Pt 4f of M1Pt, (b) Pt 4f of M2Pt, (c) Pt
4f of M3Pt, (d) Se 3d of M1Pt, (e) Se 3d of M2Pt, (f) Se 3d of M3Pt.
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Figure 4. UV–vis absorption spectra of MoSe2 and the synthesized samples.
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3.4. Photodegradation

The aforementioned characterizations provide chemical and optical insights into the
synthesized materials. Their photocatalytic performance is evaluated by MB degradation,
as shown in Figure 5. The time-course photodegradation results are shown in Figure 5a.
Here, C/C0 is used to represent the decrease of MB concentration, where C0 and C are the
original MB concentration and the MB concentration at a certain time, respectively. The
dark process suggests that the synthesized materials show obvious adsorption of MB, while
the pristine MoSe2 can hardly adsorb MB. Such adsorption abilities are usually related to
the photocatalytic process. We can see that pristine MoSe2 can hardly degrade MB and
the samples are all reactive with MB. Within around 60 min, MB is nearly removed by the
samples of M1Pt and M2Pt. However, the M3Pt sample performs slightly less efficiently,
but it can still degrade more than 90% of MB after 120 min. Such photocatalytic results are
in accordance with the optical absorption properties shown in Figure 4. Considering the
catalyst amount used in the degradation process, the above photocatalytic performance
is comparable to other popular photocatalysts, such as Bi2WO6/BiOCl [35]. As a compar-
ison, pristine MoSe2 removes only 5.4% of the MB in 120 min with the same irradiation
condition. It suggests that the introduction of Pt to MoSe2 edges greatly improves the
photocatalytic property.
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Figure 5. The time-course photocatalytic MB degradation under visible light irradiation. (a) Pho-
todegradation of the synthesized samples and pristine MoSe2. (b) Photodegradation kinetics of
ln(C0/C).

The photodegradation kinetics was evaluated by the pseudo-first-order model. With
this model, the pseudo-first-order constant k could be expressed as

k =
ln(C0/C)

t
(1)

The results of ln(C0/C) are shown in Figure 5b. The constants were calculated as 0.0361
min−1, 0.0379 min−1, and 0.0185 min−1 for the three samples, respectively. It is obvious
that the M2Pt sample has the best photocatalytic kinetics. The constant values have the
same trends as the Pt-Se contents. This indicates the correlation between Se–Pt bonding
and photocatalytic performance. On the other hand, k values are not lineally affected by
either the Pt amount used in the synthesis nor the relative contents of Pt–Se bonding. This
may indicate that the surface segregation occurred during synthesis [36].

The possible photocatalytic mechanism can therefore be discussed. During the degra-
dation process, photo-generated electrons from valence bands of MoSe2 reach the con-
duction bands, and finally migrate to the active sites provided by Pt nanoparticles. The
electron-hole pairs participate in redox reactions, where the holes oxidize water to H+ and
·OH. The hydroxyl radicals then react with MB [9]. Meanwhile, the electrons reduce H+
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to ·H. The Pt–Se bonding offers stable and efficient routes for charge transfer during the
whole process.

4. Conclusions

In conclusion, we synthesized MoSe2-Pt complexes with a facile method, where Pt is
reduced to ultra-fine nanoparticles. The synthetic method is simple and straightforward,
making it suitable for mass production. The synthesized samples show a greatly enhanced
photocatalytic performance for degrading the organic pollutant of MB under visible-light
irradiation. Such properties show the excellent ability of visible-light utilization. The
photodegradation mechanism could be explained through XPS analysis. Effective Pt–Se
bonding provides pathways for charge transportation and ultra-fine Pt nanoparticles offer
active sites for photocatalytic reactions. This work may be helpful for further photocatalyst
design and applications in real cases.
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Abstract: Single-walled carbon nanotubes (SWCNTs) loaded with magnetic iron oxide nanoparticles
were prepared by the arc discharge method and air heat treatment. The nanocomposite was charac-
terized by X-ray diffraction, scanning electron microscopy, Raman spectroscopy, vibrating sample
magnetometry, etc. The results showed that the heat-treated nanocomposites (SWCNTs/FexOy) had
iron oxide phases and superparamagnetic properties with a saturation magnetization of 33.32 emu/g.
Compared with the non-heat-treated materials, SWCNTs/FexOy had a larger specific surface area
and pore volume. Using SWCNTs/FexOy to remove the organic contaminant (bisphenol A, BPA),
it was found that under the conditions of pH = 3 and adsorbent dosage of 0.2 g/L, the maximum
adsorption capacity of the composite was 117 mg/g, and the adsorption could reach more than 90%
in only 5 min when the BPA content was below 0.05 mmol/L. The fitting results of the Langmuir
and D-R models are more consistent with the experimental data, indicating a relatively uniform
distribution of the adsorption sites and that the adsorption process is more consistent with physical
adsorption. The kinetic calculations showed that the SWCNTs/FexOy exhibits chemical effects on
both the surface and the gap, and the adsorption process is controlled by the π-π bonds and the
hydrophobicity of the SWCNTs/FexOy.

Keywords: SWCNT composites; Bisphenol A; magnetic iron oxide nanoparticles; adsorption; adsorp-
tion mechanism

1. Introduction

In recent years, with the rapid development of industrialization, the problem of
water pollution has become increasingly prominent. The pollutants of concern include
bisphenol A (BPA), a ubiquitous chemical widely used in the production of plastics and
resins. However, BPA is a quintessential endocrine disruptor in the environment [1] and can
disrupt the normal physiological functions of the human body even in minute quantities.
Numerous studies have revealed that BPA enters the human body through various common
pathways, such as contaminating water, food, cooking fumes, and even through daily
direct contact, posing threats to human health and affecting estrogen levels. The extensive
production and use of BPA has led to its widespread presence in the environment, and it
has even been detected in drinking water [2–4]. Currently, numerous technologies have
been developed to eliminate BPA, including advanced oxidation processes, biodegradation,
membrane separation, adsorption [5–8], and more. In fact, a large number of researchers
believe that adsorption [9,10] is better than other methods, as it can quickly and effectively
adsorb pollutants. Additionally, adsorption offers advantages such as cost-effectiveness,
efficiency, simple design, and fewer harmful by-products.

With their exceptional adsorption efficacy, various carbon materials [11], such as
graphene oxide (GO), activated carbon (AC), and carbon nanotubes (CNTs) [12–15], have
been increasingly adopted as preferred adsorbents for the eradication of contaminants
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from aquatic environments. Among them, CNTs [16], as a new adsorbent material, have
been used in many studies [17] to adsorb pollutants in water owing to their extensive
surface area and plentiful reactive sites. Evidence confirms that CNTs possess a strong
capacity to adsorb phenols, heavy metals, and natural organic compounds effectively [18].
Nevertheless, the isolation of CNTs from suspension in aqueous media poses a challenge
because of their minute dimensions, and their introduction into water resources may
result in secondary pollution [19]. On the other hand, magnetic nanoparticles such as
Fe3O4, γ-Fe2O3, and Fe0 have drawn considerable interest due to their excellent adsorption
characteristics [20,21], and their inherent superparamagnetism enables them to be readily
extricated from aqueous environments using magnetic attraction after application. The
practical usage of magnetic nanoparticles often faces issues like pronounced clustering in
suspension and a susceptibility to being lost via water runoff. Therefore, CNTs are usually
used as a carrier [22,23] to support magnetic nanoparticles such as Fe3O4 and Fe0, and their
superparamagnetism [24] is used to enable them to effectively perform magnetic separation
in water, which is not only conducive to improving the adsorption performance, but also to
improving the dispersion and mechanical properties [25,26] of these magnetic nanoparticles
in practical applications. For example, Li et al. [27] successfully fabricated a recyclable
CNTs/Fe3O4 magnetic composite via a hydrothermal method, which exhibited robust
adsorption behaviors towards BPA. Al-Musawi et al. [28] synthesized multi-walled carbon
nanotubes coated with CoFe2O4 nanoparticles using solvothermal co-precipitation and
electrophoretic precipitation methods, and applied it to the adsorption of BPA in water. The
experimental findings indicated that the incorporation of a composite material significantly
augmented the adsorption capabilities as well as enhanced the characterization attributes of
multi-walled carbon nanotubes (MWCNTs). Guo et al. [29] synthesized MWCNTs modified
with iron oxide and manganese dioxide (MWCNTs-FeO-MnO) via the co-precipitation
method, and utilized them to determine the levels of residual BPA in bottled water supplies.
The results demonstrated that the nanotubes possessed effective adsorptive qualities for
BPA, along with commendable recyclability and concentration capabilities. Most studies
have focused on MWCNTs, with fewer reports on SWCNTs [30]. Nevertheless, SWCNTs
exhibit superior performance; they possess smaller diameters and a larger specific surface
area compared to MWCNTs. Therefore, drawing on earlier investigations into phenol
elimination from water, this study prepared magnetic SWCNT composites incorporating
iron oxide nanoparticles via an electric arc process followed by thermal treatment. The
adsorption behavior and underlying mechanisms of the composites towards BPA were
investigated. These results offer foundational theoretical and empirical support for the
application of magnetic SWCNT nanocomposites in the removal of organic contaminants
during water purification processes.

2. Materials and Methods

2.1. Adsorbent Preparation

We employed the hydrogen arc discharge method to fabricate SWCNTs, utilizing a
carbon rod doped with 4 wt% iron as the anode and the carbon rod’s composition was pure
toner and iron powder; a pure graphite carbon rod was used as the cathode. Both electrodes
had a diameter of 10 mm. Within the arc reaction chamber, the anode and cathode were
horizontally secured at the left and right flanks, respectively, maintaining a distance of
2–3 mm [31]. Under conditions of low vacuum, a hydrogen/argon (volume ratio of 2:3)
mixture gas at 200 torr pressure was introduced into the reaction vacuum chamber. With a
current of 100 A, after about 30 min of arc discharge, a substantial amount of black SWCNTs
containing iron catalyst adhered to the interior chamber walls. The as-grown SWCNTs of
iron-containing catalyst were then heated in dry air to 350 ◦C and kept for 1 h. Finally,
SWCNT composites loaded with magnetic iron oxide nanoparticles (SWCNTs/FexOy)
were obtained.
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2.2. Adsorption Experiment

Pre-measured solid BPA particles were dissolved in deionized water to obtain BPA
master solution (1 mmol/L). The master solution was further diluted with deionized water
to create BPA solutions in different concentrations, adjusted the pH value of the solution
by adding an appropriate amount of HCl or NaOH. Each experiment was conducted in a
beaker containing 50 mL of BPA solution, with an adsorbent dosage of 10 mg (0.2 g/L). A
magnetic stirrer was used to agitate the BPA solution and adsorbent at a rotational speed
of 500 revolutions per minute, while the temperature for adsorption was kept constant
at ambient conditions (25 ◦C). At predetermined time intervals, 2 mL of the suspension
was extracted from the beaker and subsequently filtered utilizing a polyethersulfone (PES)
membrane filter with a pore size of 0.22 μm. The residual organic compound concentration
was analyzed by ultraviolet–visible–near-infrared absorption spectroscopy (UV-vis-NIR
spectroscopy, UV-3600, Shimadzu, Japan). The rate of BPA adsorption α in the solution by
SWCNTs/FexOy as the adsorbent and the adsorption capacity qt as the unit mass of the
adsorbent at a certain time are written as follows.

α =
C0 − Ct

Ct
× 100%, (1)

qt =
(C0 − Ct)V

m
, (2)

where C0 is the concentration of BPA solution at the initial time (mmol/L); Ct is the
concentration of BPA solution at time t (mmol/L); V is the volume (L) of the solution; m
is the mass (g) of the adsorbent; α is the adsorption rate; and qt is the adsorption capacity
(mg/g).

2.3. Microstructure Analyses

The morphologies of the nanocomposites were observed by scanning electron mi-
croscopy on a Gemini 500 instrument (Zeiss, Oberkochen, Germany) at a magnification of
20,000–100,000.

The structural characterization of the nanocomposites was characterized using a X-ray
diffractometer from Rigaku, JP, model D/max-2550. The X-ray source was Cu Kα radiation,
with a wavelength of 1.54056 Å and a power of 18 KW. The scanning angle range was set
from 15◦ to 85◦.

The structure of the nanocomposites was studied using a Raman spectroscope from
Renishaw, UK, model In Via-plus. The Raman spectroscope was equipped with a Leica
microscope. The excitation wavelength used was 633 nm.

The surface elemental composition and chemical state of the nanocomposites were
analyzed using an X-ray Photoelectron Spectrometer from Thermo Fisher Scientific, Wins-
ford, UK, model ESCALAB 250Xi. To control the surface composition of the sample, survey
spectra were collected at a step size of 1 eV over the range of 0–1100 eV.

The nitrogen adsorption–desorption isotherms of the nanocomposites were measured
at 77 K using a surface area and pore size distribution analyzer (ASAP2020, Micromeritics
Instrument Co., Norcross, GA, USA). Before measurement, the nanocomposite samples
were degassed at 105 ◦C for over 16 h. The specific surface area of the nanocomposites was
calculated using the Brunauer–Emmett–Teller (BET) method, while the pore diameter and
volume were determined from the desorption isotherm using the Barrett–Joyner–Halenda
(BJH) method.

The measurement of magnetic properties was conducted using the Magnetic Property
Measurement System (MPMS3) from Quantum Design, San Diego, CA, USA. In this study,
measurements were carried out in VSM (Vibrating Sample Magnetometer) mode.
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3. Results and Discussion

3.1. Characterization

Figure 1a shows the SEM micrograph of the as-grown SWCNTs. The image reveals
that the SWCNTs, synthesized with the aid of an iron catalyst, possess a loose arrangement.
The bundles of CNTs are observed to be entangled with each other, and they are coated with
large amounts of amorphous carbon. The SEM image at a high magnification (Figure 1b)
more clearly reveals the prepared SWCNT bundle loaded with iron nanoparticles. From the
energy dispersive spectra (EDS) finding (Figure 1c), it can be seen that the region comprised
51.79 wt% C element, 6.41 wt% O element, and 41.62 wt% Fe element, indicating that the
iron nanoparticles were successfully attached to the surface of the CNTs.

Figure 1. Scanning electron micrographs of (a) low-magnification as-grown SWCNTs and
(b) high-magnification as-grown SWCNTs; (c) EDS image.

Figure 2a displays the XRD spectra of the as-grown SWCNTs and the air-heat-treated
SWCNTs. It shows that the diffraction peaks of C in the as-grown SWCNTs diminish
after the air heat treatment, indicating the effective removal of amorphous carbon from
the composite, thereby enhancing its adsorption capacity. Simultaneously, the Fe phase
is transformed into the Fe2O3 and Fe3O4 phases after heat treatment. Figure 2b depicts
the Raman spectra obtained under 633 nm laser excitation for the as-grown SWCNTs and
SWCNTs/FexOy. Within the range of 100–400 cm−1, resonant breathing mode (RBM) peaks
of the SWCNTs are evident, allowing for the calculation of the diameter of the SWCNTs
using the frequency (ωRBM) of the RBM peak. For the SWCNTs, the calculation formula is
ωRBM (cm−1) = 234/d (nm) + 10, and the diameter of the SWCNTs in the original sample
ranges between 0.89 and 1.78 nm. The weak Raman peak at 1350 cm−1 is the D peak,
which arises from defects like pentagon and heptagon rings within the CNTs, reflecting the
defect density directly. The prominent Raman peak near 1590 cm−1 is the G peak, which
is associated with in-plane tangential vibrations of carbon atoms. The intensity ratio of
the D peak to the G peak (ID/IG) is typically utilized to characterize the defect content
in SWCNTs; a lower ratio signals fewer defects and higher crystallinity. The ID/IG ratio
of the SWCNTs/FexOy and as-grown SWCNTs was 0.06 and 0.2196, respectively. The
findings demonstrate that the crystallinity of the sample was enhanced subsequent to the
heat treatment and the D peak was significantly decreased after the air heat treatment.

Figure 3 displays the XPS spectra of SWCNTs/FexOy (Figure 3a–c) and as-grown
SWCNTs (Figure 3d–f), including the regions for Fe 2p, O 1s, and C 1s. The analysis
shows that the main valence state of iron in the as-grown SWCNTs prepared by the arc
discharge method exists in the form of Fe0, although a small amount of Fe3C phase is
formed during the arc evaporation process. After air oxidation treatment, the iron valence
states in SWCNTs/FexOy are mainly Fe2+ and Fe3+, while a small amount of Fe0 phase still
exists, which may be due to the incomplete oxidation of Fe nanoparticles in the internal
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region. It is worth noting that although the XRD analysis failed to detect the Fe0 signal, this
may be due to its low content, which is below the detection limit of X-rays.

Figure 2. (a) XRD images and (b) Raman spectra of as-grown SWCNTs and SWCNTs/FexOy.

Figure 3. XPS spectra of SWCNTs/FexOy and as-grown SWCNTs.

Figure 4 presents the N2 adsorption–desorption curves and pore size distribution for
the as-grown SWCNTs and SWCNTs/FexOy, and the specific surface area, pore volume,
and average pore diameter of the two nanocomposites are given in Table 1. As demon-
strated in Figure 4 and Table 1, it appears that the adsorption–desorption isotherm exhibits
an H3 hysteresis loop, and compared to the as-grown SWCNTs, the SWCNTs/FexOy has
a larger specific surface area and pore volume and a larger pore diameter. The specific
surface area of a material is determined by the synergistic contribution of micropores,
mesopores, and macropores. Generally speaking, a larger capacity of micropores correlates
with a higher specific surface area of the material, and when mesopores and macropores
are present in significant quantities, the average pore size of the material tends to decrease.
It is evident that thermal treatment effectively removes amorphous carbon, which is favor-
able for the formation of micropores. This not only increases the number of adsorption
channels but also prolongs the adsorbate residence time within these channels due to the
abundance of micropores. As a result, adsorbate molecules are more easily adsorbed onto
the SWCNTs/FexOy.
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Figure 4. (a) N2 adsorption–desorption curves and (b) pore size distribution of as-grown SWCNTs
and SWCNTs/FexOy.

Table 1. Pore structure analysis of SWCNTs/FexOy and as-grown SWCNTs.

Sample
BET

m2·g−1
Pore Volume

cm3·g−1
Pore Diameter

nm

SWCNTs/FexOy 191 0.389 4.314
As-grown SWCNTs 115 0.299 3.828

Figure 5a is the hysteresis loop of the SWCNTs/FexOy. The coercivity and remanence
of the SWCNTs/FexOy are both zero, indicating the paramagnetic nature of this nanocom-
posite material. The saturation magnetization strength at room temperature is measured at
33.32 emu/g, suggesting that this material is capable of achieving solid–liquid separation.
Figure 5b is a photo of a small experiment in which magnetic SWCNTs/FexOy can be
rapidly collected in a BPA solution with a concentration of 0.25 mmol/L using magnets.

  

Figure 5. (a) Hysteresis loop of SWCNTs/FexOy and (b) a photo of a small experiment.

3.2. Adsorption Studies

Under the conditions of T = 25 ◦C, pH = 6, the absorption rate of the as-grown SWCNTs
and SWCNTs/FexOy on BPA was studied. As depicted in Figure 6, the adsorption rate of
BPA by both nanocomposites increased with time. Both adsorbents reached equilibrium
within 15 min, with the SWCNTs/FexOy exhibiting an equilibrium adsorption rate of
97%, which represents a 50% improvement over the as-grown SWCNTs, indicating that
the heat-treated composites exhibited a superior adsorption performance. Consequently,
further experiments will utilize SWCNTs/FexOy as the adsorbent for research purposes.
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Figure 6. As-grown SWCNTs and SWCNTs/FexOy adsorption curves (T = 25 ◦C, pH = 6, adsorbent
dosage = 0.2 g/L, CBPA = 0.025 mmol/L).

Figure 7 illustrates the relationship between the rate of adsorption of BPA and the
absorption time under different starting concentrations of BPA. Solutions of varying con-
centrations reached adsorption equilibrium within 15 min, and the starting concentration
significantly influenced the BPA equilibrium adsorption rate. The adsorption rate decreased
as the initial BPA concentration increased. When the concentration of the BPA solution
increased from 0.025 to 0.15 mmol/L, the equilibrium adsorption rate decreased from
98% to 51%. This reduction is primarily due to the limited adsorption capacity of the
SWCNTs/FexOy towards BPA. Exceeding the adsorption capacity of the SWCNTs/FexOy
with a high initial concentration of BPA solution results in the adsorption of merely a
fraction of the BPA molecules. Within the initial 0–10 min, the adsorption rate of the
SWCNTs/FexOy increased rapidly, followed by a slower progression. This phenomenon
can be attributed to the initial abundance of adsorption sites on the adsorbent, which
allowed for the rapid adsorption of BPA from the solution. As adsorption continued, these
sites became gradually saturated with BPA molecules, reducing the pore transport capacity
and leading to a gradual decrease in the adsorption efficiency until equilibrium was reached.
Furthermore, it was observed that for BPA at low concentrations, such as concentrations of
0.025 and 0.05 mmol/L, an adsorption rate of 90% can be achieved after 5 min. Hence, the
SWCNT composite loaded with iron oxide nanoparticles can be considered a rapid and
effective adsorbent for BPA, especially at lower concentrations.

Figure 7. Effect of different initial concentrations (T = 25 ◦C, pH = 6, adsorbent dosage = 0.2 g/L).

The relationship between the removal rate of BPA and the dosage of the SWCNTs/FexOy
is depicted in Figure 8, with the dosage of ranging from 0.05 to 0.35 g/L. An adsorbent
dosage of 0.05 g/L resulted in a BPA adsorption rate of 34%. As the adsorbent dosage
increased to 0.3 g/L, the adsorption rate reached 96.8% and, upon further increment
to 0.35 g/L, exhibited little change, remaining at approximately 97%. Nonetheless, an
increment in the adsorbent dosage resulted in a diminution of the adsorption capacity.
This phenomenon can be attributed to the fact that while the adsorbent dosage increased,
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the amount of adsorbate remained unchanged, resulting in an excess of the adsorbent
competing with the BPA molecules. At the same time, excessive adsorbents caused the
overlap of effective adsorption sites on SWCNTs/FexOy, consequently reducing the BPA
content per unit mass of the adsorbent.

Figure 8. Effect of adsorbent dosage (T = 25 ◦C, pH = 6, CBPA = 0.075 mmol/L).

3.3. Effect of pH Value on Adsorption

The acid or base nature of a solution exerts influence not merely on the solubility of the
adsorbent but also affects the speciation of ions within the solution. To investigate the effect
of pH on adsorption, the pH of a 0.15 mmol/L BPA solution was adjusted using HCl or
NaOH. This was conducted at an adsorption temperature of 25 ◦C and an adsorbent dosage
of 0.2 g/L. As Figure 9a illustrates, the adsorption rate of BPA decreased with increasing pH.
At acidic pH (pH = 3), the nanocomposite exhibited an adsorption rate of 68% towards a
BPA solution with C0 = 0.15 mmol/L. Under neutral and alkaline conditions, the adsorption
rates were 56% and 50%, respectively. The maximum adsorption rate was observed at
pH = 3, and the adsorption capacity of the SWCNTs/FexOy for BPA gradually diminished
as the pH value increased. Therefore, for practical applications, wastewater acidification is
often used as a pre-treatment step for adsorption methods. This process can break down
complex polymeric organic matter into smaller molecular organic compounds, but the
acidification of wastewater will also increase the cost and affect the biological treatment.

Figure 9. (a) Effect of pH value and (b) the point of zero charge of SWCNTs/FexOy.

In general, BPA is present in its molecular form in the solution. However, the depro-
tonation of the BPA single anion occurs at pH 8, and further ionization occurs when
the pH exceeds 9.6. Additionally, we also identified the point zero charge (pHpzc) of
the SWCNTs/FexOy in the study, which is about 2.9, so the nanocomposite is positively
charged at a pH below 2.9 and negatively charged at a pH above 2.9. Therefore, BPA2− and
negatively charged SWCNTs experienced electrostatic repulsion [32], which resulted in a
decrease in the adsorption rate of BPA onto the SWCNTs/FexOy as pH increased. Moreover,
it is evident that the electrostatic interaction between the BPA and SWCNTs/FexOy is not
the primary factor controlling adsorption.
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3.4. Adsorption Isotherm

An adsorption isotherm describes the relationship between the equilibrium concentra-
tion of a solution and the corresponding equilibrium adsorption capacity, which is attained
when the adsorption process reaches equilibrium at a given temperature. To model this
equilibrium, two widely used isotherm equations, the Langmuir [33] and Freundlich [34]
models, are often employed to fit experimental data. The mathematical expressions for
these models are as follows:

qe =
KLqmaxCe

1 + KLCe
, (3)

qe = KFC
1
n
e , (4)

where qe is the adsorption capacity of the unit adsorbent to BPA at the adsorption equi-
librium (mg/g); Ce is the concentration of BPA in solution at equilibrium (mmol/L); qmax
is the theoretical maximum adsorption capacity (mg/g); and KL, KF, and n are all model
constants. The value of n serves as an indicator of the ease or difficulty associated with the
adsorption process. Adsorption is more likely to occur when the value of n is within the
range of 1 to 10.

The data on the adsorption of BPA by the SWCNTs/FexOy were also analyzed using
the Dubinin–Radushkevich (D-R) adsorption isotherm model. The mathematical expres-
sions for the model are as follows:

qe = qmaxexp

[
−β

{
RTln

(
1 +

1
Ce

)}2
]

, (5)

ε = RTln
(

1 +
1

Ce

)
, (6)

Ea =
1√
2β

, (7)

where qmax is the maximum adsorption capacity calculated according to the D-R model,
mg·g−1; β is a constant related to the adsorption energy Ea (kJ·mol−1), mol2·kJ−2; ε is the
Polanyi adsorption potential. When the Ea value is in the range of 1–8 kJ·mol−1, it indicates
physical adsorption. When the Ea value exceeds 8 kJ·mol−1, chemisorption is predominant.

Figure 10 illustrates the Langmuir, Freundlich, and D-R adsorption isotherms associ-
ated with the removal of BPA from solution using SWCNTs/FexOy. The corresponding
fitting parameters were presented in Table 2. The data demonstrate a better fit with the
Langmuir and D-R isotherm models, as indicated by the correlation fitting coefficient (R2)
values of 0.903 and 0.913, respectively, compared to the R2 value of 0.874 for the Freundlich
model. This implies that the BPA molecules are likely adsorbed onto the SWCNTs/FexOy
in a uniform monolayer. The maximum adsorption capacity as determined by the Lang-
muir model is 78.89 mg/g. The BPA adsorption energy calculated using the D-R model is
1.543 kJ/mol, indicating that the adsorption process is predominantly physical adsorption.
As indicated in the table, the value of n is 5.559, suggesting that the adsorption process
occurs easily.

Table 2. Fitting parameters of isothermal adsorption models.

Langmuir Freundlich Dubinin–Radushkevich (D-R)

qmax
(mg·g−1)

KL
(L·mg−1) R2 KF n R2 qmax

(mg·g−1)
β

(mol2·kJ−2)
Ea

(kJ·mol−1) R2

78.89 4.714 0.903 52.68 5.559 0.874 76.22 0.20989 1.543 0.913
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Figure 10. Langmuir, Freundlich, and D-R adsorption isotherms (T = 25 ◦C, pH = 6, adsorbent
dosage = 0.2 g/L).

3.5. Adsorption Kinetics

In this study, the adsorption rate and mechanism of SWCNTs/FexOy adsorbing BPA
were examined by fitting the data to pseudo first-order and pseudo second-order kinetic
models. The equations for these two adsorption kinetic models are as follows [35]:

qt = qe

(
1 − e−k1t

)
, (8)

t
qt

=
1

k2qe2 +
1
qe

t, (9)

where qt is the adsorption capacity of the unit adsorbent to the BPA at time t (mg/g); qe is
the adsorption capacity of the unit adsorbent to BPA at adsorption equilibrium (mg/g); k1
and k2 are both adsorption rate constants.

Figure 11a,b illustrate the kinetic fittings of the SWCNTs/FexOy for the BPA solutions
with varying initial concentrations. The corresponding kinetic fitting parameters are listed
in Table 3. The data demonstrate that the second-order kinetics model fits the experimental
data of BPA better than the first-order kinetic model, with the correlation coefficients (R2)
exceeding 0.99 in both cases. The equilibrium adsorption capacity, as calculated from the
pseudo second-order kinetic curves, is closer to the experimental values, suggesting that
chemisorption was the primary mechanism driving the adsorption process. The adsorption
mechanism was likely influenced by various forces, such as π-π electron donor–acceptor
interactions, hydrogen bonding, etc.

 

Figure 11. Kinetic fitting curves: (a) pseudo first-order kinetics; (b) pseudo second-order kinetic
(T = 25 ◦C, pH = 6, adsorbent dosage = 0.2 g/L).
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Table 3. Fitting parameters of kinetics.

C0

mmol·L−1

Pseudo First-Order Pseudo Second-Order

k1

min−1
qe

mg·g−1 R2 k2

g·mg−1·min−1
qe

mg·g−1 R2

0.025 1.40 25.69 0.9950 0.14 26.75 0.9998
0.05 1.43 50.08 0.9830 0.06 53.16 0.9998
0.075 1.08 60.69 0.9724 0.03 65.62 0.9994
0.1 0.90 68.77 0.9422 0.01 78.86 0.9969
0.15 1.50 80.71 0.9834 0.04 85.03 0.9997

To further elucidate the principal mechanism governing the adsorption process, the
Weber–Morris model [36] was employed to fit the data depicted in Figure 12.

qt = kintt1/2 + I, (10)

where kint is the intraparticle diffusion rate constant. The value I represents the boundary
layer thickness, i.e., the larger the intercept, the greater the boundary layer effect will be [37].
According to this model, if the fitting line of qt and t1/2 passes through the origin, then the
internal diffusion of the particle determines the adsorption rate.

Figure 12. Weber–Morris curves (T = 25 ◦C, pH = 6, adsorbent dosage = 0.2 g/L).

The relationship between qt and t1/2 was observed to be nonlinear, indicating a multi-
line relationship. The adsorption process can be divided into two stages: Firstly, there is the
rapid adsorption stage, which is considered to be the swift diffusion of the adsorbate to the
surface of the adsorbent; the SWCNTs/FexOy contain abundant π electrons, which form π-π
conjugations [38] with π electrons in the benzene ring in the structure of BPA. In the early
stages of adsorption, the SWCNTs/FexOy had a larger specific surface area and numerous
available adsorption sites, allowing for more π electrons to be exposed for binding with
BPA. Consequently, the rate of adsorption of BPA increased rapidly with the adsorption
time. The second stage was a slower adsorption phase, where the BPA molecules diffused
into the mesopore and macropore of the SWCNTs/FexOy. As the BPA concentration
decreased, the number of effective adsorption sites on the SWCNTs/FexOy also diminished,
and the quantity of BPA molecules within the adsorbent gradually increased. Adsorption
was influenced by the concentration and molecular size of the adsorbate. As adsorption
approached equilibrium, the diffusion resistance rose. The fact that I 
= 0 under the test
conditions suggested that intra-particle diffusion was not the sole rate-limiting step, and
that several other controlling factors significantly influenced the adsorption of BPA by
the CNTs.

3.6. Comparison of Adsorption Quantity

The adsorption capacity of the SWCNTs/FexOy composites for the removal of BPA,
as illustrated in this study, was comparatively assessed with data from other adsorbents
reported in the literature, with the findings being summarized in Table 4. Figure 13 shows
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the adsorption mechanism of the SWCNTs/FexOy for BPA. Combined with Table 4 and
Figure 13, it can be seen that the modified SWCNTs/FexOy had an excellent adsorption
capacity for BPA. Previous studies have suggested that the two phenyl rings of the BPA
molecule can be adsorbed onto the surface of CNTs in various configurations: namely,
aligned parallel to the longitudinal axis of the tube, encircling the circumference, or posi-
tioned diagonally. This adsorption is purported to occur via a π-π electron donor–acceptor
interaction, culminating in the establishment of a π-π conjugation with the π electron
system of the CNTs. Furthermore, it has been suggested that the reliance of these π-π
interactions on pH is minimal, indicating a robustness in the adsorption mechanism across
varying pH conditions. In this research, the modification of the SWCNTs results in a larger
surface area and the presence of numerous micropores and mesopores, which allows for
more π electrons to be exposed for binding with BPA and to form π-π conjugations, thus
accelerating the adsorption process. Furthermore, the hydrophobic nature of the carbon
nanotube surfaces [39,40] has been found to be effective in BPA adsorption, exhibiting a
pH independence similar to that of π-π interactions. Additionally, the water solubility of
BPA should be considered; in alkaline conditions, BPA exists in a salt form, which can
also affect adsorption. Finally, the unique magnetic properties of the SWCNTs/FexOy are
expected to facilitate the recovery and reuse of the adsorbent, minimizing the potential
harm to humans or aquatic organisms.

Table 4. The adsorption capacity of BPA by SWCNTs observed in this work is compared with that
reported for other adsorbents in the literature.

Target Adsorbate Adsorbent pH Value
Maximum
Capacity
(mg·g−1)

References

BPA N-NiO@N-Fe3O4@N-ZnO 5 100 [41]
BPA activated carbon 7 44.1 [42]
BPA MWCNTs/SiO2/CS 6.22 46.2 [43]
BPA HMWCNTs/Fe3O4 - 113 [44]
BPA MWCNTs/Fe3O4 6.2 45.31 [27]
BPA Fe3O4/GO - 72.8 [45]
BPA SWCNTs/FexOy 3 117 This work

4 96 This work
5 93 This work
7 91 This work

Figure 13. The main mechanism of adsorption of SWCNTs/FexOy on BPA.

4. Conclusions

In this work, high-quality SWCNTs containing an iron catalyst were prepared by
a simple arc discharge method in a hydrogen–argon mixed atmosphere, and the iron
nanoparticles were oxidized in situ into magnetic iron oxide nanoparticles by air heat
treatment. Based on the unique structure of this nanocomposite material, the adsorption
performance of BPA in water as an adsorbent was studied. The main findings are as follows:
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(1) At the same pH value, compared to other CNTs or carbon materials coated with
different oxides, this composite material demonstrates a higher efficiency in adsorbing
BPA. After air heat treatment, the SWCNT composite material possesses an increased
surface area, which enhances its adsorption efficiency.

(2) At low initial BPA concentrations, especially below 0.05 mmol/L, the adsorption
efficiency quickly reaches 90% and quickly reaches equilibrium. Acidic conditions
were more conducive to the adsorption of BPA by SWCNTs/FexOy.

(3) The kinetic calculations of adsorption indicate that the process follows a pseudo
second-order kinetic model. The experimental data fit well with the Langmuir and D-R
adsorption isotherm models. Therefore, the adsorption of BPA on the SWCNTs/FexOy
is likely to be in the form of a uniform monolayer, and the adsorption process is more
consistent with physical adsorption.

The nanocomposite not only exhibits excellent adsorption capacity for hydrophobic
phenols (BPA) but also exhibits effective magnetic separation performance, and is easy
to recover from water, so it is a promising material for removing BPA from water. Its
adsorption capacity is higher under acidic conditions, so the next step will be to study its
adsorption performance in actual wastewater. We also need to pay attention to the effect of
the Fe doping ratio on adsorption.
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Abstract: Although lithium–sulfur batteries possess the advantage of high theoretical specific capacity,
the inevitable shuttle effect of lithium polysulfides is still a difficult problem restricting its application.
The design of highly active catalysts to promote the redox reaction during charge–discharge and
thus reduce the existence time of lithium polysulfides in the electrolyte is the mainstream solution
at present. In particular, bimetallic compounds can provide more active sites and exhibit better
catalytic properties than single-component metal compounds by regulating the electronic structure
of the catalysts. In this work, bimetallic compounds-nitrogen-doped carbon nanotubes (NiCo)Se2-
NCNT and (CuCo)Se2-NCNT are designed by introducing Ni and Cu into CoSe2, respectively. The
(CuCo)Se2-NCNT delivers an optimized adsorption–catalytic conversion for lithium polysulfide,
benefitting from adjusted electron structure with downshifted d-band center and increased electron
fill number of Co in (CuCo)Se2 compared with that of (NiCo)Se2. This endows (CuCo)Se2 moderate
adsorption strength for lithium polysulfides and better catalytic properties for their conversion.
As a result, the lithium–sulfur batteries with (CuCo)Se2-NCNT achieve a high specific capacity of
1051.06 mAh g−1 at 1C and an enhanced rate property with a specific capacity of 838.27 mAh g−1 at
4C. The work provides meaningful insights into the design of bimetallic compounds as catalysts for
lithium–sulfur batteries.

Keywords: catalysts; metallic compounds; electron structure; lithium sulfur batteries; electrochemical
performance

1. Introduction

Lithium–sulfur (Li-S) batteries have gotten a lot of attention since 2009 benefitting
from their high theoretical specific capacity (1675 mAh g−1), energy density (2600 Wh
kg−1), and application possibilities [1,2]. However, lithium polysulfide (LiPSs, Li2Sx,
2 ≤ x ≤ 8) intermediates are generate during the discharge process, which is easily dissolved
and suffers sluggish reaction kinetics. The accumulated LiPSs in the electrolyte will diffuse
through the separator to the lithium anode and return to the cathode during the charging
process, resulting in the so-called infamous shuttle effect [3]. This causes a loss of sulfur-
active material and a decrease in capacity, slowing down the commercialization of batteries,
which remains a major challenge [4]. In recent years, the solution strategies have focused on
the design of catalysts for sulfur cathode or separator modification to adsorb the LiPSs and
catalyze their conversion, reducing the shuttle effect and improving the charge–discharge
property of Li-S batteries [5–7].

Currently, catalyst materials for Li-S batteries mainly include metal oxides, metal
sulfides, metal nitrides, and metal phosphates with single metal components [8,9]. Consid-
ering the complex and multistep conversion of LiPSs in the process of charge–discharge
and the difficulty of adjusting the electron structure of catalysts by single, it is extremely
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necessary to modify metal components for increasing active site and adjusting its cat-
alytic activity with introduced metal ions [10–12]. The methods involve doping and the
construction of bimetallic compounds [8,13–15]. Among them, doping modifications are
deeply studied to boost the catalytic activity of catalysts for Li-S batteries, while bimetallic
compounds should be further developed even though some reports. For example, NiCo2S4,
NiCoP, Li4Ti5O12, Co3Mo3N, CoSn(OH)6, Ni2Co4P3, et al. had been designed, which de-
livered improved catalytic performance than corresponding to one component metallic
compounds [16–21]. This could be ascribed to optimized chemical interaction between
bimetallic compounds and LiPSs as well as catalytic activity, contributing from adjusted
electron structure, such as d orbital electron filling and d band center [22–26]. This is
because the LiPSs on catalysts include adsorption–conversion–desorption processes, weak
adsorption cannot effectively trigger the reaction, while too strong adsorption passivates
the active sites to hinder the subsequent reaction and moderate adsorption capacity will
obtain the best catalytic performance [27]. Among them, d band center is an important
parameter related to adsorption energy for LiPSs: the higher d band center, the stronger
the chemical interaction, and vice versa [23]. For the d orbital fill number, the more it is
filled, the weaker the binding capacity with LiPSs, and vice versa [28,29]. Introducing metal
ions can optimize the adsorption–conversion–desorption process of LiPSs by adjusting
the d-band center as well as electron filling of metal-based catalysts [21]. Ni element is
widely selected for modifying Co-based metallic compounds due to their similar element
characteristics, such as Ni-doped WS2, Ni-doped MoS2, and Ni0.2Mo0.8N [30–32]. Whether
other elements can achieve better modification effects and the reason for this are worth
exploring to promote the research of catalysts for Li-S batteries.

In this work, Ni and Cu are introduced into CoSe2 and construct bimetallic compounds-
nitrogen-doped carbon nanotubes, (NiCo)Se2-NCNT and (CuCo)Se2-NCNT, respectively.
Even though the (NiCo)Se2-NCNT presents a better adsorption effect, the (CuCo)Se2-NCNT
delivers an improved catalytic performance compared to (NiCo)Se2-NCNT. Consequently,
the (CuCo)Se2-NCNT modified separator (Figure S1) endows the corresponding Li-S
batteries with a higher specific capacity and enhanced rate performance. The electron
structure analysis reveals the better catalytic properties of (CuCo)Se2 resulting from a
downshifted d band center and increased electron fill number.

2. Experimental

2.1. Preparation of Bimetallic Selenides

A total of 8 g of melamine and 0.1 g of anhydrous glucose were added into 60 mL of
deionized water, after being stirred and mixed thoroughly. Ten mL of Ni(NO3)2·6H2O and
Co(NO3)2·6H2O aqueous solution was then added drop by drop, in which the total mass of
the two metal salt ions was 0.8 g and the molar ratio was 1:1. The mixture was then stirred
at 60 ◦C until a dry powder was obtained. The powder was then heated at 800 ◦C for 3 h
in N2 to obtain NiCo-NCNT. Finally, NiCo-NCNT was mixed with selenium powder at a
mass ratio of 1:2 and heated at 400 ◦C for 2 h under nitrogen at a heating rate of 2 ◦C min−1

to obtain (NiCo)Se2-NCNT. (CuCo)Se2-NCNT was prepared by replacing Ni(NO3)2·6H2O
with equimolar Cu(NO3)2·3H2O.

2.2. Preparation of Modified Separators and Sulfur Cathodes

(NiCo)Se2-NCNT/(CuCo)Se2-NCNT, acetylene black, and polyvinylidene fluoride
(PVDF) were ground evenly at the mass ratio of 4:5:1, which was then stirred for 12 h with
N-methylpyrrolidone (NMP). The prepared paste was coated on Celgard 2500 separator,
and the modified separator was cut after vacuum drying at 60 ◦C for 12 h.

Sublimed sulfur powder and acetylene black were ground evenly at the mass ratio
of 7:3 and heat treated at 155 ◦C under a nitrogen atmosphere for 12 h to obtain sulfur
composite. Sulfur composite, acetylene black, and PVDF with a mass ratio of 7:2:1 were
mixed in NMP and coated on carbon-coated aluminum foil. Sulfur cathode was obtained
with a sulfur load of about 1.1 mg cm−2 after being dried at 60 ◦C for 12 h in a vacuum.
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2.3. Characterization of Bimetallic Selenide Materials

X-ray diffraction (XRD) using Cu Kα radiation source, transmission electron mi-
croscopy (TEM), selected area electron diffraction (SAED), and energy dispersive spec-
troscopy were carried out to analyze the morphology, crystal structure, and composition of
the prepared materials. X-ray photoelectron spectroscopy (XPS) was conducted to study
the valence states of the materials. N2 adsorption/desorption analyzer was conducted to
measure the pore size distribution.

2.4. Electrochemical Performance Test of Li-S Batteries

Sulfur cathode, modified separator, and lithium sheet were used to assemble 2032 coin
batteries, using 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) in DOL/DME
with 2 wt% LiNO3 as electrolyte. Constant current charge–discharge tests were conducted
on the NEWARE system at 1.7~2.8 V. Electrochemical impedance spectroscopy (EIS) was
carried out at 102~105 Hz and ±5 mV. Cyclic voltammetry (CV) was performed on a
CHI760E electrochemical workstation with a scanning speed of 0.1 mV s−1 at 1.7~2.8 V.
Galvanostatic intermittent titration technique (GITT) was conducted to obtain open circuit
voltage (OCV) with the current pulse of 30 min, and the quasi-open circuit voltage (QOCV)
was obtained by standing for 1 h at 0.1C.

2.5. Analysis of Adsorption and Catalytic Properties of Bimetallic Selenides
2.5.1. Adsorption Effect Evaluation

First, S and Li2S with a molar ratio of 5:1 were dissolved in 1,3-dioxolane (DOL) and
dimethoxymethane (DME) (v:v = 1:1) to prepare Li2S6 solution. Then, an equal amount of
bimetallic selenides was added to 2 mL Li2S6, respectively. The color change of the solution
was recorded. And, after adsorption, the supernatant was removed and the sample was
dried for the XPS test to analyze the change of valence state.

2.5.2. CV test of Li2S6 Symmetric Batteries

The bimetallic selenides and PVDF were mixed at a mass ratio of 9:1 in NMP and
coated on aluminum foil to make electrodes for symmetric batteries. A total of 15 μL
of 0.5 M Li2S6 solution was used to assemble Li2S6 symmetric batteries. CV test was
conducted in the range of −1.0~1.0 V at 10 mV s−1.

2.5.3. Li2S Deposition and Decomposition Test

S and Li2S in a molar ratio of 7:1 were dissolved in tetraethylene glycol dimethyl
ether at 60 ◦C to prepare 0.1 M Li2S8 solution. CR2032 coin batteries were assembled
with the cathode sheets used for symmetric batteries, and lithium sheets as the anodes.
The electrolyte on the cathode side was 20 μL of 0.1 M Li2S8, and that on the anode side
was the same with Li-S batteries. The batteries were discharged at 0.113 mA to 2.06 V
and then held at 2.05 V until the current was below 10−2 mA for Li2S deposition. The
batteries were constantly discharged to 1.8 V, then potentiostatically discharged to a current
lower than 0.01 mA, and then potentiostatically charged at 2.4 V for 10 h to evaluate Li2S
decomposition ability.

3. Results and Discussion

3.1. Materials Characterization

XRD patterns of CoSe2-NCNT, (NiCo)Se2-NCNT, and (CuCo)Se2-NCNT are shown
in Figure 1a, which correspond to PDF#88-1712, PDF#29-1417, and PDF#25-0309, respec-
tively, proving the successful synthesis of bimetallic selenides. The three materials are
cubic crystals with similar crystal structures, whose cell parameters are a = b = c = 5.859,
a = b = c = 5.891, and a = b = c = 6.056, respectively. Moreover, the diffraction peaks of
(NiCo)Se2-NCNT and (CuCo)Se2-NCNT are left-shifted compared to that of CoSe2-NCNT
by 2◦ and 3◦, respectively, indicating that the crystal plane spacing increases. To study the
chemical state of different CoSe2-based catalysts, XPS tests were conducted. As shown in
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Figure 1b, the peaks of 932.1 and 952.1 eV are Cu+ 2p3/2 and Cu+ 2p1/2, and the peaks of
934.3 eV and 954.4 eV are Cu2+ 2p3/2 and Cu2+ 2p1/2 [33]. As for Ni 2p XPS spectrum of
(NiCo)Se2-NCNT (Figure 1c), peaks at 854.40 eV and 856.00 eV are Ni2+ 2p3/2 and Ni3+

2p3/2, peaks of 871.90 eV and 876.18 eV relate to Ni2+ 2p1/2 and Ni3+ 2p1/2 [34,35]. The
effects of the introduction of Ni and Cu on the electronic structure is also compared, as
displayed in Figure 1d,e. In comparison to CoSe2, the peaks of Co2+ 2p1/2 and Co3+ 2p1/2 of
(NiCo)Se2-NCNT and (CuCo)Se2-NCNT are shifted to lower binding energies. The peaks
of Se 3d of (CuCo)Se2-NCNT are upshifted, while that of (NiCo)Se2-NCNT is downshifted.
This means the change of electron density CoSe2 resulting from the electron interaction of
metal ions after the incorporation of Ni or Cu [19]. Figure 1f presents the N 1s spectrum, in
which the Pyridinic N, Pyrrolic N, and Graphitic N are regarded as active sites to anchor
LiPSs [36]. The microstructure and crystal structure of (CuCo)Se2-NCNT TEM are further
studied by TEM. The material displays a one-dimensional tubular morphology with a
diameter ranging from 10 to 60 nm, as shown in Figure 1g. In addition, most (CuCo)Se2
nanoparticles are located inside the carbon nanotubes. Moreover, the high-resolution TEM
(HRTEM) (Figure 1h) shows that the nanoparticles are about 10–150 nm in diameter and
wrapped in a carbon layer. The carbon nanotubes are in-situ generated during the high-
temperature stage resulting from the catalytic action of metal particles with glucose as a
carbon source. Furthermore, the nanoparticles are generally encapsulated in nanotubes and
the diameters of the tubes are consistent with the nanoparticles. The size of nanoparticles
has a great effect on the electrochemical performances, due to the fact that the smaller
nanoparticles, the larger surface areas, meaning active sites to anchor LiPSs and catalyze
their conversion [37]. The fast Fourier transform (FFT) corresponding to the nanoparticle
in Figure 1h is presented in Figure 1i. The lattice spacing is 2.08 Å assigned to the (220)
crystal plane of (CuCo)Se2. The SAED pattern (Figure S2) displays the diffraction ring of
(002) of amorphous carbon and (220) lattice planes of (CuCo)Se2. According to the EDS
result of (CuCo)Se2 (Table S1), the doping amount of Cu is 36.56 at.%. The pore structure of
CoSe2-NCNT was characterized by N2 adsorption–desorption experiments. It can be seen
from Figure S3 that the material mainly contains mesoporous of 4 nm.

3.2. Electrochemical Performance of Li-S Batteries

The cycle performance at 0.1C was first tested to compare the electrochemical perfor-
mance of Li-S batteries with various separators (Figure 2a). The initial discharge capacities
of Li-S batteries with (CuCo)Se2-NCNT, (NiCo)Se2-NCNT, and CoSe2-NCNT reach 1670.08,
1410.41, and 814.81 mAh g−1, respectively. After 140 cycles, the capacities are maintained
at 634.74, 682.81, and 578.23 mAh g−1, respectively. In addition, the rate performance
of the battery equipped with (CuCo)Se2-NCNT modified separator is much higher than
that of the battery with (NiCo)Se2-NCNT and CoSe2-NCNT (Figure 2b). The discharge
capacities at 0.1C, 0.2C, 0.5C, 1C, 2C, and 4C reach 1504.40, 1388.32, 1206.94, 1083.17, 959.77,
and 838.27 mAh g−1, respectively, and the battery with (CuCo)Se2-NCNT achieves a dis-
charge capacity of 1294.91 mAh g−1 when returns to 0.1C again, showing excellent rate
performance. The initial charge and discharge curves at 0.1C are displayed in Figure 2c.
Two platforms are presented during discharging, which correspond to the conversion
of S8 into LiPSs and further reduction into Li2S, and their capacities are marked as QH
and QL, respectively. Li-S battery containing (CuCo)Se2-NCNT possess larger QH and
QL, meaning more S8 is converted to LiPSs and more Li2S are formed [38]. To compare
the reaction kinetics of Li-S battery, the voltage difference is marked as ΔE, and the ΔE
under different rates is compared, as presented in Figure 2d,e and Figure S4. Compared
with Li-S batteries with (NiCo)Se2-NCNT and CoSe2-NCNT, that of (CuCo)Se2-NCNT
exhibits the least polarization at various current densities (Figure 2f), meaning improved
reaction kinetics [38]. The battery with (CuCo)Se2-NCNT achieves an initial capacity of
1051.06 mAh g−1 at 1C, which is much higher than that of (NiCo)Se2-NCNT (838.63 mAh g−1)
and CoSe2-NCNT (657.44 mAh g−1). All in all, the Li-S batteries with bimetallic compounds
exhibit superior electrochemical performance, including higher specific capacity, more sta-
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ble cycle performance, and optimal reaction kinetics, especially (CuCo)Se2, as displayed
in Table S2. This means that the (CuCo)Se2 is more conducive to the application of Li-S
batteries for higher capacity and longer cycle life.

 

Figure 1. Physical and chemical property analyses of CoSe2-NCNT, (NiCo)Se2-NCNT, and (CuCo)Se2-
NCNT: (a) XRD patterns, XPS: (b) Cu 2p of (CuCo)Se2-NCNT, (c) Ni 2p of (NiCo)Se2-NCNT, (d) com-
parison of Co 2p of three samples, (e) comparison of Se 3d, (f) N 1s of (CuCo)Se2-NCNT, (g) TEM,
(h) HRTEM, (i)corresponding Fast Fourier transform patterns of (CuCo)Se2-NCNT.

3.3. Comparison of Adsorption–Catalytic Properties of Bimetallic Selenides

To compare the adsorption capacity of the three materials for LiPSs, equal amounts
of (NiCo)Se2-NCNT, (CuCo)Se2-NCNT, and CoSe2-NCNTy were added to Li2S6 solution,
and the color change was recorded. As shown in Figure 3a, the solution containing
(NiCo)Se2-NCNT began to fade first, suggesting the best adsorption effect, followed by
(CuCo)Se2-NCNT. The (NiCo)Se2-NCNT after adsorption was analyzed by XPS. Figure 3b
shows that a Li-N bond is formed between the catalyst and Li2S6 besides the Li-S bond of
Li2S6. Furthermore, as displayed in Figure 3c,d, after adsorbing Li2S6, the peak of Co 2p
moves towards lower binding energy, while the peak of Se 3d moves in the direction of
higher binding energy compared to the pristine sample, indicating the occurred chemical
interaction of (NiCo)Se2-NCNT and LiPSs as the electron transfer between them [39]. In
addition, the S 2p XPS (Figure 3e) displays the existence of polythionate and thiosulfate,
suggesting the oxidation of polysulfides, which is conductive to anchoring LiPSs.
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Figure 2. Electrochemical properties of various Li-S batteries: (a) cycling performance at 0.1C, (b) rate
capability, (c) initial charge–discharge curves at 0.1C, charge–discharge curves of battery at different
rate with (d) (CuCo)Se2-NCNT, (e) (NiCo)Se2-NCNT, (f) comparison of voltage difference (ΔE),
(g) cycle performance at 1C, and (h) cycle stability of batteries with higher sulfur loading at 0.1C.

 

Figure 3. (a) Comparison of visible adsorption effect; XPS spectra of (NiCo)Se2-NCNT after adsorp-
tion test: (b) Li 1s, (c) Co 2p, (d) Se 3d, (e) S 2p.

The EIS spectra of different Li-S batteries present semicircular in high-frequency re-
gions and oblique in low-frequency regions (Figure 4a). The value of the semicircle radius
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depends on the resistance generated by the charge transfer between the electrolyte and the
cathode, and the slope of the diagonal depends on the rate of ion diffusion [35]. It can be
seen that the battery of (CuCo)Se2-NCNT delivers the smallest resistance and the largest
Li+ diffusion rate in comparison to the other samples. Furthermore, the reduction peaks
(Peak A) around 2.3 V and 2.0 V (Peak B) in CV curves are attributed to S8 reduced to Li2Sx
(4 ≤ x ≤ 8) and then Li2S/Li2S2 (Figure 4b) [5]. The oxidation peak (Peak C) is related
to the conversion from Li2S to LiPSs/S8 [40]. (CuCo)Se2-NCNT endows the correspond-
ing battery with the optimized potential difference and highest peak current compared
with CoSe2-NCNT and (NiCo)Se2-NCNT, meaning an improvement in sulfur utilization
and reaction kinetics [41]. Tafel slopes were further analyzed according to CV curves to
assess the catalytic capacity (Figure 4c–e). The Tafel slopes of the battery with (CuCo)Se2-
NCNT are 82 and 66 mV dec−1 for Peak A and Peak B, and 73 mV dec−1 for Peak C. It is
much smaller than (NiCo)Se2-NCNT (108, 73, 67 mV dec−1) and CoSe2-NCNT (280, 293,
180 mV dec−1). This means that (CuCo)Se2-NCNT can effectively promote the conversion
of sulfur species [42]. As for the CV of Li2S6 symmetric batteries (Figure 4f), the peaks
are related to the redox of Li2S6. The battery with (CuCo)Se2-NCNT delivers the largest
peak current, indicating better catalytic activity than other samples, thus enhancing LiPSs
conversion kinetics [19,43]. GITT was also applied to analyze the ohmic impedance during
charge–discharge, and the calculation basises of ohmic impedance is shown in Figure 4g,h
and Figure S5, and Equation (S1) [44]. It can be seen from Figure 4i that the battery with
(CuCo)Se2-NCNT presents the lowest impedance in comparison to (NiCo)Se2-NCNT and
CoSe2-NCNT, meaning facilitated reaction kinetics [45].

Figure 4. Catalytic performance analyses: (a) EIS, (b) CV at 0.1 mV s−1, Tafel curves of (c) Peak A,
(d) Peak B, (e) Peak C, (f) CV of Li2S6 symmetrical cell at scanning rate of 10 mV s−1, GITT plots
of Li-S batteries with (g) (CuCo)Se2-NCNT, (h) (NiCo)Se2-NCNT, and (i) comparison of impedance
during charging–discharging.
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To analyze the catalytic effect of various bimetallic selenides on the liquid–solid con-
version from LiPSs to Li2S, nucleation experiments of Li2S were carried out at 2.05 V.
The (CuCo)Se2-NCNT achieves a larger Li2S deposition capacity of 180.59 mAh g−1 than
(NiCo)Se2-NCNT (126.78 mAh g−1) and CoSe2-NCNT (147.23 mAh g−1) (Figure 5a–c). In
the meanwhile, Li2S has a faster nucleation response (2361 s) on (CuCo)Se2-NCNT than
on (NiCo)Se2-NCNT and CoSe2-NCNT. This suggests that (CuCo)Se2-NCNT can signifi-
cantly promote the nucleation and growth of Li2S [21]. Similarly, the Li2S decomposition
experiments were carried out at 2.4 V to evaluate the decomposition ability of Li2S under
different catalysts. The Li2S decomposition capacity on the surface of (NiCo)Se2-NCNT
(436.84 mAh g−1) is superior to (CuCo)Se2-NCNT (364.72.8 mAh g−1) and CoSe2-NCNT
(264.37 mAh g−1) (Figure 5d–f), presenting a good catalytic effect on the decomposition of
Li2S [46].

 

Figure 5. Potentiostatic discharging curves of Li2S8 solution on different catalysts at 2.05 V:
(a) (CuCo)Se2-NCNT; (b) (NiCo)Se2-NCNT; (c) CoSe2-NCNT, potentiostatic charging curves of
Li2S8 solution at 2.4 V on different catalysts: (d) (CuCo)Se2-NCNT and (e) (NiCo)Se2-NCNT,
(f) CoSe2-NCNT.

To reveal the fundamental reason for the superior catalytic performance of (CuCo)Se2,
the electronic structure was analyzed by first-principles calculation. The theoretical cal-
culation structure models of the three samples and the model structure parameters are
displayed in Figure S6 and Table S3. (CuCo)Se2 presents larger lattice parameters than the
other two, which is in line with the XRD analysis result. Moreover, the density of states of
different materials was also calculated. The (CuCo)Se2 presents a higher density of states
around the Fermi level in comparison to CoSe2 and (NiCo)Se2 (Figure 6a), meaning a better
electron conductivity, which can help to accelerate the electrochemical reaction [8,47,48].
Charge density difference analyses are further displayed in Figure 6b,c, the yellow region
stands for charge accumulation and the cyan region means charge depletion. As a result,
electron consumption occurs around Ni and Cu, suggesting charge transfer from Ni/Cu to
other ions and causing charge redistribution. Moreover, the d orbital electronic structure
of Co and incorporated metal ions is presented in Figure 6d. Compared to CoSe2, the d
band center of Co in (NiCo)Se2 is upshifted, while that of Co in (CuCo)Se2 is downshifted.
Meanwhile, the d band center of Ni is also higher than that of Cu. According to d band
center theory, the upshifted d band center, the higher the adsorption energy [28,49]. How-
ever, the catalyzing LiPSs conversion involves the adsorption–catalysis–desorption process,
and too strong adsorption could inhibit the desorption process and occupy active sites,
which is not conductive to further reaction [23,27,50]. In addition, Cu increases the d orbital
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occupation number of Co while the Ni decreases it (Figure 6d and Table S4), thus improving
the desorption and catalytic property of (CuCo)Se2 for LiPSs [21,26]. Consequently, the
introduction of Cu into CoSe2 endows the (CuCo)Se2 with a relatively low d band center
and d orbital occupation number of Co, which can render it to achieve proper adsorption
energy for LiPSs and catalyze their conversion, promoting the electrochemical properties
of Li-S batteries.

Figure 6. Theoretical analyses of d orbital electronic structure. DOS of: (a) CoSe2, (b) (NiCo)Se2,
(c) (CuCo)Se2, Electron density difference of (d) (NiCo)Se2, (e) (CuCo)Se2, (f) Comparison of d orbital
electronic structure parameters.

In addition to being used in Li-S batteries, bimetallic selenides can also be used
in other types of batteries (lithium-ion batteries, sodium-ion batteries, magnesium-ion
batteries, et al.), various supercapacitors, electrocatalysts for hydrogen evolution reaction,
oxygen evolution reaction, etc. [51–57]. Therefore, the designed bimetallic selenides in this
paper can also be extended to other fields.

4. Conclusions

In summary, Ni and Cu were successfully introduced to CoSe2 and constructting
bimetallic compounds (NiCo)Se2 and (CuCo)Se2. The electron structure of (NiCo)Se2 and
(CuCo)Se2 were adjusted to optimize the adsorption–conversion of LiPSs. To be specific,
the Ni rendered the d band center of Co in (NiCo)Se2 upshifted, while Cu downshifted
it. In the meanwhile, d orbital occupation number of Co in (CuCo)Se2 was increased
but that of (NiCo)Se2 was decreased. The downshifted d band center and increase of d
orbital occupation number of Co in (CuCo)Se2 could endow the LiPSs with moderate
adsorption energy, optimizing their adsorption–conversion process. In contrast, too strong
adsorption of (NiCo)Se2 would inhibit the desorption of LiPSs and was not conductive
to further catalyze the LiPSs conversion. Consequently, the (CuCo)Se2 delivered better
catalytic properties for LiPSs and endowed the corresponding Li-S batteries with improved
electrochemical performance.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma17133075/s1, Figure S1. Scheme of Li-S battery with
modified separator. Figure S2. Selected area electron diffraction (SAED) pattern of (CuCo)Se2.
Figure S3. Pore size distribution of CoSe2-NCNT. Figure S4. Charge-discharge curves of battery with
CoSe2-NCNT at different rate. Figure S5. GITT plots of Li-S batteries with CoSe2-NCNT. Figure S6.
Theoretical calculation structure model of (a) CoSe2, (b) (NiCo)Se2, (c) (CuCo)Se2. Table S1. The
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content of each element in (CuCo)Se2. Table S2. Comparison of electrochemical performance of
Li-S batteries with different catalysts. Table S3. Theoretical model structural parameters of different
materials. Table S4. d orbital electronic structure parameters of different (MCo)Se2.
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Abstract: In this study, we explored the potential of exfoliated transition metal dichalcogenides
(TMDs) as innovative spray-coated hole transport layers (HTLs) in organic photovoltaics (OPVs),
addressing the need for efficient and stable materials in solar cell technology. This research was
motivated by the need for alternative HTLs that can offer enhanced performance under varying
lighting conditions, particularly in indoor environments. Employing UV-visible absorption and
Raman spectroscopy, we characterized the optical properties of MoS2, MoSe2, WS2, and WSe2,
confirming their distinct excitonic transitions and direct bandgap features. The nanocrystalline nature
of these TMDs, revealed through XRD patterns and crystallite size estimation using the Scherrer
method, significantly contributes to their enhanced physical properties and operational efficiency as
HTLs in OPVs. These TMDs were then integrated into OPV devices and evaluated under standard
solar and indoor lighting conditions, to assess their effectiveness as HTLs. The results demonstrated
that MoS2, in particular, displayed remarkable performance, rivalling traditional HTL materials
like MoO3. It maintained high power conversion efficiency across a spectrum of light intensities,
illustrating its versatility for both outdoor and indoor applications. Additionally, MoS2 showed
superior stability over extended periods, suggesting its potential for long-term usage in OPVs. This
study contributes significantly to the field of photovoltaic materials, presenting TMDs, especially
MoS2, as promising candidates for efficient and stable OPVs in diverse lighting conditions, thereby
broadening the scope of solar cell applications.

Keywords: organic photovoltaics (OPVs); indoor organic photovoltaics (iOPVs); transition metal
dichalcogenide (TMD); liquid phase exfoliation (LPE); spray-coating

1. Introduction

Organic photovoltaics (OPVs) have evolved substantially since the first devices were
developed in the 1980s [1], with their reported power conversion efficiency (PCE) displaying
an overall increase of >19% as of 2023 [2]. However, it has become increasingly clear that the
objective of this class of emerging photovoltaics is not to replace conventional silicon (Si)-
based solar panels but to complement them. Organic solar cells (OSCs) offer a lightweight
and cost-effective alternative for solar power generation, and while recent advancements
have enabled PCE values to approach those of commercial Si solar panels, their role is
seen as supplementary, particularly in applications where flexibility and lower weight are
advantageous [2]. There are persisting drawbacks that generally hinder their commercial
viability and market adoption. OPVs exhibit low stability, as exposure to moisture, oxygen,
and UV light cause degradation of the cell, especially to the polymer active layer (AL) [3,4].
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Therefore, providing protection of the AL is a pragmatic approach for increasing the overall
stability of OPVs.

To address these challenges effectively and enhance the performance and stability of
OPVs, it is crucial to not only focus on the photoactive materials but also on other critical
components of the cell where performance losses are likely to occur [5]. The carrier-selective
charge transport interlayers, essential for enhancing photogenerated carrier extraction from
the bulk heterojunction (BHJ) [6], are of particular interest. The ideal interlayer, whether
it is an n-or a p-type semiconductor, should align energetically with the BHJ layer and
offer processing flexibility to prevent issues like de-wetting and pinhole formation [7].
While there are several successful examples of electron-transporting layers (ETLs), like
ZnO, LiF, and PFN-Br in organic photovoltaics (OPVs) [8,9], progress in hole-transporting
layers (HTLs) has been more constrained, with fewer materials available [10–12]. Currently,
the conjugated polymer Poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) stands out as the
most prevalent HTL in standard OPV architectures, while the vacuum-deposited MoO3 is
typically employed in inverted structures [13]. However, the hygroscopic and acidic nature
of PEDOT:PSS can degrade the commonly used indium tin oxide (ITO) electrode material.
To overcome these challenges, alternative HTL materials, including various transition
metal oxides, have been suggested [14,15]. Yet, these alternatives often require vacuum
processing or complicated chemistry, involving high-temperature annealing, which add
complexity and energy intensity to the cell manufacturing process.

The advent of Internet of Things (IoT) technology has catalyzed the development of
low-energy electronics, such as wireless sensors and router nodes, that can be powered
by the minimal energy harvested from indoor lighting. This advancement has carved a
specialized market for OPVs. Compared to their inorganic counterparts [16,17], OPVs have
demonstrated superior performance in indoor environments, attributed to their highly
tunable light absorption properties and lower current leakage. Studies indicate that OPVs
can achieve indoor PCE values exceeding 30% [18,19], underscoring their potential in
powering low-energy-consuming electronics for indoor use. A key factor distinguishing
indoor from outdoor power generation is the light source. Indoor artificial lighting, pre-
dominantly within the visible spectrum, has a varied emission spectrum and significantly
lower intensity—often less than one-thousandth—compared to outdoor sunlight [20].

TMDs are a class of layered semiconductor that consist of one transition metal atom
(M) and two chalcogen atoms (X) in the general chemical formula of MX2 (Figure 1a).
In their bulk or three-dimensional (3D) form, TMDs appear as stacked layers of X–M–X
held together by weak van der Waals forces, wherein the metal and chalcogen atoms
are connected with strong covalent bonds, creating a honeycomb-shaped lattice. Bulk
TMDs are semiconductors with a tunable indirect energy bandgap that widens and shifts
toward a direct bandgap with the transition toward a monolayer structure [21–23]. Due
to their optical and electrical properties [24,25], TMDs such as MoS2, WS2, MoSe2, and
WSe2 have been utilized in electronic and optoelectronic technologies [25,26], photovoltaic
devices [27,28], and energy storage [29].

Figure 1. (a) Three-dimensional structure of TMDs, where M = transition metal and X = chalcogen.
(b) Digital photograph of TMD dispersions prepared in IPA via liquid phase exfoliation (LPE).
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Monolayer or few-layer TMDs can be produced with exfoliation, which involves the
isolation of individual flakes from the bulk crystal by applying an external force which
is sufficient to overcome the van der Waals forces holding the individual flakes together.
Exfoliation is a top-down production method that can be achieved by mechanical cleavage,
also known as “the ScotchTM tape method” [30] and chemical exfoliation [31,32]. In this
study, liquid phase exfoliation (LPE) was employed to produce exfoliated TMD flakes
directly from pristine TMD powders.

LPE is a simple, high-yield, scalable, and cost-effective method of producing exfoliated
mono- and few-layer nanomaterials such as graphene, graphene-related materials, and
TMDs [33–36]. The driving force behind LPE is cavitation [37,38]. Cavitation involves
the formation and growth of bubbles within the liquid medium due to the applied high
ultrasonic frequencies, the intercalation of these microbubbles between the individual
sheets of the bulk nanomaterial, and subsequent collapse of said bubbles. Upon implosion,
the energy that is released from the generated shock wave is sufficient to overcome the
van der Waals forces between the materials layers resulting in the separation of individual
nanosheets. Another important benefit of LPE as a production method for exfoliated
nanomaterials is that the produced nanosheets are dispersed directly into a liquid medium
from the bulk crystal and are ready to use for further modification through chemical
reactions or for thin film formulation using several deposition methods, such as spin-
coating [27] or inkjet printing [39].

For the deposition of the LPE-produced TMD flakes onto the AL, spray-coating was
employed. This deposition method was selected as an alternative to spin-coating, as it
ensures the distribution of TMD flakes all along the AL surface and allows for thickness
control by monitoring the total volume of the dispersion that is sprayed, with results
ranging from TMD flake decoration to thick, compact TMD films. The spray-coating
method involves spraying a solution or dispersion of a material onto the desired substrate,
which is mildly heated to aid the evaporation of the solvent, thus leaving behind a solid
thin film of the material.

In this study, we embarked on a detailed investigation into the properties and appli-
cations of exfoliated transition metal dichalcogenides (TMDs), focusing on their potential
as alternative HTLs in OPVs. Our approach involved a thorough characterization of the
optical properties of MoS2, MoSe2, WS2, and WSe2 using UV-visible absorption and Raman
spectroscopy. These analyses confirmed the unique excitonic transitions and direct bandgap
features of the TMDs, aligning well with the existing literature. A significant aspect of our
research was the integration of these TMDs into OPV systems, where they were tested under
both standard and indoor lighting conditions. This dual-environment testing was crucial
in evaluating the real-world applicability of the TMDs in OPVs, especially considering the
varying light conditions in practical scenarios. The results were particularly promising for
MoS2, which emerged as a strong contender among the TMDs for its effective performance
as an HTL. This material demonstrated comparable, and in some cases superior, efficacy to
traditional HTL materials like MoO3, both under standard solar illumination and indoor
lighting conditions. The adaptability of MoS2 across different light intensities, essential
for indoor applications, was a standout finding, highlighting its potential versatility in
photovoltaic applications. Furthermore, the long-term stability of MoS2, surpassing that of
MoO3 in extended aging tests, pointed to its robustness and suitability for sustained use
in OPV applications. This comprehensive study not only advances our understanding of
TMDs in photovoltaic applications but also opens new avenues for the development of
more efficient and versatile OPVs, suitable for a wide range of environmental conditions.

2. Materials and Methods

For the preparation of the exfoliated TMDs, molybdenum(IV) sulfide (98%), molyb-
denum(IV) selenide (99.9%, metals basis), tungsten(IV) sulfide, (99.8%, metals basis) and
tungsten(IV) selenide (99.8%, metals basis) were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA), while isopropanol (IPA, ≥99.8%) was purchased from Hon-
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eywell (Charlotte, NC, USA). LPE was performed using a Hielscher (Teltow, Germany)
UP200Ht (200 W, 26 KHz) ultrasonic probe. The resulting TMD dispersions were isolated
via centrifugation using a Hettich (Tuttlingen, Germany) UNIVERSAL 320 centrifuge. The
UV-Vis absorption spectra of the TMD dispersions and their respective sprayed film were
recorded using a Shimadzu (Kyoto, Japan) UV-2401 PC Recording Spectrophotometer and
UV Probe Software v2.34. Raman spectra were obtained at room temperature using a
modified LabRAM HR Raman Spectrometer (HORIBA Scientific, Kyoto, Japan). Deposition
of TMD dispersions via spray-coating was carried out using a commercial spray gun and
air compressor.

To prepare the TMD dispersions, 135 mg of each TMD powder was added to 45 mL
IPA for an initial concentration of 3 mg/mL. Each mixture was ultrasonicated using an
ultrasonic probe (200 W, 26 KHz, 100% Amplitude) for 2 h to achieve LPE. An ice bath
was used throughout LPE to maintain low temperatures and avoid overheating. The
dispersions were then centrifugated for 20 min to remove unexfoliated particles and aggre-
gates. MoS2(IPA) was centrifugated at 5000 rpm (3075 g), while MoSe2(IPA), WS2(IPA), and
WSe2(IPA) were centrifugated at 4000 rpm (1968 g). The resulting dispersions (Figure 1b)
were diluted to C/2 and their UV-Vis absorption spectra were recorded (Figure 2). Solid
samples for Raman spectroscopy measurements (Figure S1) were prepared by drop-casting
10 μL of each LPE-prepared TMD dispersion onto O2-plasma-treated (50 W, 5 min) silicon
(Si) substrates.

Figure 2. UV-visible absorption spectra of LPE-prepared (a) MoS2; (b) MoSe2; (c) WS2; (d) WSe2

dispersions in IPA.

For the device fabrication, the glass substrates with the indium tin oxide (ITO) pat-
tern from Naranjo first underwent a thorough cleaning process. Initially, they were sub-
jected to ultrasonic cleaning (37 KHz) in a sequence of deionized water, acetone, and
isopropanol, each for a duration of 10 min. This was followed by drying using a flow
of nitrogen gas and then an oxygen plasma treatment (50 W) for 5 min. Subsequently,
a zinc oxide (ZnO) solution was prepared by mixing zinc acetate dihydrate (0.5 g) and
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ethanolamine (0.14 g) in 10 mL of 2-methoxyethanol. This mixture was stirred vigorously
for 12 h under ambient conditions. The ZnO ETL layer was deposited at 4000 rpm for
40 s and was annealed at 160 ◦C for 30 min. For the active layer (AL), a solution compris-
ing Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-
(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)]
(PBDB-T) and 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis
(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno [1,2-b:5,6-b’]dithiophene (ITIC) in a
1:1 ratio (10:10 mg) was dissolved in 992.5 μL of chlorobenzene (CB) and 7.5 μL of 1,8-
diiodooctane (DIO). This solution was then spin-coated onto the prepared substrates at
a speed of 2500 rpm for 60 s. To complete the device, molybdenum oxide (MoOx) and
silver (Ag), measuring 10 nm and 100 nm, respectively, were thermally evaporated onto the
substrates. This was realized in a high-vacuum thermal evaporator operating at less than
3 × 10−6 Torr, creating an active area of 0.4 cm2. To incorporate the TMD flakes as the HTL
into the OPV devices, 0.5 mL of each TMD (IPA) dispersion were spray-coated onto the
previously deposited AL. The spray-coating deposition was performed using a commercial
airbrush and the devices were placed on a hotplate (40 ◦C) to aid solvent removal. The
carrier gas pressure was set at 2 bar, the deposition rate was 5 spray cycles per ml, the
deposition height was set at 15 cm, and the length was set at ~7 cm. The dispersions were
sprayed in 30 s intervals to allow time for the solvent to evaporate before beginning the
next spray cycle.

The electrical performance of the solar cell devices was evaluated through current
density-voltage (J-V) testing conducted in a nitrogen-filled glovebox. This process utilized
an Oriel solar simulator equipped with a 450 W Xenon lamp and an AM1.5G filter. To
ensure accuracy, the lamp’s intensity was carefully calibrated to 100 mW/cm2 using a KG5
silicon reference cell before any measurements were taken. Regarding the indoor light
measurements, an ultra-low-cost, commercial, and remotely-controlled smart LED lamp
was used that has the ability to change its emission spectrum and intensity per user’s taste.
The X-ray diffraction (XRD) measurements were conducted using a RIGAKU (Tokyo, Japan)
D/MAX-2500 powder diffractometer equipped with a monochromated Cu Kα radiation
[(λ = 1.5418 Å)]. Steady-state and time-resolved photoluminescence spectra were measured
using a fluorescence spectrophotometer (FS5, Edinburgh Instruments, Livingston, UK) at
room temperature. The samples were excited using a 478.4 nm laser as a source.

3. Results

3.1. Characterization of Exfoliated TMDs

When observing the recorded UV-Vis absorption spectra of all four TMD dispersions
in IPA (Figure 2), characteristic peaks of each sample are visible in the region of 500–900 nm
and are in agreement with previous reports on the optical absorbance of TMD nanoflakes
prepared via LPE with ultrasonication [40–42]. The absorption peaks appearing at 609
and 669 nm for MoS2, 705 and 807 nm for MoSe2, 527 and 633 nm for WS2, and ~550
and 755 nm for WSe2 are attributed to excitonic transitions that arise at the K point of the
Brillouin zone and are a characteristic of the 2H-phase [40,43–45]. Absorbance at ≤500 nm
is owed to direct transitions from the valence band to the conduction band [40,43]. The
Raman spectra obtained for the prepared TMD samples are available in the Supporting
Information (Figure S1). Raman spectra were obtained at room temperature using a
modified LabRAM HR Raman Spectrometer (HORIBA Scientific, Kyoto, Japan). Raman
excitation was achieved with a 532 nm central wavelength solid-state laser module with
a maximum laser output power of 90 mW. The microscope was coupled with a 50×
microscopic objective lens with a 0.5 numerical aperture and 10.6 mm working distance
(LMPlanFLN 50×/0.5, Olympus, Tokyo, Japan) that delivered the excitation light and
collected the Raman signals. The laser spot size was approximately 1.7 μm laterally and
about 2 μm axially. A 600 grooves/mm grating was used, resulting in a Raman spectral
resolution of ~2 cm−1. Figure S1 shows the recorded Raman spectra of the four LPE-
prepared TMD flakes.
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For MoS2, two prominent peaks are observed at 376 cm−1 and 401 cm−1, and are at-
tributed to first-order Raman modes, which are associated with the in-plane (E1

2g) and out-
of-plane (A1g) vibrational modes, respectively [46–49]. For MoSe2, the E1

2g peak appears
at 281 cm−1 and is lower in intensity than the A1g, which is observed at 236 cm−1 [49–51].

An additional low-intensity peak is observed at 346 cm−1, which is assigned to the B1
2g

vibrational mode. This mode is not active in bulk MoSe2; instead, it becomes Raman active
only in few-layer MoSe2 samples. In the WS2 spectrum, two signals are detected: a strong
peak at 338 cm−1, which is attributed to the second-order Raman peak, associated with the
2LA(M) phonon mode, and the A2g peak at 418 cm−1 [40,52]. In WS2, the E1

2g peak, which
appears at ~355 cm−1, overlaps with the high-intensity 2LA peak [52]. The resonance of
the 2LA(M) phonon mode is activated in monolayer WS2, thus providing ample evidence
of the successful exfoliation of the bulk material [53]. Two additional low-intensity peaks
appear at 171 and 227 cm−1. Lastly, the Raman spectrum recorded for WSe2 exhibits a
strong peak at 247 cm−1, which is interpreted as the combination signal of the A1g and E1

2g
Raman modes [49,50,54]. This can be an indicator of successful exfoliation, as distinct A1g

and E1
2g peaks are observed in the bulk WSe2 samples. The appearance of the B1

2g peak,
which is inactive in the bulk WSe2, further supports the generation of few-layer flakes
upon ultrasonication.

X-ray diffraction (XRD) was utilized to investigate the crystalline phase, the degree of
crystallinity, and the flake size of the TMD samples [55,56]. The TMD powders, which were
measured as reference samples, exhibit multiple narrow, sharp peaks with high intensity,
indicating the existence of multiple layers within well-ordered, highly crystalline materials,
a long-range order, and well-defined scattering planes (Figure 3) [57]. The XRD patterns
of the TMD powders are in agreement with previous reports for MoS2, MoSe2, WS2, and
WSe2 that match 2H polytype, which has a hexagonal (D6h) symmetry (space group:
P63/mmc) [58–66]. The LPE-prepared TMD flakes have fewer and broader diffraction
peaks compared to their respective powders, indicating that the crystallites are of smaller
size and/or have a less ordered crystalline structure. Overall, the obtained results for
our LPE-prepared samples are in accordance with previously reported XRD patterns for
the same exfoliated nanomaterials [67,68]. The absence of any other diffraction peaks is
evidence that the exfoliated TMD flakes remain pristine and unoxidized during the LPE
process [65,67,69]. A low-intensity peak appears at 44◦ for the MoSe2 flakes, which are
attributed to the aluminum (Al) holder [70]. A broad peak appears for the spray-coated
TMD samples, which is attributed to the signal derived from the glass substrates that
the TMD flakes were deposited onto [71,72]. The (002) peak is present in both the bulk
and exfoliated samples and corresponds to a typical Bragg’s plane for a nanocrystalline
structure [73]. The (002) peak of all the LPE-prepared flakes is much lower than that of the
respective powder, indicating successful exfoliation of the bulk material and the generation
of few-layer TMDs. Apart from the crystal structure analysis, information on the particle
size can be derived from the XRD peaks through the Scherrer equation [74–76]. The average
crystallite size D was calculated for the four TMDs at 14.44 nm for MoS2, 35 nm for MoSe2,
18.27 nm for WS2, and 31.11 nm for WSe2, according to the Scherrer equation, where
K = 0.94, λ = 0.154 nm, β = FWHM, and θ = peak position. The nanocrystalline size
of TMD flakes affects their physical, optoelectronic, mechanical, and structural proper-
ties [25,57,77–80]. The reduced crystallite sizes, estimated at 14.44 nm for MoS2, 35 nm
for MoSe2, 18.27 nm for WS2, and 31.11 nm for WSe2, contribute to a significant increase
in surface area and active sites [81]. This nanocrystalline feature is crucial for improving
the charge transfer efficiency and stability of the TMDs when applied as HTLs in OPVs.
The enhanced performance of MoS2, notably its high PCE and superior stability under
various lighting conditions, can be attributed to its nanocrystalline nature, which facilitates
efficient charge transfer properties and effective charge carrier dynamics [82,83]. The size-
dependent optical and electrical properties of these nanocrystalline TMDs underscore their
suitability for integration into OPVs, wherein their ability to enhance light absorption and
charge separation can significantly boost device performance.
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Figure 3. XRD patterns of the four TMDs (a) MoS2; (b) MoSe2; (c) WS2; (d) WSe2. The black line
corresponds to the bulk material powder and the blue line corresponds to the sprayed TMD flakes.

3.2. Device Fabrication and Characterization

The inverted architecture followed for the development of the OPVs in our study
is displayed in Figure 4a. A thin layer of the four TMDs was inserted via spray-coating
between the AL and the metal anode, in order to fabricate the OPVs. The active layer
that was used is PBDB-T:ITIC. The J-V curves in Figure 4b compare the devices fabricated
without HTL, with MoO3, and with the four TMDs MoS2, MoSe2, WS2, and WSe2 taken
under 100 mW/cm2 AM 1.5G illumination. Table 1 and Figure 4c provide a summary of
the average values for short-circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and power conversion efficiency (PCE) for each device set. The absence of
an HTL results in a lower PCE of 5.2 ± 0.14%, attributed to a diminished built-in electric
field. This is evident from the moderate open-circuit voltage (Voc) and short-circuit current
density (Jsc) values. The devices incorporating the commonly used MoO3 as an HTL
show a significant improvement, elevating the PCE to 9.68 ± 0.12%. This improvement
underscores the pivotal role of an efficient HTL in photovoltaic devices, as evidenced by the
increased Voc and Jsc values, along with a substantial FF. Shifting focus to the four TMDs,
MoS2, MoSe2, WS2, and WSe2, as spray-coated replacement HTLs, each MX2 demonstrates
unique performance characteristics. MoS2 emerges as a strong contender, closely rivaling
the performance of MoO3 with a PCE of 9.78 ± 0.10%. This suggests that MoS2 is an
effective alternative to traditional HTL materials. MoSe2, while showing a higher Voc,
yielded a PCE of 7.21 ± 0.41%, indicating a compromise in other performance metrics
like Jsc and FF. WS2 and WSe2, although exhibiting comparable Voc values to MoS2 and
MoO3, fall short in their overall performance, with PCEs of 7.76 ± 0.64% and 6.51 ± 0.62%,
respectively. Their lower Jsc and FF values suggest that while they are viable HTL materials,
their efficiency in converting solar energy is less optimal compared to MoS2 and MoO3.
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Figure 4. (a) The inverted OPV device architecture. (b) J-V curves of the best performing devices for
each parameter. (c) Statistical distribution of PCE from 20 cells for each parameter.

Table 1. Average photovoltaic parameters from J-V characterization of 20 devices, with and without
TMDs as the HTL. The boldface values denote the parameters of the best performing devices.

HTL Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

No HTL 0.73 ± 0.02
(0.74)

14.35 ± 0.31
(14.63)

48.87 ± 0.32
(49.15)

5.2 ± 0.14
(5.34)

MoO3
0.88 ± 0.01

(0.89)
15.71 ± 0.1

(16.36)
69.27 ± 0.52

(71.13)
9.68 ± 0.12

(10.38)

MoS2
0.89 ± 0.01

(0.90)
15.88 ± 0.09

(16.07)
69.08 ± 0.45

(70.31)
9.78 ± 0.10

(10.12)

MoSe2
0.77 ± 0.05

(0.89)
14.25 ± 0.44

(13.94)
62.73 ± 3.34

(71.04)
7.21 ± 0.41

(8.86)

WS2
0.86 ± 0.02

(0.89)
14.84 ± 0.55

(16.06)
60.42 ± 3.43

(68.46)
7.76 ± 0.64

(9.82)

WSe2
0.8 ± 0.05

(0.89)
13.81 ± 0.56

(13.29)
59.03 ± 4.09

(67.28)
6.51 ± 0.62

(7.96)

To study the charge carrier dynamics and understand the efficiency of the various
HTLs in the OPVs, we performed photoluminescence (PL) measurements (Figure S2). In
the provided PL graph, MoO3 is denoted with the lowest PL intensity among the tested
HTL materials, suggesting a highly efficient charge separation. The TMDs also demonstrate
quenched PL intensities in comparison to the device without an HTL, indicating enhanced
charge transfer processes and potential photovoltaic performance benefits over the non-
HTL baseline. This quenching effect is a positive attribute for the application of these
materials in solar cell technologies.

3.3. Indoor Devices Fabrication and Characterization

Next, we tested the OPV cells under indoor lighting conditions. This step was crucial
to further understand the real-world applicability of these cells in environments where
artificial lighting is the primary light source. Specifically, we focused on the discrete
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illuminance steps of 200, 500, and 1000 lux, which are representative of conditions typical for
indoor environments, like homes, offices, and commercial spaces. The corresponding light
power intensities measured at these lux levels were 61, 151, and 303 μW/cm2, respectively.
The data in Figure 5 and Table 2 offer compelling insight into the performance of the devices
under different indoor lighting conditions, particularly highlighting the efficacy of MoS2
as an HTL, similar to the results seen before under AM 1.5G illumination. The efficacy of
MoS2 as a viable HTL, comparable to the commonly used MoO3, is notably highlighted. At
the outset, under the 200 lux condition, which simulates dim indoor environments, OPV
cells without any HTL demonstrate a baseline PCE of 8.55%. When MoS2 is employed
as an HTL, there is a significant leap in performance, with the PCE reaching 17.29%, a
figure that closely rivals the 17.97% achieved by cells using MoO3. This parity in efficiency
at a lower light intensity underscores the potential of MoS2 as a strong alternative to
MoO3 in less illuminated settings. As the light intensity increases to 500 lux, representing
moderately lit indoor spaces, the trend affirming the competitiveness of MoS2 continues,
as seen in Figure 5a. In this scenario, cells without an HTL show a modest improvement
in PCE to 9.68%, but the introduction of MoS2 as an HTL results in a substantial boost in
efficiency to 19.16%, a value that nearly matches the 20.02% PCE of cells with MoO3. This
consistency in performance under medium light intensity further cements MoS2’s position
as an effective and viable HTL option. At the highest light intensity of 1000 lux, akin to well-
lit indoor areas, the efficiency of cells without an HTL reaches 10.83%. However, OPV cells
incorporating MoS2 as an HTL exhibit an impressive PCE of 22.26%, maintaining a close
gap with the 22.34% PCE observed in cells using MoO3. This sustained high performance
of MoS2 at elevated light levels highlights its capability to operate effectively across a
broad spectrum of lighting conditions, making it a compelling alternative to the traditional
MoO3 HTL.

Figure 5. J-V curves of the best performing devices (a) comparing the different HTLs under 500 lux
indoor lighting intensity and (b) comparing MoS2 under different indoor light intensities.

Table 2. Parameters of the OPV cells with various HTLs under different indoor light intensities.

HTL
Light

Source (lux)
Pin

(μW/cm2)
Voc (V)

Jsc
(μA/cm2)

FF (%) PCE (%)

No HTL
200 61 0.58 20.04 44.51 8.55
500 151 0.61 49.59 48.55 9.68

1000 303 0.62 104.49 50.31 10.83

MoO3

200 61 0.71 22.41 68.90 17.97
500 151 0.73 55.45 74.74 20.02

1000 303 0.75 116.84 77.28 22.34
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Table 2. Cont.

HTL
Light

Source (lux)
Pin

(μW/cm2)
Voc (V)

Jsc
(μA/cm2)

FF (%) PCE (%)

200 61 0.70 22.01 67.99 17.29
MoS2 500 151 0.72 54.47 73.77 19.16

1000 303 0.75 114.79 78.09 22.26

3.4. Device Stability

Finally, we evaluated the stability of MoS2 by comparing it to the devices without HTL
and MoO3 by implementing the ISOS D1 protocol in unencapsulated devices. Figure 6
illustrates the comparative analysis of the normalized PCE over time, under aging condi-
tions, for the OPVs with different HTLs. This analysis is valuable for understanding the
longevity and stability of OPV cells under prolonged use. Initially, all HTL conditions start
with a normalized PCE set at unity for ease of comparison. As the aging time progresses,
there is a discernible decline in the normalized PCE for all conditions, which is indicative
of the degradation phenomena typical in OPV cells. However, the rate and degree of
degradation vary notably between the different HTLs. Cells without an HTL suffer the
most pronounced degradation, with their efficiency dropping precipitously to about 30% of
the initial value within 100 h, before entering a more gradual decline. Conversely, the OPV
cells incorporating MoS2 as an HTL exhibit remarkable stability. The normalized PCE of
MoS2-equipped cells shows a slight initial reduction but remains notably high, above 80%,
even after several hundred hours of aging. This gentle slope indicates that MoS2 signifi-
cantly decelerates the degradation process, suggesting an inherent stability that is beneficial
for the longevity of OPV cells. Intriguingly, while MoO3 is known for its stability-enhancing
properties, the graph indicates that over extended aging times, its stability is surpassed
by that of MoS2. MoO3 begins with a strong retention of PCE but experiences a more
pronounced degradation past the 300 h mark. The decline in the stability of MoO3 could
be attributable to several factors. MoO3 is known to be sensitive to moisture and could
undergo morphological and structural changes over time when exposed to environmental
factors. Additionally, the interaction between MoO3 and the photoactive layers may lead to
interfacial reactions that compromise stability. In contrast, MoS2’s superior stability might
be ascribed to its robustness against environmental factors and a more stable interfacial
contact with the photoactive layer. Owing to its hydrophobic nature [84] and nonacidic
and chemically stable properties [85] the layered structure of MoS2 could provide a barrier
from ambient moisture penetration, which is a critical factor in the aging of OPV cells.
Moreover, the chemical stability of MoS2 might contribute to fewer interfacial reactions,
thereby preserving the integrity of the photoactive layer over time.

Figure 6. Normalized PCE measured for the different HTLs as a function of the aging time.

214



Nanoenergy Adv. 2024, 4

4. Conclusions

In this study, we studied exfoliated transition metal dichalcogenides (TMDs) and ex-
plored their applications as innovative hole transport layers (HTLs) in organic photovoltaics
(OPVs), both under standard and indoor lighting conditions. Our analysis, supported by
UV-visible absorption and Raman spectroscopy, confirmed the unique optical properties
of MoS2, MoSe2, WS2, and WSe2, in line with the existing literature on their excitonic
transitions and direct bandgap features. The integration of these TMDs into OPVs not
only enhanced power conversion efficiency (PCE) compared to the devices without HTL in
standard light conditions but also showed remarkable performance under indoor lighting,
an aspect critical for real-world applications. Particularly noteworthy was the performance
of MoS2, which demonstrated its effectiveness as an HTL, rivaling traditional materials
like MoO3 in both standard and indoor lighting conditions. This adaptability of MoS2,
maintaining high PCE across a range of light intensities typical of indoor environments,
underscores its potential for diverse photovoltaic applications. Moreover, this study re-
vealed the superior stability of MoS2 compared to MoO3 over extended aging periods,
suggesting its robustness against environmental factors and affirming its suitability for
long-term usage in OPVs. These findings not only contribute significantly to the field of
photovoltaic materials science but also pave the way for the development of more efficient
and stable OPVs suitable for a variety of lighting conditions.
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//www.mdpi.com/article/10.3390/nanoenergyadv4030014/s1, Figure S1: Raman spectra of LPE-
prepared (a) MoS2; (b) MoSe2; (c) WS2; (d) WSe2 flakes; Figure S2: Photoluminescence (PL) spectra of
the four TMDs deposited on BHJ on glass.
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Abstract: Epidemiological studies have consistently linked air pollution to severe health risks. One
strategy to reduce the impact of combustion products from engines is adding additives to the fuel.
Potential benefits have been observed in terms of performance and emissions, as well as in decreasing
fuel consumption. However, the associated emission of particulate matter into the environment may
have unforeseen health effects. This study examines the effects of diesel exhaust particles (DEPs)
from diesel fuel mixed with amide-functionalized carbon nanotubes (CNTF). The aim is to analyze
the properties of DEPs and determine their toxic effects on lung cells. The DEPs were characterized
using scanning and transmission electron microscopy, while the polycyclic aromatic hydrocarbons
(PAHs) were analyzed through gas chromatography. Various assays were conducted to assess cell
viability, apoptosis, oxidative stress, and DNA damage. The addition of CNTF to diesel fuel altered
the morphology and size of the particles, as well as the quantity and composition of PAHs. At
the cellular level, diesel DEPs induce higher levels of reactive oxygen species (ROS) production,
DNA damage, apoptosis, and cytotoxicity compared to both CNTF and diesel–CNTF DEPs. These
findings suggest that the nano-additives enhance energy efficiency by reducing pollutants without
significantly increasing cell toxicity.

Keywords: functionalized carbon nanotubes; diesel exhaust particles; human epithelial cells; cytotox-
icity; apoptosis; DNA damage

1. Introduction

Epidemiological studies have shown that exposure to air pollution is associated with
serious health risks. Cardiovascular diseases, respiratory diseases, and various types of
cancer are among the health issues empirically linked to air pollution [1]. The 2015 Global
Burden of Disease Study revealed that outdoor exposure to fine particles (PM2.5) is the fifth
leading risk factor for death worldwide, causing 4.2 million deaths that year. Moreover, the
World Health Organization (WHO) reports that 92% of the world’s population breathes air
with dangerously high levels of pollutants [2,3]. Prolonged exposure to these fine particles
can lead to lung inflammation, reduced lung function, and the exacerbation of pre-existing
respiratory and cardiovascular diseases [4,5].

The transportation sector is responsible for a significant amount of particulate matter
(PM) emissions, especially from compression-ignition (CI) engines that predominantly use
diesel fuel [6,7]. One potential strategy to improve air quality worldwide and reduce PM
emissions is incorporating nanomaterials into diesel fuel. Nanomaterials have exceptional
properties, such as a large surface area, excellent stability, high catalytic performance,
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rapid oxidation rate, and high combustion heat [8]. When mixed with biofuels or liquid
diesel, these characteristics result in better engine performance, optimized combustion, and
reduced PM emissions [9,10]. A recent comprehensive review [11] shows that CuO, Al2O3,
multi-walled carbon nanotubes (MWCNT), CeO2, GO, carbon nanotubes (CNT), and TiO2
are the most utilized nano-additives in diesel–biodiesel fuel blends. These additives have
demonstrated significant improvements in combustion processes. It has been reported
that adding CeO2 nanoparticles to diesel fuel, whose use is increasing in the United States
and Europe, reduced fuel consumption by 5% to 8% and the release of PM and unburned
hydrocarbons by up to 15% [12].

Nevertheless, the adverse health effects of releasing CeO2 and other metallic nanopar-
ticles into the environment have been thoroughly documented. Both in vivo and in vitro
studies have demonstrated that these nanoparticles primarily impact the respiratory, ner-
vous, endocrine, immune, and reproductive systems [13]. Extensive research has been
conducted to understand nanoparticle toxicity mechanisms and identify the contributing
factors to their adverse effects. These factors include the generation of reactive oxygen
species (ROS), mitochondrial impairment, inflammation, apoptosis, DNA damage, alter-
ations in cell cycle regulation, and changes in epigenetic control [14,15]. For example,
research indicates that exposure to TiO2 nanoparticles leads to the activation of microglia,
the production of ROS, and the activation of signaling pathways involved in inflammation
and cell death [16,17]. CeO2 nanoparticles are associated with various risks, such as the
induction of cytotoxicity, oxidative stress, and pulmonary inflammation [18]. Therefore,
their use should be limited and controlled. Evidence also suggests that exposure to alu-
minum nanoparticles can lead to increased oxidative stress, inflammatory events, and the
degradation of the blood–brain barrier [19].

A promising avenue to mitigate health risks is using nano-additives that do not
contain metals in their chemical structure, such as carbonaceous nano-additives. These
additives offer comparable benefits in fuel efficiency and pollutant reduction to metallic
additives [20]. CNTs are among the most commonly used nanomaterials as additives to
diesel and biodiesel fuel. CNTs are commonly produced by the chemical vapor deposi-
tion method (CVD) [21] and have remarkable mechanical, electrical, optical, and thermal
properties. However, CNTs often agglomerate and exhibit poor dispersion in various fluids
and matrices. To address this issue, covalent and non-covalent functionalization methods
have been employed to attach functional groups to the surface of CNTs. Covalent func-
tionalization involves creating a covalent bond between functional entities and the carbon
framework of the nanotubes, while non-covalent functionalization relies on supramolecular
complexation utilizing forces such as van der Waals forces, hydrogen bonds, electrostatic
forces, and π-stacking interactions [22]. In the case of covalent functionalization with
amide groups, these can be conducted using oxidized CNT and amines via the solvent
method [23] or using an amine treatment in the gas phase at a vacuum pressure. This
approach demonstrates rapid and efficient results [24]. Acevedo et al. assessed the im-
pact of functionalizing pristine carbon nanotubes with amide groups and evaluated their
stability in commercial diesel. They found that the functional groups on the surface of
the carbon nanotubes allowed for the stable dispersion to last up to 70 days [20]. This
nanomaterial was additionally evaluated in a stationary compression engine. The results
showed that the use of CNTF as an additive to diesel decreased ignition delay and PM
emissions [25]. Table 1 shows the effects of adding functionalized carbon nanotubes on
the properties of the fuel and engine performance, compared to the properties without the
addition of nanotubes.
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Table 1. Comparison of the properties of the fuel and engine performance with different
CNTF additives.

Functionalized
Carbon Nanotubes

Concentration in
Diesel Fuel

Effect on Diesel Fuel Properties Effect on Diesel Engine Ref.

N-doped MWCNTs 20, 50, 75, and 100 ppm
Kinematic viscosity decreased by
10.6% on average
There is a slight decrease in density.

Increased cylinder pressure (except at
25 ppm) and heat release rate (13.87% for
100 ppm); decreased ignition delay and
reduced NOx, CO, UHC, PM, and smoke.

[26]

Amide functionalized
MWCNTs

50 and 100 mg/L (in a
blend with 10% vol.
biodiesel)

There is no significant effect on
kinematic viscosity and heating
value at 100 mg/L. Increase in cetane
index by 3.57% at 100 mg/L.

No impact on thermal efficiency. Increase in
CO emissions and decrease in NO and PM by
up to 29.4% and 39.8%, respectively.

[25]

MWCNT-OH

30, 60, and 90 ppm (in a
blend of 90% diesel, 5%
vol. biodiesel, and 4% or
8% vol. ethanol)

Increase in viscosity and density.

Increases in torque and power and decreases
in specific fuel consumption.
Decreases in CO, UHC (unburned
hydrocarbons), and increases in NOx
emissions.

[27]

MWCNT-COOH 30, 60, and 90 ppm

For all MWCNT-COOH
concentrations (with 5% biodiesel),
kinematic viscosity and density
slightly decreased.

Increases in power by 13.01% and decrease in
specific fuel consumption by 9.48%.
CO and UHC decreased by up to 10.26% and
16.33%, respectively.

[28]

NH2-MWCNTs 25, 50, 75, and 100 ppm
Kinematic viscosity decreased (an
average drop of 8.95%), while
density was only slightly reduced.

-There was a 13.76% increase in the HHR
(100 ppm).
-At 50% load, there was a 5.19% decrease in
brake-specific fuel consumption and a 5.47%
increase in brake thermal efficiency
(100 ppm).
-At 75% load, CO emissions have decreased
by 18.28% (75 ppm) and NOx by 28.97%
(25 ppm); there has also been a 14.12%
decrease in soot (75 ppm).

[29]

MWCNTs-COOH 30, 60, and 90 ppm Kinematic viscosity and density
were only slightly reduced.

Average power increased by 13.01%; Average
torque increased by 17.61%; CO decreased by
10.26%; and UHC by 16.33%.

[28]

Beyond the advantages of engine combustion, surface functionalization, both covalent
and non-covalent, has enhanced the biocompatibility of carbon nanotubes [30]. CNTF
typically exhibits superior hydrophobicity and dispersion in biological media, lower im-
munogenicity, a reduced tendency to agglomerate, and greater biological compatibility
compared to non-functionalized CNT [31,32]. However, available in vitro studies on the
toxicity of CNTF yield controversial results. Several in vitro studies have shown that cy-
totoxic effects are lower in CNTF than in non-functionalized ones. For instance, CNTF
with carboxyl, phosphorylcholine, and polystyrene groups induces lower production of
cytokines, lung inflammation, and fibrosis compared to non-functionalized MWCNT [33].
However, it is important to note that some studies indicate that the functional group, such
as acid functionalization, can significantly affect cellular toxicity, causing oxidative stress,
damage to lysosomes, mitochondrial dysfunction, inflammation, and genotoxicity in terms
of DNA damage [34–36]. The conflicting results mentioned above show that the toxicity
of MWCNT depends on its physical and chemical properties, such as purity, chemical
composition, size, surface area, and functionalization type.

Despite the numerous reported advantages of using nano-additives in diesel engine
combustion, few studies have explored the direct correlation between the emissions of
these particles and their effects on health. Currently, there are no reports on the biological
effects of amide-CNTF after the combustion process. Therefore, despite the recognized
benefits of adding amide-CNTF to reduce pollutants, as shown in Table 1, and improve the
properties of the fuels for long-term dispersion, it is essential to evaluate their potential
toxic effects and identify the physicochemical properties responsible for their toxicity. This
study aims to fill this knowledge gap by examining the cytotoxic and genotoxic effects of
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diesel exhaust particles (DEP) resulting from using stable mixtures of amide and CNTF in
diesel fuel.

2. Materials and Methods

The pristine carbon nanotubes (CNTs) obtained from SkySpring Nanomateriales, Inc.
(ref 0554CA) were oxidized using a 1:1 volume ratio mixture of H2SO4 (96%, Merck, Rahway,
NJ, USA) and HNO3 (65%, Merck). Acylation was carried out using thionyl chloride
(≥99%, Merck) and N,N-dimethylformamide (99.8%, Fischer Scientific, Hampton, NH,
USA), and amide functionalization was conducted using technical-grade oleylamine. The
amide-functionalized carbon nanotubes (CNTF) were obtained following the experimental
methodology established by [23] and adapted by [20,25].

The CNTFs were introduced into Colombian commercial diesel. Prior to the experi-
ments, the fuels underwent filtration using a 6 μm filter paper, as no fuel filter was installed
before the engine inlet. The concentration of CNTF in the mixtures was 100 mg/L. The
CNTF, in the form of a dry powder, was dispersed in diesel. Ultrasound probe dispersion
(model EP225-DR, Hielscher, Ringwood, NJ, USA) was utilized to disperse the CNTF.

2.1. DEPs Collection

The DEPs collection utilized a stationary compression ignition engine connected to a
synchronous generator (Figure 1). The engine tests were carried out under an engine load
of 50% (6 kW) at a constant speed of 1800 rpm in a three-cylinder diesel engine (Yanmar,
3TNE84, Yanmar Holdings Co., Ltd., Tokio, Japan). An electrical resistance test rig was
employed to simulate this load.

Figure 1. Diesel exhaust particles sampling in a non-road engine.

DEPs were collected using a DEKATI cascade impactor sampler (PM10 impactor)
attached to the engine’s exhaust gasses. The DEKATI impactor is based on the inertial
classification of aerosol particles. The sample collection process involved a heated sampling
probe, a particle impactor, an impactor heating zone, a pump for extracting combustion
products, and a volumetric flow controller. The sampling line was heated meticulously to a
temperature of 180 ◦C to avoid vapor condensation. The volumetric flow was maintained at
a constant rate of 10 L/min. Figure 1 demonstrates the sampling process. Before collecting
DEPs, the engine was warmed up for 10 min to ensure that the operating conditions were in
a steady state and to avoid high DEP emissions associated with a cold engine start [37,38].
The DEPs were sampled to obtain particles with an aerodynamic size of less than 2.5 μm.
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This size of particle has been classified as a class I carcinogen by the International Agency
for Research on Cancer due to its negative impact on health, attributed to its small size and
chemical composition [39,40]. This justification supports the selection of this particle size
for the present study.

2.2. Physicochemical Characterization of DEPs

The structure of DEPs collected from the test engines underwent examination through
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) to char-
acterize their carbon composition and particle size distribution, following the procedures
reported by [41,42]. A small volume (3 μL) of each DEP solution was deposited onto a
copper grid coated with a polymer support film (Structure Probe, Inc., West Chester, PA,
USA) for TEM analysis. Following solvent evaporation in a vacuum environment, the
particles’ dimensions and morphology were evaluated using a JEOL 1200EX transmission
electron microscope (JEOL, Toyko, Japan) at an acceleration voltage of 120 kV. Images were
recorded using an 11-megapixel SIS Morada CCD camera and processed using AnalySIS
software V2. The histograms were generated by measuring primary particle diameters
derived from TEM images. These images were subjected to analysis using the public-
domain image processing software ImageJ V. 1.54j. Primary particles with clearly defined
boundaries within the PM agglomerates or non-agglomerated particles were identified
from the TEM micrographs, and their respective diameters were determined. Specifically,
200 particles were utilized for the diesel mode, while 160 primary particles were employed
for the diesel–CNTF. The frequency histograms were generated through the measurement
of primary particle diameters derived from TEM images. These images were subjected to
analysis using the public-domain image processing software ImageJ. Primary particles with
clearly defined boundaries within the PM agglomerates or non-agglomerated particles were
identified from the TEM micrographs, and their respective diameters were determined.
Specifically, 200 particles were utilized for the diesel mode, while 160 primary particles
were employed for the diesel–CNTF.

For SEM analysis, a 6 mm diameter segment of the filters containing the DEP samples
was affixed to a dedicated holder using Quick Drying Silver Paint conductive adhesive
(Agar, London, UK). Subsequently, the samples underwent a thin gold coating (approxi-
mately 10 nm) using a vacuum evaporator (JEE-4X, JEOL, Japan) to ensure conductivity
and safeguard against heat-induced damage. Coated samples were inspected using an
HRSEM-AURIGA scanning electron microscope (Zeiss, Oberkochen, Germany) operating
in secondary electron (SE) mode. The microscope’s settings were configured with a high
voltage (HV) of 10 kV and a working distance (WD) of 20 mm.

The chemical analysis of DEPs was made to determine the PAH composition of diesel
and diesel–CNTF fuels. Filters from diesel and diesel–CNTF and a control filter were pre-
pared for PAH analysis. Each filter received an internal standard (Pentachloronitrobenzene)
and 5 mL of dichloromethane, then stood for 24 h after sealing and shaking. Follow-
ing 10 min of ultrasound treatment, the filters were removed, and dichloromethane was
evaporated to 0.1 mL using nitrogen. Acetone (1 mL) was added, and samples were trans-
ferred to vials for PAH analysis. A calibration curve was created for 16 PAH compounds:
naphthalene (Naf), acenaphthylene (Acyl), acenaphthene (Ac), fluorene (Fl), pentachloroni-
trobenzene (PCNB), phenanthrene (Fen), anthracene (Ant), fluoranthene (Flu), pyrene (Pir),
benz(a)anthracene (BaA), chrysene (Ch), benzo(k)fluoranthene (Bkf), benzo(a)pyrene (BaP),
benzo(b)fluoranthene (BbF), indeno(1,2,3-cd)pyrene (IP), dibenz(a,h)anthracene (DahA),
and benzo(g,h,i)perylene (Bper).

2.3. Preparation of Functionalized Nanoparticle and DEP Samples

To prepare a stock solution of 0.5 mg/mL, 0.5 mg of CNTF was weighed and resus-
pended in 5 mL of PBS, and 1 μL of DMSO was added as a surfactant to facilitate dispersion.
This CNTF suspension was sonicated using a Bransonic CPX-952-338R sonicator (Branson
Ultrasonics, Brookfield, CT, USA) for 30 min in three cycles of 10 min each to prevent
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overheating of the sonication bath. Once the dispersion was obtained, dilutions with
concentrations of 2.5, 5.0, and 10 μg/mL were prepared as a treatment for the cell line.
This study involved collecting diesel and diesel–CNTF DEPs using Emfab 47 mm filters
wrapped in aluminum foil and stored at −20 ◦C until extraction. Before extraction, the
filters were placed in amber bottles, moistened, and sonicated in distilled water for 3 h, with
intermittent intervals of 15 min. Following sonication, the filters were air-dried for 3 days
in the bottles and then weighed to calculate the concentration of DEPs (mg/mL) based on
the difference in weight before and after extraction, determined through 3–5 measurements.
The extracted DEPs were then stored at −80 ◦C for future use.

2.4. Cell Culture Maintenance

Human lung carcinoma cells A549 (ATCC # CCL-185) were cultured in DMEM
(Dulbecco’s modified Eagle’s medium, Sigma-Aldrich, St. Louis, MO, USA) with 5%
fetal bovine serum (GIBCO, Thermo Fisher Scientific, Waltham, MA, USA) and 1% peni-
cillin/streptomycin. A549 cells were exposed to CNTF and DEPS (diesel and diesel–CNTF)
at different concentrations (2.5, 5.0, and 10 μg/mL) for 48 h. Extracts stored at −80 ◦C were
used for exposure. Negative and positive controls were included, with cells subsequently
incubated for an additional 24 h at 37 ◦C with 5% CO2 after treatments.

2.5. Cellular Uptake of CNTF andDEPs Using Transmission Electron Microscopy

Transmission electron microscopy (TEM) confirmed the cellular uptake of CNTF
and DEPs. Cells cultured in T25 flasks were treated with 10 μg/mL of DEPs (diesel or
diesel–CNTF) for 48 h. Following trypsinization, the A549 cell suspension was fixed
with glutaraldehyde. Sample preparation for TEM included chemical fixation, washing,
dehydration, embedding in resin, and polymerization. Ultra-thin sections were prepared
using an ultramicrotome and stained with heavy metals for visualization in a Tecnai F20
Super Twin TMP Transmission Electron Microscope from FEI Technologies Inc. (Hillsboro,
OR, USA).

2.6. Cell Viability Assay

The MTT assay evaluated the cell viability of A549 cells exposed to CNTF or DEPs (diesel
and diesel–CNTF). A549 cells were plated in 96-well plates at a density of 2 × 104 cells/well
and incubated for 24 h before exposure to different concentrations of nanoparticles and
DEPs (diesel and diesel + CNTF) for 48 h. Following exposure, MTT solution (200 μg/mL)
was added, and after a 4 h incubation, formazan crystals were dissolved in 200 μL DMSO.
The optical density (OD) was measured at 492 nm using a plate reader (BioTek, Synergy H4,
Shoreline, WA, USA) to determine the cell viability percentage compared to control cells.

2.7. Cell Apoptosis Assay

A549 cells were exposed to different concentrations of CNTF and DEPs (2.5, 5.0, and
10 μg/mL) for 48 h in six-well plates. After treatment, the cells were harvested and analyzed
for apoptosis using the FITC Annexin V/PI apoptosis detection kit (BD Biosciences, San Jose,
CA, USA) and flow cytometry in a cytometer FACScantoII (BD Biosciences, Franklin Lakes,
NJ, USA). The analysis, performed with FlowJo™ v10 software (BD Biosciences), identified
three cell populations: early apoptotic cells (Annexin V+/PI−), late apoptotic/necrotic cells
(Annexin V+/PI+), and necrotic cells (Annexin V−/PI+). The flow cytometry also excluded
small debris and collected ten thousand events from the cell population for analysis.

2.8. ROS Assay

A549 cells were cultured in six-well plates for 24 h, then exposed to CNTF and
DEPs (diesel and diesel–CNTF) at specified concentrations (2.5, 5.0, and 10 μg/mL) for
48 h. Following exposure, the cells were harvested and treated with 10 μM DCFH-DA
(2′,7′-Dichlorofluorescin Diacetate, Merck KGaA, Darmstadt, Alemania) and incubated
at 37 ◦C for 30 min. The fluorescently labeled cells were analyzed using flow cytometry
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on a FACSCantoII cytometer (BD Biosciences) to measure the signal in the FITC channel
(excitation wavelength = 491 nm, emission wavelength = 525 nm). Data analysis was
conducted using the FlowJo™ v10 software (BD Biosciences).

2.9. DNA Damage Assay

The comet assay (pH 13) was utilized to evaluate DNA damage in A549 cells exposed
to CNTF and DEPs (diesel and diesel–CNTF) at different concentrations for 48 h. Cells were
harvested at a concentration of 1 × 106 cells/mL, embedded on slides (in 0.5% low melting-
point agarose on slides coated with 1.5% normal melting-point agarose), lysed at 4 ◦C for
2 h, and subjected to alkaline electrophoresis followed by neutralization (0.4 mmol/L Tris-
HCl, pH 7.5) at 4 ◦C for 10 min. Ethidium bromide staining and fluorescence microscopy
imaging (Olympus BX51) were performed to evaluate DNA damage through the Olive
Tail Moment (OTM). Data analysis involved the examination of 100 randomly selected
cells per sample using the CometScore image analysis system (TriTek Corp., Williamsburg,
OH, USA).

2.10. Statistical Analysis

In analyzing the responses of A549 cells to CNTF and DEP exposure, statistical analy-
sis was conducted using GraphPad Prism 8 software for Windows (GraphPad Software,
Boston, MA, USA). The statistical comparisons between the experimental and control
groups involved using the homogeneity of variance test and Dunnett’s test for independent
samples. Additionally, an ANOVA was applied to compare the responses of the test cells
with those of the control cells. Statistical significance levels were defined as *** p < 0.001,
** p < 0.01, and * p < 0.05.

3. Results and Discussion

DEPs were collected from an internal combustion engine using either diesel fuel or
diesel–CNTF. In general, the formation of particulate material involves several stages,
including pyrolysis, nucleation, surface growth, agglomeration, and oxidation. Pyrolysis
reactions occur in an oxygen-free atmosphere and cause the breakdown of fuel molecules
into precursor molecules such as acetylene, benzene, or gas-phase PAHs. Subsequently,
the nucleation process occurs, where the first soot nuclei are formed by aggregating larger
PAH molecules. In the surface growth stage, the mass of the nascent soot particles increases
by adding species, leading to an increase in the C/H ratio. The particles undergo agglom-
eration due to particle–particle collisions, leading to an increase in size and a decrease in
number. Finally, the oxygen oxidation stage of PAHs and soot occurs, forming CO and CO2.
This stage competes with its formation during combustion [41,42].

Figure 2A,B show that when diesel is used as fuel, chain-like structures and irregularly
shaped particle agglomerates are observed, along with larger agglomerates close to 1 μm
in size. Conversely, when the diesel–CNTF mixture is employed as fuel, spherules-like
structures are formed (as shown in Figure 3A,B), and agglomerates of particles display
fractal-like shapes. Figure 4A shows the presence of individual particles with diameters
ranging from 10 to 40 nm when diesel is used as fuel. On the other hand, when the diesel–
CNTF mixture is employed as fuel, spherules with diameters between 20 and 150 nm are
formed. As a result, using a diesel–CNTF mixture yields larger primary particle sizes than
diesel. In both fuel cases, these primary particles serve as the basis for forming particles in
the accumulation mode.
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Figure 2. Images of DEPs in diesel mode. (A,B) show TEM microscopy. (C,D) show SEM microscopy.
Different magnifications are used to show details of DEPs.

In the SEM micrographs (Figure 2C,D), it can be seen that many particles are deposited
in the filter structure, with a high degree of overlap. Additionally, larger sizes are observed
for the diesel–CNTF case compared to when diesel is used as fuel (Figure 3C,D). This result
agrees with the one obtained through the TEM technique, which offers higher resolution.
The reason for this is that when primary particles collide, they agglomerate and then
form larger particles. If these primary particles have a larger diameter in the nucleation
mode, it is expected that the higher diameter observed by SEM would correspond to
this phenomenon.
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Figure 3. Images of DEPs in diesel–CNTF mode. (A,B) show TEM microscopy. (C,D) show SEM
microscopy. Different magnifications are used to show details of DEPs.

Important factors affecting the formation of particulate matter include the temperature
and pressure in the cylinder, as well as the effectiveness of the mixing process between
fuel and air [42,43]. On the other hand, in this study, the addition of carbon nanotubes
plays a significant role by introducing aromatic-type structures into the fuel. The aromatic
structures in the fuel are important for soot emissions and affect the particle size distribution,
which is related to variations in the carbon/hydrogen ratio, fuel evaporation, and the
formation of intermediate radicals caused by the aromatic structures. These radicals can
impact the initial stages of soot formation (e.g., pyrolysis and nucleation) as well as the final
oxidation stage [44]. Although the C/H ratio is slightly modified with the concentration of
CNTF used in this study (100 mg/L), the addition of these additives could mainly affect
the initial stages of soot formation by reducing the ignition delay time [25] and providing
precursor molecules for soot formation and surface growth.
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Figure 4. Particle size distribution in diesel and diesel–CNTF DEPs. (A), in light blue, shows the
particle diameter in diesel mode. (B), in light orange, shows the particle diameter in the diesel-
CNTF mode.

Aromatics are important for polycyclic aromatic hydrocarbon (PAH) formation and are
a significant soot precursor during diesel fuel combustion due to their high unsaturation.
Studies have been conducted both on a laboratory scale using flames or with diesel engines
to assess how different fuels affect the production of particulate matter [45,46]. These
studies have used mixtures of heptane or diesel with aromatic liquids such as benzene,
xylene, or tetralin. They have observed an impact on the morphological characteristics and
chemical composition of the resulting particulate material. For instance, it was noted that
the particle diameter of the diesel/aromatic soot was larger than when pure diesel was
used as fuel, which aligns with the findings of the present study [44]. It is important to
note that, unlike those studies, the present study involves the use of a solid nano-additive,
significantly increasing the complexity of our research.
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The data presented in Figure 5 illustrate the concentrations of PAHs measured when
using diesel or diesel–CNTF as fuels. Out of the 16 PAHs examined, 8 depicted in the figure
were determined to be above the detection limits of the employed method. The literature
has documented the presence of these PAHs in studies analyzing heavy-duty vehicles that
utilize diesel [47,48] or in areas characterized by high vehicular volume, such as tunnels [49].
These compounds are primarily attributed to incomplete combustion processes. When
comparing the use of diesel fuel with and without functionalized carbon nanotubes (CNTF),
it was observed that the general concentration of polycyclic aromatic hydrocarbons (PAHs)
was higher in the case of diesel alone. Specifically, the relative concentration of PAHs with
five aromatic rings (BkF, BbF, BaP, and DahA) accounted for 86.5% of the total PAHs in
diesel mode, followed by PAHs with six aromatic rings (BPer) at 7.9%, and the remaining
percentage was attributed to PAHs with four rings (Flu, BaA, and Ch). In contrast, in the
diesel–CNTF case, PAHs with five aromatic rings still constituted the largest fraction, but at
a notably lower value of 66.4% compared to diesel. The semi-volatile fraction of PAHs with
four rings accounted for 31.8%. This indicates that adding functionalized carbon nanotubes
to the fuel affects the amount and composition of the PAHs, particularly by favoring the
semi-volatile fraction.

Figure 5. PAH concentration in diesel and diesel–CNTF.

The combined findings, along with those obtained through SEM and TEM, could
indicate that the introduction of CNTF to diesel may facilitate the surface growth of
particles by incorporating PAH species. This process results in increased carbon content
and particle size. Furthermore, this addition may also decrease the available quantity
of PAHs. However, further investigation is warranted due to the intricate mechanisms
underlying particle formation from PAHs and the pyrolysis and oxidation reactions inherent
in diesel combustion when CNTF is introduced.

Regarding toxicity, Flu and BPer are categorized by the International Agency for
Research on Cancer (IARC) as belonging to group 3, which means they are not classifiable as
carcinogenic for humans. Conversely, BaA, Ch, BkF, and BbF fall into Group 2B, signifying
that they are possibly carcinogenic to humans. DahA is categorized under Group 2A,
indicating that it is probably carcinogenic to humans, while BaP is classified in Group 1
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as being carcinogenic to humans [50]. In considering the differential toxicity of PAHs, the
potency equivalence factor (PEF) was utilized to assess the overall health impact of PAHs
in both diesel and diesel–CNTF modes. The methodology outlined by [51] was adopted
to determine the equivalent BaP (benzo[a]pyrene) toxicity of the identified PAHs. This
analysis revealed a BaPeq (benzo(a)pyrene equivalent) value of 0.065 mg/L for standard
diesel and 0.033 mg/L for diesel–CNTF, indicating that the incorporation of CNTF in diesel
yields significant health benefits by reducing toxicity, as measured by BaPeq.

3.1. A549 Cellular Uptake of CNTF and DEPs

TEM enabled the ultrastructural study of A549 cells exposed to CNTF and DEPs (diesel
and diesel–CNTF) to determine their cellular entry. It was demonstrated that both CNTF
and DEPs enter the cells. In Figure 6A, the control cells showed no structural changes, with
no vesicle formation, and organelles such as mitochondria maintained their normal shape.
On the other hand, CNTF and both types of DEPs were found within phagosomes in the
cytoplasmic region (Figure 6B). There were no free DEP or CNTF agglomerates observed in
the cytoplasm or nucleus. While no signs of cell death, such as apoptosis, were observed at
the ultrastructural level, treatment with diesel DEPs resulted in increased lysosomes and
changes in mitochondrial morphology (Figure 6D). Treatment with diesel–CNTF DEPs led
to fewer phagosomes but a higher number of lysosomes compared to treatment with diesel
DEPs (Figure 6D).

This study demonstrated that CNTF can enter cells, but this alone does not result
in significant cytotoxic effects. It was observed that treating cells with CNTF induces
structural changes, notably the formation of phagosomes. This finding aligns with other
research showing that endocytosis encapsulates CNT within membrane invaginations,
which then bud and fold to form endocytic vesicles. These vesicles are transported to
specialized intracellular sorting and trafficking compartments [52]. The cellular uptake
mechanism of CNT may vary based on its functionalization and size. However, the specific
pathways of entry, subsequent trafficking, and intracellular distribution of CNT remain
unclear. Ghosh et al. state that carbon nanotubes trigger a stress response upon entering
cells, activating autophagy and/or apoptosis-related pathways. The study suggests that
while various mechanisms may contribute to CNT-induced pathogenesis, a comprehensive
understanding of the relationship between different types of CNT exposures (multi-walled
CNT vs. single-walled CNT) and the processes of autophagy, apoptosis, and necrosis in
human lung epithelial cells is still lacking [53].

Our results suggest that the entry of CNTF may occur via autophagy, potentially
leading to its elimination through the lysosomal pathway. Autophagy is a highly con-
served lysosomal degradation pathway that operates at basal levels in all cells [54,55].
Upon internalization, CNT has been detected in lysosomes, cytoplasmic vacuoles, and
phagosomes, free in the cytoplasm, near the nucleus, and occasionally piercing the nuclear
membrane [56–59]. However, further studies are needed to evaluate these pathways and
better understand the mechanisms involved.

Unlike CNTF, we observed that exposure of A549 cells to DEPs (diesel and diesel–
CNTF) significantly impacts their structure and potential functioning, possibly related to
mitochondria and lysosomes. Pierdominici et al. characterized the cytotoxicity of DEPs by
examining changes in mitochondrial structure and function. They found that, in addition
to morphological alterations, DEPs caused a significant loss of membrane potential (ΔΨm)
detectable after just 24 h of treatment. However, this loss of ΔΨm did not correlate with
an increase in the percentage of apoptotic or necrotic cells, which remained unchanged in
treated cells compared to untreated cells [60]. Like mitochondria, lysosomes are crucial for
assessing the effects of DEPs because they process and digest materials through endocy-
tosis of small molecules and cell surface proteins, phagocytosis of large particles such as
apoptotic cell remnants and pathogenic bacteria, or autophagy of cytoplasmic contents,
including damaged mitochondria, ER, and lysosomes [61–64]. In a review by Nie et al., it is
mentioned that lysosomes play a role in cellular responses to airborne particulate matter
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(APM) and DEP-induced stimuli, which can lead to the production of inflammatory factors,
interfere with autophagy, alter iron homeostasis, and affect various other mechanisms.
Consequently, lysosomal dysfunction or increased lysosomal activity may occur [65].

Figure 6. TEM cross-sectional images of A549 cells after 24 h of CNTF and DEPs incubation. (A) The
control cells and some magnified images show details of the cellular structures. (B) Images of
cells treated with CNTF zoom in on the intracellular localization of nanoparticles in the cytoplasm
and phagosomes. (C) Cells treated with diesel DEPs show phagosomes and cellular structures.
(D) Cells treated with diesel–CNTF DEPs show fewer phagosomes and more lysosomes. The cellular
structures are labeled as follows: nuclei (N), mitochondria (M), Golgi apparatus (GA), and lysosome
(L). Phagosomes are indicated by P. Arrows indicate nanoparticles in the phagosomes.
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We focused on the role of diesel–CNTF DEP particles to determine their effect, as this
has not yet been reported in the existing literature due to their unique physicochemical
characteristics. It should be noted that although adding CNTF to diesel alters the physico-
chemical properties of the crude soot particles formed by combustion [25], both diesel and
diesel–CNTF DEPs enter the cells and potentially cause damage. However, an increase
in lysosomes in cells treated with diesel–CNTF DEPs might indicate that this elimination
mechanism is activated, thereby reducing potential cytotoxic effects. It is advisable to
evaluate autophagosomal markers to understand the mechanism and how this pathway is
affected by diesel–CNTF DEPs. Additionally, assessing mitochondrial involvement and
lysosomal function is recommended.

3.2. Effect of CNTF and DEPs on Cell Viability

Cell viability percentages (%) were measured using the MTT assay after cells were
treated with CNTF, DEPs, and diesel–CNTF DEPs and incubated for 48 h with the corre-
sponding treatment at doses of 0, 2.5, 5, and 10 μg/mL. Each concentration was analyzed
in two replicates with three repetitions. Figure 7A illustrates the independent reduction
in cell viability induced by each treatment. The black bars indicate that CNTF at concen-
trations of 5 and 10 μg/mL decrease cell viability by 17.2% and 12.8%, respectively, with
statistical significance (p < 0.0001 and p = 0.0001) concerning control cells. Notably, the
observed behavior is not dose-dependent, as the 5 μg/mL concentration demonstrates the
highest induction of cell death. In the orange bars, it is evident that as the concentration
of diesel DEPs increases, cell viability decreases, with effects of 13.8%, 19.6%, and 26.4%,
respectively, all significant at p < 0.0001. This damage exhibits dose-dependent behavior.
Moving to the blue bars, treatments with diesel–CNTF reduce viability by 15.2% and 18.8%
for concentrations of 5 and 10 μg/mL, respectively, with a p-value < 0.0001. Here, it is
determined that the behavior may be dose-dependent, particularly at higher concentrations.
Additionally, adding CNTF to diesel appears to marginally reverse the harmful effects of
the emissions (diesel decreases viability by 26.4%, and diesel–CNTF decreases viability
by 18.8%).

A comparison between the CNTF treatments and the DEPs, considering the concen-
trations used (Figure 7B), reveals significant differences. At concentrations of 2.5 and
5.0 μg/mL, diesel demonstrates a more significant decrease in viability compared to CNTF
and diesel–CNTF, with p-values of 0.0087 and 0.0046, respectively. Similarly, at 10 μg/mL,
a similar trend is observed, where diesel vs. CNTF shows a significant decrease (13.6%)
in viability (p < 0.0001). In contrast, diesel vs. diesel–CNTF indicates a significance level
of p = 0.0162 (7.6% decrease in viability). No differences are observed at the 5 μg/mL
concentration, as this is the point where CNTF begins to affect viability.

These assays demonstrated that CNTF significantly decreased cell viability at the
highest concentrations compared to the control. Notably, a slight impairment of cell viability
was observed at an intermediate concentration of 5.0 μg/mL. Toxicological studies on CNTs
have shown their impact on cell viability across various cell lines. For instance, they reduce
viability in the human epithelial cell line A549 [66] and induce chromatin condensation and
DNA fragmentation in mesenchymal stem cells [67]. Additionally, their fiber-like structure
and persistence in lung tissues raise concerns about potential negative health effects similar
to those caused by asbestos fibers [68]. However, Kharlamova and Kramberger suggest that
these adverse effects can be mitigated through the chemical functionalization of CNTFs [69].
Similarly, Coccini et al. reported that amide-functionalized carbon nanotubes exhibit
reduced cytotoxic effects compared to non-functionalized nanotubes [70]. Chowdhry
et al. also found that functionalized CNTs exhibited lower cytotoxicity compared to non-
functionalized ones in both in vitro analyses with HEK 293 cells and in vivo assays with
zebrafish [71].
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Figure 7. Effect of CNTF and DEPs on Cell Viability. (A) illustrates the percentage decrease in viability
for each treatment independently. (B) compares different concentrations of the treatments. Black bars
represent CNTF, orange bars represent diesel DEPs, and blue bars represent diesel + CNTF DEPs.
Statistical significance is indicated by p < 0.05 *, p < 0.01 **, and p < 0.001 ***.

Concerning diesel DEPs, it has been found that, independent of the treatment concen-
tration, there is a decrease in cell viability. This may be due to different factors that can
interact and contribute to cell death through various mechanisms, including apoptosis,
necrosis, autophagy, and other forms of cell death, such as physical damage. When this
effect is compared to the toxicity of DEPs reported in other in vitro studies, the findings of
our study are supported by several of these, in which it is shown that diesel engine particles
induce cell death in murine RAW 264.7, macrophages, and human A549 lung cells [72],
murine endothelial cells SVEC4-10 [73], mesothelial cell line (MeT-5A) and mesothelioma
cell line (CRL-5820) [74], co-culture of A549 cells and THP-1 monocyte cells [75], human
iPSC-derived microglia [76], and as found here in A549 cells [67]. In the above studies, this
effect of decreased cell viability is due to one of the death mechanisms.
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This study found differences in PAH content, particle distribution, and morphology
between diesel DEPs and diesel–CNTF DEPs. Particle size distribution is a crucial parame-
ter for assessing the cytotoxic effects of DEPs, as it provides insights into the distribution
of particles in nucleation and accumulation modes, as well as their potential mechanisms
of cellular entry [43]. Likewise, the morphology and microstructure of DEPs are essen-
tial for a comprehensive understanding of the potential mechanisms of cytotoxicity [77].
Diesel particles form branched aggregates at a microscopic scale, each consisting of tens
to hundreds of spherical or nearly spherical primary particles [78]. On the other hand,
the chemical composition of DEPs is also very important when measuring their cytotoxic
effects. Different studies mention that PAHs can damage cells and that their content varies
according to the type of fuel used [79,80].

Based on the above findings, it could be hypothesized that the effect on cell viability
induced by diesel–CNTF DEPs remains marginal or similar to that of diesel DEPs. This
may be due to the lower PAH content and the more compact morphology compared to
diesel; these factors do not result in a highly significant change in cytotoxic effects. Studies
on metallic nanoparticles have shown that their biological effects are diminished when
mixed with diesel. However, this reduction is not so significant that it becomes almost
imperceptible or negligible [81–84]. These results are similar to those presented here.

3.3. Induction of Apoptosis by Carbonaceous CNTF in the A549 Cell Line

To evaluate the effect of CNTFs and DEPs (diesel and diesel–CNTF) on A549 cells, an
apoptosis and membrane integrity assay was performed using annexin and propidium
iodide (PI) double staining. This assay was measured via flow cytometry. Figure 8A
shows that different concentrations (2.5, 5.0, and 10 μg/mL) of CNTF and DEP treatments
did not compromise membrane integrity compared to the negative control. However,
some statistically significant differences were observed when comparing treatments across
different concentrations. At 2.5 μg/mL, diesel DEPs induce greater membrane damage
compared to CNTFs, with a p-value of 0.0480. At 5 μg/mL, diesel DEPs caused significantly
more damage than CNTFs (p = 0.0011) and diesel–CNTF DEPs (p = 0.0005). Finally, at a
concentration of 10 μg/mL, a similar pattern to the 5 μg/mL concentration was observed.
Diesel DEPs induced more damage than CNTFs (p = 0.0030) and diesel–CNTF DEPs
(p = 0.0170).

Regarding the induction of apoptosis, Figure 8C shows that diesel DEPs significantly
induced apoptosis at concentrations of 5 μg/mL (p = 0.0092) and 10 μg/mL (p < 0.0001).
CNTF and diesel–CNTF DEPs did not show observable effects. When comparing treat-
ments based on the concentrations used, some differences became evident. At 2.5 μg/mL,
treatment with diesel DEPs induced more apoptotic cells than CNTF (p = 0.0003), while
there were no differences with diesel–CNTF DEPs. At 5 μg/mL, the induction of apoptosis
by diesel DEPs was significantly higher than both CNTF (p < 0.0001) and diesel–CNTF
DEPs (p = 0.0021). Additionally, diesel DEPs induced more apoptosis than diesel–CNTF
DEPs (p = 0.0233). A similar pattern was observed at the highest concentration (10 μg/mL).
Both diesel and diesel–CNTF DEPs induced a higher number of apoptotic cells compared
to CNTF, with p-values of 0.0068 and 0.0017, respectively. Moreover, diesel DEPs caused
greater apoptosis compared to diesel–CNTF DEPs at this concentration (p = 0.0384).

Overall, concentration-dependent diesel DEPs induce greater cell membrane damage
and apoptosis induction than CNTFs and diesel–CNTF DEPs. CNTFs alone do not affect
cells in terms of membrane damage and apoptosis induction. While diesel–CNTF DEPs
induce damage, the use of CNTFs in combination with diesel appears to reverse or reduce
the effects seen when using diesel DEPs alone.
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Figure 8. Apoptosis induction by CNTF and DEPS (diesel and diesel–CNTF) in A549 cells. (A,B) show
the cell membrane damage measured by PI. (A) shows the comparison according to the type of
treatment, where there are no differences. (B) shows the differences between treatments according
to concentration. (C,D) show the induction of apoptosis measured with Annexin V. (C) shows that
only treatment with diesel DEPs at each dose induces apoptotic cells. (D) shows that depending
on the dose of treatment used, there are differences in the induction of apoptosis. Red brackets
indicate comparisons between CNTF versus DEPs, and green brackets show comparisons between
diesel DEPs and diesel–CNTF DEPs. Black bars show CNTF in orange diesel and blue diesel–CNTF.
Statistical significance is indicated by p < 0.05 *, p < 0.01 **, and p < 0.001 ***.

This study evaluated cell membrane damage induced by CNTFs and DEPs by double
staining with Annexin V and PI. In general, it was observed that membrane integrity
was maintained in each of the treatments. This coincides with that reported by Ursini
et al., who mention that exposure to CNTFs does not damage the cell membrane of A549
cells [85]. With respect to DEPs, it has been established that, generally, the effect of DEPs
did not induce a compromise of the cell membrane [79], supporting the results obtained
in this study. On the other hand, apoptosis induction by CNTF was found to have a
dose-dependent behavior but without statistically significant differences. This relative
induction of apoptosis by CNTF aligns with the study by Patlolla et al., which demonstrated
a dose-dependent increase in the proportion of apoptotic cells after 48 h of exposure in
human dermal fibroblasts [86]. However, another study indicates that CNTF exposure
increased the proportion of apoptotic cells compared to untreated cells, starting with a
concentration-dependent trend of 10 μg/mL [87]. In this context, Song et al. state that the
cytotoxic effects largely depend on the type of functionalization applied to CNTs [87].

The results observed with DEPs align with numerous publications indicating that,
compared to untreated cells, exposure to diesel particles leads to a statistically significant,
concentration-dependent increase in the number of apoptotic cells [63–65,67]. DEPs can
cause inflammation and produce ROS, both of which are associated with mitochondrial
dysfunction. Cattani-Cavalieri et al., in their study performed in BEAS-2B cells, found
that DEPs alter mitochondrial morphology and reduce mitochondrial bioenergetics, af-
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fecting respiration, ATP production, and reserve capacity, all leading to THE induction
of apoptosis [88]. Alternatively, Lawal discusses how the organic components of DEPs
are accountable for these effects in cells, emphasizing the involvement of DEP-induced
stress-activated protein kinases in prompting apoptosis in macrophages [89].

Considering the separate results of CNTF and diesel DEPs and the lack of information
regarding their potential toxicological effects when used together, the results obtained with
diesel–CNTF DEPs suggest that CNTF could help reduce damage related to cell death and
membrane integrity, as no statistically significant induction of apoptosis was observed.
Taylor-Just and colleagues suggest that functionalization alone is not the important driver of
toxicity but rather the purification method used prior to functionalization [90]. Furthermore,
Gamboa et al. have shown that incorporating amide-functionalized CNT can effectively
reduce pollutant emissions, such as diesel particulates (DEPs), and enhance the thermal
efficiency of compression ignition engines (CIE) [25]. The non-induction of apoptosis
by diesel–CNTF DEPs is significant, as CNTFs enhance engine performance and reduce
harmful emissions when used with diesel. This beneficial effect is evident in our results.
Modifying the physicochemical properties of CNT can impact their toxicity [91,92].

3.4. CNTF and DEPs Induced Oxidative Stress Changes

We compared the intracellular ROS production dynamics after exposing the A549
cell line to different concentrations of CNTF and DEPs (diesel and diesel–CNTF) for 48 h
using flow cytometry with the ROS-sensitive fluorescent indicator DCFDA. Figure 9A
shows that exposure to CNTF did not increase the DCF signal at any of the concentrations
evaluated compared to the negative control, indicating no increase in ROS production.
However, the DEPs (diesel and diesel–CNTF) induced ROS production at each of the
different concentrations used as treatments, with a p-value < 0.0001.

Figure 9B presents the results of the comparison between treatments based on the
dose used. Like the previous findings, diesel DEPs caused higher ROS production than
CNTFs and diesel–CNTF DEPs, with a p-value < 0.0001. Combining CNTF with diesel
significantly reduced ROS production; however, ROS production was still higher than the
negative controls. A dose-dependent behavior was observed throughout the study.

The generation of ROS and the resulting oxidative stress can trigger various cellular
processes, including DNA damage and apoptosis [93,94]. Nel et al. identified oxidative
stress as the primary mechanism of toxicity associated with nanoparticles, attributing it to
their small size and large surface area, which promotes ROS generation [95]. Our research
found that CNTF did not induce intracellular ROS production, which was confirmed using
the cell-permeable dye DCFH-DA. Functionalization of MWCNTs has been suggested as
a strategy to potentially reduce ROS production [68,96,97]. In our study, no significant
changes in intracellular ROS levels were observed after exposure to various concentrations
of CNTF with amides, contrary to findings with metal- or acid-functionalized CNT, which
have shown ROS-mediated cytotoxic damage [32,98,99]. These results align with Vijay-
alakshmi et al. (2023), who demonstrated that functionalized MWCNTs reduced cytotoxic
effects by lowering impacts on cell viability and oxidative stress [100].

Another possible reason why the CNTF used in our study did not generate ROS could
be related to their cellular uptake characteristics. Studies indicate that CNTF internalization
varies among cell types; for example, some cells internalize CNTF through phagocytosis,
while others, such as fibroblasts, show deficient phagocytosis or lack the machinery for
endocytosis. Additionally, CNTF may enter cells via energy-dependent mechanisms, which
do not induce ROS production [101–104]. Furthermore, the physicochemical properties of
CNT, including their manufacture, application, shape, and durability, significantly influence
their biopersistence and potential for ROS-dependent toxicity or cytotoxicity [105,106].
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Figure 9. Analysis of Intracellular ROS in Cells Treated with CNTF and DEPs (diesel and diesel–
CNTF). In (A), an increase in fluorescence intensity (arbitrary units) is observed in the treatments
with DEPs, indicating an increase in intracellular ROS production. (B) shows that each of the
concentrations increases ROS production, with higher levels in the case of diesel DEPs. Red brackets
indicate comparisons between CNTF versus DEPs, and green brackets indicate comparisons between
diesel DEPs and diesel–CNTF DEPs. Black bars show CNTF in orange diesel and in blue diesel–CNTF.
Statistical significance is indicated by p < 0.001 ***.

ROS has a dual role in regulating biological processes: at low concentrations, it
acts as a second messenger in signal transduction, while at high concentrations, it leads
to biomolecule oxidation [107]. In DEP-treated A549 cells, we observed a considerable
increase in ROS production. This is observable in both diesel and diesel–CNTF DEPs.
However, the addition of CNTF considerably reduces this ROS concentration. It is widely
recognized that excessive intracellular oxidative stress induced by DEPs can harm cells
by oxidizing lipids, proteins, and DNA [108,109]. In this study, we found a correlation
between ROS production and DNA damage induced by DEPs. This will be discussed in
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the test results below. This higher induction of ROS could be due to the PAH content and
structure of diesel DEPs, which have been associated as the major inducers of damage at the
cellular level in multiple studies [110–112]. Our results show that diesel DEPs have a higher
content of PAHs and that their elongated and less condensed structure may be the damage
inducers. It is important to mention that although diesel–CNTF DEPs also induce ROS
production, at the tested conditions, we were able to detect intracellular ROS generation
with a 20% reduction when compared to diesel DEPs. In this sense, the PAH content and the
shape of diesel–CNTF DEPs may be involved. Here, we found that, compared with diesel
DEPs, diesel–CNTF DEPs have a lower PAH content and a less condensed form, which may
be associated with the mechanisms of cellular entry and possible impairment in function
and structure. Zerboni et al. found that combining metal oxide nanoparticles with diesel
reduced the adverse effects of diesel exhaust particles (DEPs) produced after combustion.
Their study noted that no intracellular ROS generation was detected, and only DEPs
induced a slight, but not significant, increase in ROS levels. Furthermore, the autophagic
pathway could be activated in the presence of nanoparticles compartmentalizing harmful
compounds in lysosomes for degradation [83]. The use of nanoparticles can induce a
reduction in the effects, and if we extrapolate it to carbon nanotubes, we could be observing
a similar behavior.

To gain a more comprehensive understanding of how ROS production induced by
DEPs impacts cells, additional assays could be conducted to assess the signaling pathways
involved, in addition to evaluating damage. Mitochondria are recognized as the primary
generators of ROS, yet they are also highly susceptible to its effects [107]. The harmful
effects induced by NOx should also be evaluated. Although it has been reported that
amide-functionalized CNTF, when used in a mixture with diesel, significantly reduces NOx
emissions by up to 29.4% [25], NOx can affect cell metabolism like ROS [103].

3.5. DNA Damage on A549 Cells Treated with CNTF and DEPs

Finally, we examined DNA damage in A549 cells treated with CNTF and DEPs (diesel
and diesel–CNTF) using a comet assay to assess their genotoxic impacts. Figure 10A–E
shows images of the tested cells and the comets formed in some of them after treatment.
Figure 10F presents the results of the comparisons made according to the type of treatment.
Treatment with CNTFs did not induce DNA damage at any of the concentrations used.
Conversely, diesel DEPs and diesel–CNTF DEPs induce DNA damage, which can be
visualized in the tails of the comets formed (D-E) with a significance of p < 0.0001. The
comet tails are longer in the diesel DEP treatment at each concentration.

Figure 10G shows the results of the comparisons made according to the different
concentrations and types of treatment. In general, it is observed that DEPs induce greater
DNA damage than diesel–CNTF particles and CNTF alone. At concentrations of 2.5 μg/mL,
5.0 μg/mL, and 10 μg/mL, DEPs caused the most damage, followed by diesel–CNTF
particles, compared to CNTF. Additionally, when comparing the genotoxic effects between
diesel DEPs and diesel–CNTF DEPs, it was found that the former induced greater DNA
damage, with larger comet tails and statistically significant differences between these two
treatments (p = 0.0044). These findings suggest that diesel DEPs exhibit the highest DNA-
damaging potential. Furthermore, exposure of the A549 cell line to the functionalized
nanoparticles did not increase DNA damage. Although diesel–CNTF DEPs also induced
DNA damage, the size of the comets formed was much smaller than that produced by diesel
DEPs. As with previous assays, using CNTFs appears to mitigate the damage induced by
diesel. The observed comet formation behavior is dose-dependent.
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Figure 10. Comet assay of A549 cells exposed to CNTF and DEPs (diesel and diesel–CNTF). The
upper part shows the positive control (A), negative control (B), treatment with CNTF (C), treatment
with diesel DEPs (D), and treatment with diesel–CNTF DEPs (E). The lower part shows the statistical
tests applied according to the treatment (F) and the comparison between treatments according to the
doses applied (G). Red brackets indicate comparisons between CNTF and DEPs, and green brackets
indicate comparisons between diesel DEPs and diesel–CNTF DEPs. Black bars show CNTF in orange
diesel and in blue diesel–CNTF. Statistical significance is indicated by p < 0.05 *, p < 0.01 **, and
p < 0.001 ***.

Our study revealed no genotoxic effect in cells exposed to CNTF. These results suggest
that CNTFs possibly did not enter the nucleus and interact with DNA. Perhaps after a
longer exposure time or an increase in concentration, this effect may be more pronounced.
Studies investigating the toxicological effects of functionalized CNTs have primarily uti-
lized carboxylic acid and amide-functionalized CNTs [85–87,113]. In their study, Jos and
colleagues discovered that exposing differentiated and non-differentiated Caco-2 cells to
COOH-CNTs at concentrations ranging from 5 to 1000 μg/mL for 24 h resulted in cytotoxic
effects, particularly at concentrations exceeding 100 μg/mL [114]. Similarly, Patlolla et al.
observed that the maximum increase in tail DNA was observed in COOH-functionalized
(400 μg/mL) at 48 h post-treatment compared to the control [86]. Using low concentrations
of CNTF could be a viable alternative to avoid significant biological effects. However, it is
recommended to conduct measurements over extended exposure periods.

The effect of the type of functionalization on genotoxicity has been widely evaluated.
It has been determined that COOH-CNTs have the highest level of toxicity and that NH2-
CNTs have a lower cytotoxic and genotoxic effect [87,115,116]. In addition, other studies
have reported that the physiological morphology and structure of CNTs and target cells
were one of the main factors in inducing toxicity and genotoxicity [87,117]. This could
explain what was found in our study, since the amide functionalization of CNTs and the
type of cells used could be reducing their entry and subsequent damage. It has been
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suggested that early DNA damage highlights the carcinogenic potential of CNTs in lung
cells; however, repair mechanisms can restore DNA integrity in most cases [118–122]. This
is consistent with the lack of an increase in DNA damage frequency observed in this study
in cells treated with CNTF, leading to the hypothesis that DNA breakage induced by these
functionalized CNTs is poorly related to potential carcinogenesis.

Our results also indicate that DEPs at each of the concentrations used cause genotoxic
damage. However, all concentrations of diesel DEPs differed statistically significantly from
diesel–CNTF DEPs. Different studies have shown that DEPs can generate genotoxic damage
that has been associated with oxidative damage and DNA strand breaks [65,67,97,99,113].
We found that there is a relationship between increased ROS and DNA damage that is
not associated with direct damage to cell structure and function. Among the mechanisms
that can generate DNA damage induced by increased ROS produced by DEPs are single
and double-strand breaks, abasic sites, base and sugar lesions, and numerous oxidative
lesions derived from pyrimidine and purine, such as the formation of 8-oxo-7,8-dihydro-2′-
deoxyguanosine [123–129].

Exhaust emissions from the two fuel combinations (diesel or diesel–CNTF) showed
different toxicological effects. The general mechanisms of DEP-induced toxicity are complex
because of the chemical complexity of DEPs, the biological complexity of the cells involved,
and the interactions between them [75]. The chemical composition of DEPs, including the
concentration of metals and PAHs, has been shown to impact health due to their ability
to induce oxidative stress and disrupt normal homeostasis that can lead to toxicological
endpoints—cytotoxicity, genotoxicity, and ultimately cell death [130–134]. In addition, the
ability of DEPs to absorb and transport compounds to deeper regions of tissues and cells is
also associated with their morphological characteristics, with their size and shape being
important aspects to take into consideration [135–138].

The differences in biological effects between diesel and diesel–CNTF DEPs can be
attributed to variations in chemical composition and morphology. When CNTFs are
used with diesel, both the composition of PAHs and the morphology change, resulting
in a lower hydrocarbon content and a more compact and larger particle morphology.
Zhang and Balasubramanian note that incorporating metal nanoparticles into fuels can
effectively reduce particle mass concentrations, alter chemical composition, and modify
particle shape [84]. Similar findings have been reported by other researchers, indicating
that the inclusion of carbon nanotubes or metallic particles can significantly alter the
physicochemical characteristics of DEPs, or particulate matter [139–141]. Given these
observations, future research should focus on investigating the toxicological responses to
DEP-CNTF at higher concentrations and extended exposure times. Additionally, evaluating
signaling pathways related to DNA damage repair, cell cycle regulation, and cell death
induction will be crucial to understanding the broader implications of these modifications.

4. Conclusions

This article presents original research findings pertaining to the impact of DEPs
derived from an internal combustion engine utilizing either diesel fuel or a combination of
diesel and CNTF. Specifically, this study assesses the effects of these DEPs on cytotoxicity
and genotoxicity in lung cells while also examining the physicochemical properties of the
DEPs and their correlation with cellular damage. Significantly, the research addresses a gap
in the existing literature by focusing on the cellular damage caused by DEPs resulting from
the presence of carbonaceous additives (CNTF), an area that has received limited attention
compared to studies involving additives containing metallic components.

In the physicochemical characterization, it was observed that the addition of CNTF
to diesel fuel altered the morphology and size of particles, as well as the quantity and
composition of PAHs. This resulted in the formation of spheroid structures and aggregates
of fractal-type particles, with an increase in aerodynamic diameters compared to diesel
alone. The concentration of PAHs decreased overall, and the fraction of four aromatic rings
(Flu, BaA, and Ch) increased by 31.8% in comparison to the total PAHs in diesel, which
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only accounted for 5.5% of this fraction. In terms of toxicity, this study identified a BaPeq
(benzo(a)pyrene equivalent) of 0.033 mg/L, lower than the 0.065 mg/L found in diesel,
suggesting that the incorporation of CNTF in diesel can effectively reduce the toxicity
associated with these compounds.

Our research found that diesel DEPs induced higher levels of ROS production com-
pared to both CNTF and diesel–CNTF DEPs. The combination of CNTF with diesel
significantly reduced ROS production. We also observed that exposure to DEPs caused
genotoxic damage, whereas exposure to functionalized nanoparticles did not increase DNA
damage. In addition, the use of CNTF appeared to mitigate diesel-induced damage. We
can conclude that the functionalization of carbon nanotubes can potentially reduce the
toxic effects of diesel exhaust particles and improve their safety for energy applications.

In conclusion, this investigation provides a deeper understanding of the effects of
non-metallic nano-additives on cell toxicity and their potential to improve fuel efficiency.
This adds a new perspective to research on fuel nanomaterials, suggesting that amide-
functionalized nano-additives could offer a safer alternative to traditional metallic additives
with a lower risk of adverse health effects. This approach may influence the development
and adoption of new, cleaner, and less toxic fuel technologies.
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79. Nováková, Z.; Novák, J.; Kitanovski, Z.; Kukučka, P.; Smutná, M.; Wietzoreck, M.; Lammel, G.; Hilscherová, K. Toxic Potentials
of Particulate and Gaseous Air Pollutant Mixtures and the Role of PAHs and Their Derivatives. Environ. Int. 2020, 139, 105634.
[CrossRef]

244



Energies 2024, 17, 4646

80. Lara, S.; Villanueva, F.; Cabañas, B.; Sagrario, S.; Aranda, I.; Soriano, J.A.; Martin, P. Determination of Policyclic Aromatic
Compounds, (PAH, Nitro-PAH and Oxy-PAH) in Soot Collected from a Diesel Engine Operating with Different Fuels. Sci. Total
Environ. 2023, 900, 165755. [CrossRef]

81. Majeed, W.; Bourdo, S.; Petibone, D.M.; Saini, V.; Vang, K.B.; Nima, Z.A.; Alghazali, K.M.; Darrigues, E.; Ghosh, A.; Watanabe, F.;
et al. The Role of Surface Chemistry in the Cytotoxicity Profile of Graphene. J. Appl. Toxicol. 2017, 37, 462–470. [CrossRef]

82. Zerboni, A.; Bengalli, R.; Baeri, G.; Fiandra, L.; Catelani, T.; Mantecca, P. Mixture Effects of Diesel Exhaust and Metal Oxide
Nanoparticles in Human Lung A549 Cells. Nanomaterials 2019, 9, 1302. [CrossRef] [PubMed]

83. Zerboni, A.; Bengalli, R.; Fiandra, L.; Catelani, T.; Mantecca, P. Cellular Mechanisms Involved in the Combined Toxic Effects of
Diesel Exhaust and Metal Oxide Nanoparticles. Nanomaterials 2021, 11, 1437. [CrossRef]

84. Zhang, Z.H.; Balasubramanian, R. Effects of Cerium Oxide and Ferrocene Nanoparticles Addition As Fuel-Borne Catalysts
on Diesel Engine Particulate Emissions: Environmental and Health Implications. Environ. Sci. Technol. 2017, 51, 4248–4258.
[CrossRef]

85. Ursini, C.L.; Cavallo, D.; Fresegna, A.M.; Ciervo, A.; Maiello, R.; Buresti, G.; Casciardi, S.; Tombolini, F.; Bellucci, S.; Iavicoli, S.
Comparative Cyto-Genotoxicity Assessment of Functionalized and Pristine Multiwalled Carbon Nanotubes on Human Lung
Epithelial Cells. Toxicol. In Vitro 2012, 26, 831–840. [CrossRef] [PubMed]

86. Patlolla, A.; Patlolla, B.; Tchounwou, P. Evaluation of Cell Viability, DNA Damage, and Cell Death in Normal Human Dermal
Fibroblast Cells Induced by Functionalized Multiwalled Carbon Nanotube. Mol. Cell. Biochem. 2010, 338, 225–232. [CrossRef]

87. Song, G.; Guo, X.; Zong, X.; Du, L.; Zhao, J.; Lai, C.; Jin, X. Toxicity of Functionalized Multi-Walled Carbon Nanotubes on Bone
Mesenchymal Stem Cell in Rats. Dent. Mater. J. 2019, 38, 127–135. [CrossRef]

88. Cattani-Cavalieri, I.; Baarsma, H.A.; Oun, A.; Van Der Veen, M.; Dolga, A.; Valença, S.D.S.; Schmidt, M. Diesel Exhaust Particles
Alter Mitochondrial Bioenergetics in Human Bronchial Epithelial Cells. ERJ Open Res. 2020, 6, 23. [CrossRef]

89. Lawal, A.O. Diesel Exhaust Particles and the Induction of Macrophage Activation and Dysfunction. Inflammation 2018, 41,
356–363. [CrossRef]

90. Taylor-Just, A.J.; Ihrie, M.D.; Duke, K.S.; Lee, H.Y.; You, D.J.; Hussain, S.; Kodali, V.K.; Ziemann, C.; Creutzenberg, O.; Vulpoi, A.;
et al. The Pulmonary Toxicity of Carboxylated or Aminated Multi-Walled Carbon Nanotubes in Mice Is Determined by the Prior
Purification Method. Part. Fibre Toxicol. 2020, 17, 60. [CrossRef]

91. Lanone, S.; Andujar, P.; Kermanizadeh, A.; Boczkowski, J. Determinants of Carbon Nanotube Toxicity. Adv. Drug Deliv. Rev. 2013,
65, 2063–2069. [CrossRef]

92. Tokonami, R.; Aoki, K.; Goto, T.; Takahashi, T. Surface Modification of Carbon Fiber for Enhancing the Mechanical Strength of
Composites. Polymers 2022, 14, 3999. [CrossRef] [PubMed]

93. Checa, J.; Aran, J.M. Reactive Oxygen Species: Drivers of Physiological and Pathological Processes. J. Inflamm. Res. 2020, 13, 1057.
[CrossRef]

94. Jomova, K.; Raptova, R.; Alomar, S.Y.; Alwasel, S.H.; Nepovimova, E.; Kuca, K.; Valko, M. Reactive Oxygen Species, Toxicity,
Oxidative Stress, and Antioxidants: Chronic Diseases and Aging. Arch. Toxicol. 2023, 97, 2499–2574. [CrossRef] [PubMed]

95. Nel, A.; Xia, T.; Mädler, L.; Li, N. Toxic Potential of Materials at the Nanolevel. Science 2006, 311, 622–627. [CrossRef] [PubMed]
96. Chetyrkina, M.R.; Fedorov, F.S.; Nasibulin, A.G. In Vitro Toxicity of Carbon Nanotubes: A Systematic Review. RSC Adv. 2022, 12,

16235–16256. [CrossRef] [PubMed]
97. Guo, Y.Y.; Zhang, J.; Zheng, Y.F.; Yang, J.; Zhu, X.Q. Cytotoxic and Genotoxic Effects of Multi-Wall Carbon Nanotubes on Human

Umbilical Vein Endothelial Cells in Vitro. Mutat. Res. 2011, 721, 184–191. [CrossRef] [PubMed]
98. Lee, K.; Lee, J.; Kwak, M.; Cho, Y.L.; Hwang, B.; Cho, M.J.; Lee, N.G.; Park, J.; Lee, S.H.; Park, J.G.; et al. Two Distinct Cellular

Pathways Leading to Endothelial Cell Cytotoxicity by Silica Nanoparticle Size. J. Nanobiotechnol. 2019, 17, 24. [CrossRef]
[PubMed]

99. Yu, Z.; Li, Q.; Wang, J.; Yu, Y.; Wang, Y.; Zhou, Q.; Li, P. Reactive Oxygen Species-Related Nanoparticle Toxicity in the Biomedical
Field. Nanoscale Res. Lett. 2020, 15, 115. [CrossRef] [PubMed]

100. Vijayalakshmi, V.; Sadanandan, B.; Anjanapura, R.V. In Vitro Comparative Cytotoxic Assessment of Pristine and Carboxylic
Functionalized Multiwalled Carbon Nanotubes on LN18 Cells. J. Biochem. Mol. Toxicol. 2023, 37, e23283. [CrossRef]

101. Kostarelos, K.; Lacerda, L.; Pastorin, G.; Wu, W.; Wieckowski, S.; Luangsivilay, J.; Godefroy, S.; Pantarotto, D.; Briand, J.P.;
Muller, S.; et al. Cellular Uptake of Functionalized Carbon Nanotubes Is Independent of Functional Group and Cell Type. Nat.
Nanotechnol. 2007, 2, 108–113. [CrossRef]

102. Höfinger, S.; Melle-Franco, M.; Gallo, T.; Cantelli, A.; Calvaresi, M.; Gomes, J.A.N.F.; Zerbetto, F. A Computational Analysis of the
Insertion of Carbon Nanotubes into Cellular Membranes. Biomaterials 2011, 32, 7079–7085. [CrossRef] [PubMed]

103. AbouAitah, K.; Abdelaziz, A.M.; Higazy, I.M.; Swiderska-Sroda, A.; Hassan, A.M.E.; Shaker, O.G.; Szałaj, U.; Stobinski, L.;
Malolepszy, A.; Lojkowski, W. Functionalized Carbon Nanotubes for Delivery of Ferulic Acid and Diosgenin Anticancer Natural
Agents. ACS Appl. Bio Mater. 2024, 7, 791–811. [CrossRef]

104. Karimi, M.; Ghasemi, A.; Mirkiani, S.; Basri, S.M.M.; Hamblin, M.R. Mechanism of Carbon Nanotube Uptake by Cells. Carbon
Nanotub. Drug Gene Deliv. 2017, 5, 5–6. [CrossRef]

105. Ijaz, H.; Mahmood, A.; Abdel-Daim, M.M.; Sarfraz, R.M.; Zaman, M.; Zafar, N.; Alshehery, S.; Salem-Bekhit, M.M.; Ali, M.A.;
Eltayeb, L.B.; et al. Review on Carbon Nanotubes (CNTs) and Their Chemical and Physical Characteristics, with Particular
Emphasis on Potential Applications in Biomedicine. Inorg. Chem. Commun. 2023, 155, 111020. [CrossRef]

245



Energies 2024, 17, 4646

106. Danielsen, P.H.; Poulsen, S.S.; Knudsen, K.B.; Clausen, P.A.; Jensen, K.A.; Wallin, H.; Vogel, U. Physicochemical Properties of 26
Carbon Nanotubes as Predictors for Pulmonary Inflammation and Acute Phase Response in Mice Following Intratracheal Lung
Exposure. Environ. Toxicol. Pharmacol. 2024, 107, 104413. [CrossRef]

107. Shi, J.; Tian, F.; Ren, J.; Li, R.; Yang, M.; Li, W. Diesel Exhaust Particulate Matter Induces GC-1 Spg Cells Oxidative Stress by
KEAP1-NRF2 Pathway and Inhibition of ATP5α1 S-Sulfhydration. Food Chem. Toxicol. 2024, 189, 114746. [CrossRef] [PubMed]

108. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:
Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. [CrossRef]

109. Kwon, M.; Jung, J.; Park, H.S.; Kim, N.H.; Lee, J.; Park, J.; Kim, Y.; Shin, S.; Lee, B.S.; Cheong, Y.H.; et al. Diesel Exhaust Particle
Exposure Accelerates Oxidative DNA Damage and Cytotoxicity in Normal Human Bronchial Epithelial Cells through PD-L1.
Environ. Pollut. 2023, 317, 120705. [CrossRef] [PubMed]

110. Lawal, A.O.; Davids, L.M.; Marnewick, J.L. Diesel Exhaust Particles and Endothelial Cells Dysfunction: An Update. Toxicol. In
Vitro 2016, 32, 92–104. [CrossRef]

111. Wei, J.; Wang, Y. Effects of Biodiesels on the Physicochemical Properties and Oxidative Reactivity of Diesel Particulates: A Review.
Sci. Total Environ. 2021, 788, 147753. [CrossRef]

112. Wong, J.Y.Y.; Imani, P.; Grigoryan, H.; Bassig, B.A.; Dai, Y.; Hu, W.; Blechter, B.; Rahman, M.L.; Ji, B.T.; Duan, H.; et al. Exposure to
Diesel Engine Exhaust and Alterations to the Cys34/Lys525 Adductome of Human Serum Albumin. Environ. Toxicol. Pharmacol.
2022, 95, 103966. [CrossRef]

113. Pecchillo Cimmino, T.; Ammendola, R.; Cattaneo, F.; Esposito, G. NOX Dependent ROS Generation and Cell Metabolism. Int. J.
Mol. Sci. 2023, 24, 2086. [CrossRef] [PubMed]

114. Jos, A.; Pichardo, S.; Puerto, M.; Sánchez, E.; Grilo, A.; Cameán, A.M. Cytotoxicity of Carboxylic Acid Functionalized Single Wall
Carbon Nanotubes on the Human Intestinal Cell Line Caco-2. Toxicol. In Vitro 2009, 23, 1491–1496. [CrossRef] [PubMed]

115. Chatterjee, N.; Yang, J.S.; Choi, J. Differential Genotoxic and Epigenotoxic Effects of Graphene Family Nanomaterials (GFNs) in
Human Bronchial Epithelial Cells. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2016, 798–799, 1–10. [CrossRef] [PubMed]

116. Jackson, P.; Kling, K.; Jensen, K.A.; Clausen, P.A.; Madsen, A.M.; Wallin, H.; Vogel, U. Characterization of Genotoxic Response
to 15 Multiwalled Carbon Nanotubes with Variable Physicochemical Properties Including Surface Functionalizations in the
FE1-Muta(TM) Mouse Lung Epithelial Cell Line. Environ. Mol. Mutagen. 2015, 56, 183–203. [CrossRef] [PubMed]

117. Alarifi, S.; Ali, D. Mechanisms of Multi-Walled Carbon Nanotubes-Induced Oxidative Stress and Genotoxicity in Mouse Fibroblast
Cells. Int. J. Toxicol. 2015, 34, 258–265. [CrossRef] [PubMed]

118. Møller, P.; Jacobsen, N.R. Weight of Evidence Analysis for Assessing the Genotoxic Potential of Carbon Nanotubes. Crit. Rev.
Toxicol. 2017, 47, 867–884. [CrossRef] [PubMed]

119. Ema, M.; Masumori, S.; Kobayashi, N.; Naya, M.; Endoh, S.; Maru, J.; Hosoi, M.; Uno, F.; Nakajima, M.; Hayashi, M.; et al. In Vivo
Comet Assay of Multi-Walled Carbon Nanotubes Using Lung Cells of Rats Intratracheally Instilled. J. Appl. Toxicol. 2013, 33,
1053–1060. [CrossRef]

120. Lindberg, H.K.; Falck, G.C.M.; Singh, R.; Suhonen, S.; Järventaus, H.; Vanhala, E.; Catalán, J.; Farmer, P.B.; Savolainen, K.M.;
Norppa, H. Genotoxicity of Short Single-Wall and Multi-Wall Carbon Nanotubes in Human Bronchial Epithelial and Mesothelial
Cells in Vitro. Toxicology 2013, 313, 24–37. [CrossRef] [PubMed]

121. Migliore, L.; Saracino, D.; Bonelli, A.; Colognato, R.; D’Errico, M.R.; Magrini, A.; Bergamaschi, A.; Bergamaschi, E. Carbon
Nanotubes Induce Oxidative DNA Damage in RAW 264.7 Cells. Environ. Mol. Mutagen. 2010, 51, 294–303. [CrossRef]

122. Jantzen, K.; Roursgaard, M.; Desler, C.; Loft, S.; Rasmussen, L.J.; Møller, P. Oxidative Damage to DNA by Diesel Exhaust Particle
Exposure in Co-Cultures of Human Lung Epithelial Cells and Macrophages. Mutagenesis 2012, 27, 693–701. [CrossRef]

123. Uski, O.J.; Rankin, G.D.; Wingfors, H.; Magnusson, R.; Boman, C.; Muala, A.; Blomberg, A.; Bosson, J.; Sandström, T. In
Vitro Toxicity Evaluation in A549 Cells of Diesel Particulate Matter from Two Different Particle Sampling Systems and Several
Resuspension Media. J. Appl. Toxicol. 2024; Epub ahead of print. [CrossRef] [PubMed]

124. Risom, L.; Møller, P.; Loft, S. Oxidative Stress-Induced DNA Damage by Particulate Air Pollution. Mutat. Res. 2005, 592, 119–137.
[CrossRef] [PubMed]

125. Kowalska, M.; Wegierek-Ciuk, A.; Brzoska, K.; Wojewodzka, M.; Meczynska-Wielgosz, S.; Gromadzka-Ostrowska, J.; Mruk,
R.; Øvrevik, J.; Kruszewski, M.; Lankoff, A. Genotoxic Potential of Diesel Exhaust Particles from the Combustion of First- and
Second-Generation Biodiesel Fuels—The FuelHealth Project. Environ. Sci. Pollut. Res. 2017, 24, 24223–24234. [CrossRef]

126. Tudek, B.; Winczura, A.; Janik, J.; Siomek, A.; Foksinski, M.; Oliński, R. Involvement of Oxidatively Damaged DNA and Repair in
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Abstract: The use of biodiesel as an alternative to conventional diesel fuels has gained significant
attention due to its potential for reducing greenhouse gas emissions and improving energy sustain-
ability. This study explores the impact of TiO2 nanoparticles on the emission characteristics and
combustion efficiency of biodiesel blends in compression ignition (CI) engines. The fuels analyzed
include diesel, SB20 (soybean biodiesel), SB20 + 50 TiO2 ppm, SB20 + 75 TiO2 ppm, PB20 (palm
biodiesel), PB20 + 50 TiO2 ppm, and PB20 + 75 TiO2 ppm. Experiments were conducted under a
consistent load of 50% across engine speeds ranging from 1000 to 1800 RPM. While TiO2 nanoparti-
cles have been widely recognized for their ability to enhance biodiesel properties, limited research
exists on their specific effects on soybean and palm biofuels. This study addresses these gaps by
providing a comprehensive analysis of emissions, including NOX, CO, CO2, and HC, as well as
exhaust gas temperature (EGT), across various engine speeds and nanoparticle concentrations. The
results demonstrate that TiO2 nanoparticles lead to a reduction in CO emissions by up to 30% and
a reduction in HC emissions by 21.5% at higher concentrations and engine speeds. However, this
improvement in combustion efficiency is accompanied by a 15% increase in CO2 emissions, indicating
more complete fuel oxidation. Additionally, NOX emissions, which typically increase with engine
speed, were mitigated by 20% with the addition of TiO2 nanoparticles. Exhaust gas temperatures
(EGTs) were also lowered, indicating enhanced combustion stability. These findings highlight the
potential of TiO2 nanoparticles to optimize biodiesel blends for improved environmental performance
in CI engines.

Keywords: blended biodiesel; nanoparticle; titanium oxide; performance; emission; biofuel

1. Introduction

Biofuels, derived from organic materials such as plants and animal fats, present a
renewable and sustainable alternative to fossil fuels. They have garnered attention due to
their potential to reduce greenhouse gas emissions, enhance energy security, and promote
environmental sustainability. Biodiesel, a major category of biofuels, can be produced from
various feedstocks including palm oil and soybean oil. These biofuels can be directly used
in existing diesel engines with minimal modifications, offering a significant reduction in
carbon footprint compared to conventional fossil fuels [1–3]. Despite these advantages,
biofuels face several challenges such as higher nitrogen oxide (NOX) emissions and lower
oxidation stability compared to fossil fuels. These limitations require biofuel properties to
be further optimized to meet emission standards and improve engine performance [4,5].

To address these challenges, the addition of nanoparticles to biofuels has shown
promising results in enhancing fuel properties and engine performance. Nanoparticles, due
to their small size and large surface area, act as effective catalysts and lubricants, leading
to better combustion efficiency and reduced emissions. Nanoparticles, such as titanium
dioxide (TiO2), cerium oxide, and aluminum oxide, have been extensively studied for their
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ability to improve fuel atomization, air–fuel mixing, and ignition delay reduction. These
improvements contribute to higher engine efficiency, increased power output, and reduced
harmful emissions such as NOX and particulate matter [1,6].

Titanium dioxide (TiO2) nanoparticles have emerged as a particularly effective addi-
tive for enhancing biofuel properties. TiO2 nanoparticles improve the thermal and oxidative
stability of biodiesel, leading to more efficient combustion and reduced engine wear. The
catalytic properties of TiO2 nanoparticles facilitate oxidation reactions during combustion,
promoting more complete fuel combustion and reducing the formation of unburned hy-
drocarbons (HC) and carbon deposits. Studies have shown that TiO2 nanoparticles can
significantly enhance the combustion characteristics of biodiesel, resulting in improved fuel
economy and lower emissions of pollutants such as carbon monoxide (CO), hydrocarbons
(HC), and nitrogen oxides (NOX) [6,7].

The mechanism behind the improvement is largely attributed to the high surface
area of TiO2 nanoparticles, which provides more active sites for catalytic reactions. This
leads to better oxidation of fuel molecules and higher combustion efficiency. Additionally,
TiO2 nanoparticles stabilize combustion temperatures, reducing NOX formation, which
is typically associated with high-temperature combustion [8,9]. Research indicates that
the inclusion of TiO2 nanoparticles in biodiesel blends results in significant improvements
in engine performance and emission characteristics. For instance, a study on Mahua
biodiesel blended with TiO2 nanoparticles demonstrated enhanced combustion efficiency
and reduced emissions at varying injection pressures [10]. Another study on tamarind
oil biodiesel with TiO2 and alcoholic fuel additives showed similar benefits, with notable
reductions in NOX and particulate emissions [9].

Moreover, TiO2 nanoparticles have been used as catalysts in the synthesis of biodiesel,
enhancing the conversion efficiency and quality of the biofuel. For instance, TiO2-catalyzed
biodiesel production using Carthamus tinctorius L. oil showed significant improvements in
yield and purity [11].

Comparative studies have highlighted the superior performance of TiO2 nanoparticle-
enhanced biodiesel over traditional biodiesel and diesel blends. For example, the use
of TiO2 nanoparticles in biodiesel from Eichhornia crassipes led to improved engine per-
formance and lower emissions across various operating conditions [12]. Similarly, an
experimental evaluation of Semecarpus anacardium biodiesel with TiO2 nanoparticles demon-
strated enhanced stability and physicochemical properties, contributing to better engine
performance [13].

The potential of TiO2 nanoparticles in biodiesel applications is further supported
by their role in reducing soot and NOX emissions in advanced engine technologies. The
incorporation of TiO2 nanoparticles in biodiesel blends has shown to be effective in engines
equipped with exhaust gas recirculation (EGR) systems, significantly lowering emissions
without compromising engine performance [14].

The Objectives of This Study

This study aims to investigate the emission and performance characteristics of TiO2
nanoparticles in palm and soybean biofuel in a compression ignition (CI) engine. The
specific objectives are as follows:

1. To evaluate the influence of TiO2 nanoparticles on the reduction in harmful emissions
(CO, HC, and NOX) and the enhancement in combustion efficiency in soybean and
palm biodiesel blends.

2. To explore the potential of TiO2 nanoparticles in mitigating NOX emissions and
lowering exhaust gas temperatures (EGTs), particularly at higher engine speeds.

2. Literature Review

Titanium dioxide (TiO2) nanoparticles have been extensively studied for their potential
to enhance the properties of biofuels. The integration of TiO2 nanoparticles into biodiesel
has shown significant improvements in combustion efficiency, emission reduction, and
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engine performance, largely due to their catalytic properties, which enhance oxidation
stability. Several studies highlight the role of TiO2 nanoparticles in acting as catalysts that
improve the oxidation stability of biodiesel, which is crucial for efficient combustion and
reduced emissions.

Several studies have highlighted the specific benefits of TiO2 nanoparticles in biodiesel
blends. Rajak et al. (2020) discussed the benefits of using TiO2 nanoparticles in first-
generation biodiesel blends, including palm and soybean oils, highlighting enhanced
combustion characteristics and lower emissions [15]. Building on this, Lai et al. (2023)
demonstrated that green fuel blends with TiO2 nanoparticles significantly optimized diesel
engine performance and reduced pollutants [6]. These findings suggest that TiO2 nanopar-
ticles not only improve the combustion process but also address the persistent issue of high
NOX emissions typically associated with biodiesel combustion, offering a more sustainable
alternative to traditional diesel.

In comparative studies, TiO2 nanoparticles have demonstrated superior performance
when used in combination with other additives. Pullagura et al. (2022) conducted a
comparative study on the use of TiO2 nanoparticles and alcoholic fuel additives in biodiesel-
diesel blends, showing that TiO2 nanoparticles improved the combustion efficiency and
reduced NOX emissions [9]. Bayindirli et al. (2023) also reported that TiO2 nanoparticles
enhanced the thermophysical properties and combustion performance of biodiesel [2].
These studies underline the versatility of TiO2 nanoparticles in improving various aspects
of biodiesel performance, from thermal stability to emission control.

Previous studies have established the baseline performance of palm and soybean
biodiesel in compression ignition (CI) engines, laying the groundwork for exploring further
enhancements with TiO2 nanoparticles. For instance, Bari and Zhang (2020) evaluated
the performance of CI engines using palm oil biodiesel, reporting improved combustion
efficiency and reduced emissions compared to traditional diesel fuels [16]. Similarly, Kumar
et al. (2022) assessed the performance, emissions, and combustion attributes of CI engines
using palm biodiesel blends and found significant improvements in engine efficiency
and a reduction in harmful emissions such as NOX and HC [17]. However, when TiO2
nanoparticles are introduced into these biodiesel blends, the improvements become even
more pronounced as the catalytic activity of the nanoparticles further enhances combustion
stability and reduces emissions, particularly under high engine loads.

In the case of soybean oil-based biodiesel, extensive research has also confirmed its
effectiveness in reducing emissions and improving engine performance. Seraç et al. (2020)
conducted a comprehensive evaluation of soybean biodiesel blends in CI engines and
reported enhanced performance and lower emissions compared to conventional diesel [18].
Vellaiyan (2020) investigated the combustion, performance, and emissions of a diesel engine
fueled with soybean biodiesel and its water blends, finding significant reductions in NOX
and particulate matter emissions [19].

A study by Hussain et al. (2020) demonstrated that the addition of 50 ppm of TiO2
nanoparticles to soybean biodiesel blends increased the brake thermal efficiency by 20.66%
while reducing CO and HC emissions by 30% and 21.5%, respectively. However, their study
also noted a slight increase in NOX emissions due to the higher combustion temperatures
associated with more efficient fuel oxidation [20].

Further research conducted by Lin and Lin in 2023 explored the performance of
soybean biodiesel emulsions with TiO2 nanoparticles, revealing a significant reduction in
NOX and particulate matter emissions. Their experiments indicated that TiO2-enhanced
soybean biodiesel reduced CO emissions by 25% and NOX emissions by 3.75% compared to
conventional diesel fuel [21]. The influence of TiO2 nanoparticles, combined with biodiesel’s
inherent oxygen content, contributes to the reduction in unburned hydrocarbons, thus
minimizing the environmental impact of biodiesel use in CI engines.

The addition of TiO2 nanoparticles to palm biodiesel blends has been widely studied
for its potential to reduce harmful emissions in diesel engines. For example, Venu et al.
(2019) demonstrated that palm biodiesel blended with TiO2 nanoparticles and exhaust gas
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recirculation (EGR) significantly reduced NOX emissions, a common challenge in biodiesel
combustion. The catalytic action of TiO2 nanoparticles improves oxidation reactions, reduc-
ing unburned hydrocarbons (HCs) and carbon monoxide (CO) emissions in palm biodiesel
blends [22]. In addition, Mujtaba et al., 2020 found that the inclusion of TiO2 nanoparticles
in palm–sesame biodiesel blends resulted in a 32.09% reduction in CO emissions and a
25.4% decrease in HC emissions compared to regular biodiesel [23]. These reductions in
emissions are crucial for making biodiesel blends more viable for use in commercial diesel
engines, where regulatory limits on pollutants are becoming increasingly stringent.

Furthermore, the impact of TiO2 nanoparticles on particulate matter (PM) emissions
has been explored. Fayad et al. (2023) showed that the addition of TiO2 nanoparticles to
biodiesel blends reduced the total concentration of particulate matter by 26.74% compared
to standard diesel fuel [11]. The synergistic effect of TiO2 nanoparticles and EGR systems
has been shown to lower NOX emissions by up to 21.83% and significantly reduce PM
concentrations [14]. Research indicates that TiO2 nanoparticles play a crucial role in
improving both gaseous and particulate emissions, making palm biodiesel blends more
environmentally sustainable when used in compression ignition engines.

Identification of Research Gaps

Despite extensive research indicating the benefits of TiO2 nanoparticles in enhancing
biodiesel properties, there remains a significant gap in understanding their specific impact
on palm and soybean biofuels. Current studies often generalize the effects of TiO2 without
delving into how these nanoparticles influence the combustion efficiency of these biofuels.
Furthermore, while reductions in emissions such as NOX and particulate matter have
been noted, a comprehensive analysis of all emission profiles, including CO, HC, and soot
particles, is lacking. This study aims to fill these gaps by providing detailed evaluations
of the combustion processes and emission characteristics of CI engines fueled with TiO2-
enhanced palm and soybean biodiesels.

In addition, while there are indications of improved engine performance metrics like
power output and fuel consumption with TiO2-enhanced biodiesels, specific data for palm
and soybean biodiesel blends are insufficient. This study seeks to systematically assess these
performance metrics and explore the long-term sustainability and economic feasibility of
using TiO2 nanoparticles in these biofuels. By addressing the stability, cost implications, and
lifecycle impact of TiO2 integration, this research will offer a comprehensive understanding
of the potential benefits and challenges, contributing valuable insights into the optimization
of biofuels for sustainable engine performance.

3. Methodology

3.1. Biofuel Production

In Figure 1, the production of biodiesel from palm oil utilizing a laboratory-scale
transesterification process is illustrated. The experimental setup comprised a 1000 mL flask
equipped with a thermometer and a magnetic stirrer (Topscien, Ningbo, China, Model
MS300) to ensure uniform mixing. Initially, 1000 mL of palm oil was heated to 65 ◦C in
the flask. Subsequently, a solution of potassium hydroxide (12.75 g from Sigma-Aldrich,
Burlington, MA, USA) dissolved in 255 mL of methanol (Sigma-Aldrich, USA, ≥99.9%
purity, suitable for high-performance liquid chromatography) was added to the preheated
oil. The reaction mixture was maintained under continuous stirring for 2 h. Following the
reaction, the mixture was transferred to a separating funnel to separate the glycerol layer.
The resulting esters were washed twice: first with warm water containing 5% acetic acid
and then with plain water to purify the methyl esters. The final step involved drying the
ester at 100 ◦C to remove any remaining alcohol and water, culminating in the production
of biodiesel from palm oil.
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Figure 1. Biodiesel production: palm oil and soybean oil.

Similarly, the synthesis of biodiesel from soybean oil was conducted using a com-
parable one-stage alkaline transesterification method. The apparatus included a 500 mL
flask, also equipped with a thermometer and magnetic stirrer. In this instance, 500 mL
of soybean oil was combined with a solution of 135 mL methanol and 2.5 g potassium
hydroxide, maintaining a 10:1 molar ratio. The mixture was heated to 55 ◦C and stirred
at a constant rate of 700 RPM for 2 h. After the reaction, the mixture was subjected to the
same separation process using a funnel to remove the glycerol layer. The esters were then
purified through two washes: one with warm water mixed with 5% acetic acid and the
other with plain water. The final drying step at 100 ◦C removed any residual alcohol and
water, resulting in the production of biodiesel from soybean oil.

3.2. Incorporation of TiO2 Nanoparticles

The incorporation of TiO2 nanoparticles into soybean oil was a carefully controlled
process designed to ensure a uniform dispersion of the nanoparticles within the biodiesel
blend. The TiO2 nanoparticles used were AEROXIDE TiO2 P25 (Evonik Degussa, Essen,
Germany). Initially, the TiO2 nanoparticles were mixed with soybean oil using an ultrasonic
mixer (Branson Ultrasonics, Model 2510E-MT, Danbury, CT, USA) for one hour. Ultrasonic
mixing is a crucial step as it uses high-frequency sound waves to create cavitation bubbles
in the liquid, which collapse and produce intense shear forces. These forces help to break
apart any nanoparticle agglomerates, ensuring that the nanoparticles are evenly distributed
throughout the soybean oil. This process was repeated to prevent any settling or clumping
of the nanoparticles within the blend, as uniform dispersion is key to maintaining the
desired properties of the fuel. Prior to testing, the nano blend was vigorously shaken and
stirred for an additional two hours, further ensuring that the nanoparticles remained in
suspension and did not settle. This method of incorporating TiO2 nanoparticles aimed
to improve the fuel’s combustion characteristics and stability, potentially enhancing the
overall performance of the biodiesel.

The process of incorporating TiO2 nanoparticles into palm oil biodiesel followed a
similar methodology to that used with soybean oil, with specific adjustments made to
accommodate the properties of palm oil. TiO2 nanoparticles, prepared through a chemical
precipitation method, were first mixed into the palm oil using an ultrasonic mixer for one
hour. The ultrasonic mixer facilitated the even distribution of nanoparticles by breaking
down any potential clumps, thus preventing agglomeration. The mixing process was
repeated to ensure the consistency and stability of the nano blend, as an uneven distri-
bution could lead to performance inconsistencies. Additionally, to avoid settling of the
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nanoparticles, the mixture was subjected to vigorous shaking and stirring for two hours
before any experimental testing. This step was critical in maintaining a stable dispersion
as it ensured the nanoparticles were well suspended and did not settle at the bottom of
the container. The incorporation of TiO2 nanoparticles into palm oil was carried out with
the aim of enhancing the biodiesel’s properties, potentially improving the combustion
efficiency, reducing emissions, and increasing fuel stability. Specific concentration levels
of TiO2 nanoparticles (50 ppm and 75 ppm) were selected to explore their impacts on the
biodiesel’s performance characteristics.

The quantities of TiO2 nanoparticles selected for the study—50 ppm and 75 ppm—were
carefully chosen to investigate the effects of varying concentrations on the biodiesel’s
performance. These specific concentrations were selected based on previous research
and preliminary studies, which indicated that these levels are effective in enhancing fuel
properties without causing adverse effects, such as the clogging of fuel injectors or in-
creased viscosity:

• A concentration of 50 ppm: This moderate concentration was selected to evaluate the
balance between catalytic enhancement and potential changes in fuel properties, such
as viscosity and stability. It provides insights into optimal nanoparticle loading that
can deliver noticeable benefits without compromising the fuel’s quality.

• A concentration of 75 ppm: The highest concentration was chosen to explore the upper
limits of TiO2 incorporation. This level helps in understanding the maximum potential
benefits and any possible drawbacks, such as increased costs or technical challenges,
associated with higher nanoparticle loading.

The detailed characteristics of the TiO2 nanoparticles and the soybean and palm oil
blends are shown in Tables 1 and 2.

Table 1. Nanoparticle (TiO2) properties.

Detail Properties

Name (TiO2) Nanoparticles of titanium dioxide
Appearance White

Purity of TiO2 96%
Particle size 20–50 nm
Surface area >42 m2/g

Melting point >233 ◦C

Table 2. Fuel characteristics.

Fuel Type
Density
(kg/m3)

Viscosity
(cSt)

Flash Point
(◦C)

Cetane
Number

Calorific Value
(MJ/kg)

Ester Content
(%)

Diesel 0.820 2.87 58 48.7 45.515 -
SB20 0.834 2.92 79 52 43.536 96.2

SB20 + 50 ppm TiO2 0.841 3.19 86 53.5 43.607 96.5
SB20 + 75 ppm TiO2 0.846 3.27 89 53.8 43.695 96.8

PB20 0.862 3.10 82 51.5 43.201 97.1
PB20 + 50 ppm TiO2 0.868 3.36 88 52.9 43.272 97.4
PB20 + 75 ppm TiO2 0.872 3.45 91 53.2 43.335 97.7

3.3. Experimental Setup

Figure 2 depicts the experimental setup used in this study, highlighting a detailed array
of components essential for accurately measuring and analyzing the performance of a four-
cylinder, four-stroke electronic engine. The core of the setup is the engine itself, which is
connected to an eddy current dynamometer that applies varying loads to the engine. Torque
measurements are precisely recorded using a load cell and a dedicated torque measurement
device. Engine speed is tracked using an RPM sensor and displayed on an RPM display.
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Exhaust gasses are routed through an exhaust pipe and analyzed for gas composition and
smoke levels using a gas emission analyzer and a smoke analyzer, respectively.

Figure 2. Experimental setup.

The engine receives fuel from a fuel tank, with fuel consumption being closely mon-
itored by a load cell for fuel weight and shown on a fuel weight display. The air intake
system and fuel injector work together to ensure the precise delivery of air and fuel to
the engine. Additionally, a propeller shaft is included in the setup, likely serving the
purpose of transmitting power from the engine. This comprehensive arrangement is metic-
ulously designed to provide in-depth insights into the engine’s performance across various
operating conditions.

3.4. Engine Specifications

The engine specifications detailed in Table 3 describe a four-cylinder, four-stroke
power unit with electronic control, a common setup in modern vehicles that effectively
balances efficiency and performance. Manufactured by Hyundai Motor Co., Ltd. in Seoul,
Republic of Korea, this engine utilizes a sequential fuel injection system and follows a
1-3-4-2 firing order. This specific firing sequence helps minimize engine vibrations and
enhances operational smoothness. With a displacement of 1995 cc, the engine is within the
mid-range capacity for contemporary automotive engines, offering a good compromise
between power and fuel efficiency. The high compression ratio of 16:1 indicates that the
engine is optimized for high efficiency and may be designed to run on premium fuels. The
bore and stroke are measured at 84 mm and 90 mm, respectively, suggesting a slightly
over-square design that can improve engine responsiveness and potentially allow for higher
RPMs. Overall, the engine’s features are tailored to provide a balanced mix of performance
and efficiency, making it suitable for a wide range of driving scenarios.

Table 3. Engine specification and data points.

Parameters Specifications

Engine Type Electronic, four-cylinder, four-stroke type
Injection Sequence 1-3-4-2

Stroke Length (mm) 90
Bore (mm) 84

Compression Ratio 16:1
Displacement (cc) 1995
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This research employed a standard internal combustion engine without any modi-
fications to ensure that the findings accurately represent the performance and emissions
characteristics of engines commonly found in real-world conditions. This approach allows
for a precise evaluation of different biodiesel blends alongside regular diesel, reflecting
how these fuels perform in engines as they are typically configured. By avoiding any
alterations to the engine, this study maintains the original design specifications, mak-
ing the results highly relevant and applicable to the majority of engines currently in use.
This decision ensures that the conclusions drawn from this research are both reliable and
widely transferable.

3.5. Error Analysis and Uncertainty

During the experimental trials, the lubricating oil temperature was carefully controlled
and consistently maintained within a narrow range of 85 to 90 ◦C. The engine was operated
continuously for 15 min, during which detailed observations were made and recordings
systematically documented. To minimize potential discrepancies in the data, a rigorous
evaluation of uncertainty was conducted. A critical aspect of this process was the calibration
of all instruments involved, ensuring the accuracy and reliability of the experimental results.

To further enhance the reliability of the findings, measurements were taken multiple
times, with a minimum of four repetitions for each experiment. These repeated readings
were averaged to calculate the arithmetic mean, which formed the foundation for a subse-
quent data analysis. This approach helped mitigate the impact of any anomalies or outliers,
providing a more accurate representation of the experimental outcomes.

The detailed analysis of error and uncertainty for the smoke meter and gas analyzer is
presented in Table 4. This table highlights the precision of these instruments, accounting for
possible deviations and inaccuracies inherent in the measurement processes. By quantifying
the uncertainty ranges and potential error margins, this table offers a clear insight into the
reliability and limitations of the collected data. This comprehensive assessment is crucial
for interpreting the experimental results with the necessary scientific rigor, ensuring that
the conclusions drawn are both accurate and valid within the specified uncertainty bounds.

Table 4. Measuring range and precision of smoke meter and gas analyzer.

Exhaust Emission Range Resolution Accuracy and Uncertainties

CO 0.00–10.00 % ±0.001%
HC 0–10,000 ppm ±1 ppm
CO2 0.0–20.0 % ±0.01%
O2 0.00–25.00 % ±0.01%

NOX 0–5000 ppm ±1 ppm
Smoke 0–100 % ±0.05%

Thermocouple (K-Type) 0–1200 °C ±0.1 ◦C

To assess the engine’s emission parameters, a CGA-4500 gas analyzer from the Re-
public of Korea was utilized. This sophisticated device employs Non-Dispersive Infrared
(NDIR) technology to measure carbon monoxide (CO) concentrations ranging from 0.00 to
10.00% and carbon dioxide (CO2) levels between 0.0 and 20.0%. Additionally, it is capable
of detecting hydrocarbons (HCs) within the range of 0 to 10,000 parts per million (ppm).
The analyzer also features an electrochemical sensor for measuring oxygen (O2) levels from
0.00 to 25.00% and another electrochemical sensor specifically for quantifying nitric oxide
(NOX) emissions, which can range from 0 to 5000 ppm.

For the acquisition of digital emission data, a probe was strategically positioned
within the exhaust pipeline to ensure accurate sampling. Smoke emissions were measured
using a dedicated smoke meter, providing data on the particulate content. To monitor
the temperature of the exhaust gasses, a k-type thermocouple was employed. Together,
these instruments allowed for a comprehensive analysis of the engine’s emission charac-
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teristics across various operational conditions, enabling a thorough evaluation of both its
performance and environmental impact.

4. Results and Discussion

4.1. Emission Analysis
4.1.1. Carbon Monoxide (CO) Emissions

Figure 3 indicates that CO emissions generally decrease as the RPM increases across
all fuel types. Among the fuel types, the base diesel fuel (B0) consistently shows the highest
CO emissions at each RPM level, while the biofuels, particularly those with added TiO2
nanoparticles, exhibit lower CO emissions. For instance, at 1000 RPM, the amount of
CO emissions for SB20 is 0.178%, but with the addition of 75 mg of TiO2, the amount of
emissions reduces significantly to 0.1%. A similar trend is observed with PB20, where CO
emissions drop from 0.174% to 0.11% with the addition of 75 mg of TiO2.

Figure 3. CO emission fluctuations with varying engine speed.

CO emissions reduced by 43.82% for SB20 with 75 mg of TiO2 at 1000 RPM, while
PB20 showed a 36.78% reduction under similar conditions.

These findings are consistent with previous studies, which have shown that TiO2
nanoparticles enhance oxidative reactions, leading to a reduction in CO emissions. For
instance, Jayabalaji and Shanmughasundaram in 2019 observed that incorporating TiO2
into biodiesel blends markedly reduced CO emissions due to the catalytic properties of
the nanoparticles, which improve the combustion process [24]. Likewise, the research
conducted by Gunasekar et al. (2019) confirmed that the addition of TiO2 nanoparticles in
biodiesel blends can effectively lower CO emissions by promoting the oxidation of carbon
monoxide to carbon dioxide during combustion [25].

4.1.2. Hydrocarbon (HC) Emissions

In Figure 4, it is evident that there is a consistent decrease in HC emissions as the
RPM increases for all fuel types. Among the fuels, pure diesel (B0) exhibits the highest
HC emissions at each RPM level, while the biofuels show lower HC emissions. The
incorporation of TiO2 nanoparticles into the biofuels further reduces HC emissions, with
the highest concentration of TiO2 (75 mg) yielding the lowest emissions. For instance, at
1000 RPM, SB20 emits 56 ppm of HC, while the SB20 + 75 TiO2 blend reduces this value
to 47 ppm. Similarly, PB20 shows 64 ppm of HC emissions at 1000 RPM, which drops to
44 ppm with the addition of 75 mg of TiO2.
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Figure 4. HC emission fluctuations with varying engine speed.

At the highest RPM of 1800, the trend remains clear, with SB20 + 75 TiO2 and
PB20 + 75 TiO2 displaying the lowest HC emissions at 28 ppm and 30 ppm respectively.
The addition of 75 mg TiO2 to SB20 resulted in a 16.07% reduction in HC emissions at
1000 RPM, while PB20 with 75 mg of TiO2 showed a 31.25% reduction. These results
suggest that TiO2 nanoparticles significantly improve the combustion efficiency, leading to
lower hydrocarbon emissions across all tested biofuels.

The reduction in HC emissions with the addition of TiO2 nanoparticles can be at-
tributed to the improved oxidation and combustion efficiency provided by these nanoparti-
cles. Nanoparticles help achieve more complete combustion, thereby reducing the amount
of unburned hydrocarbons in the exhaust. The same trend was observed in previous re-
search that demonstrated the effectiveness of TiO2 nanoparticles in reducing HC emissions.
For instance, the research conducted by Sarma et al. (2023) showed that the incorporation
of TiO2 nanoparticles into biodiesel blends led to a significant reduction in HC emissions
due to enhanced combustion processes [26]. Similarly, Kurre et al. (2023) found that
TiO2 nanoparticles contributed to lower HC emissions by improving the oxidation of
hydrocarbons during combustion [27].

4.1.3. Carbon Dioxide (CO2) Emissions

In Figure 5, a clear trend is observed where CO2 emissions increase as the RPM rises
across all fuel types. Among the biofuels, the addition of TiO2 nanoparticles results in
higher CO2 emissions compared to the base fuels, suggesting a more complete combustion
process facilitated by the nanoparticles. For example, at 1000 RPM, SB20 emits 5.6% of CO2,
but this increases to 6.8% with the addition of 75 mg of TiO2. Similarly, PB20 emits 5.2% of
CO2 at 1000 RPM, which increases to 6.7% when 75 mg of TiO2 is added.

At the highest RPM of 1800, the trend is consistent, with SB20 + 75 TiO2 emitting 8.8%
of CO2 compared to 4.4% for the base diesel (B0). Similarly, PB20 + 75 TiO2 shows 8.7% of
CO2 emissions at 1800 RPM, highlighting the impact of TiO2 in enhancing the combustion
efficiency, thereby increasing CO2 emissions due to more complete fuel oxidation.

CO2 emissions increase by 21.43% for SB20 and 28.85% for PB20 with 75 mg of TiO2 at
1000 RPM.
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Figure 5. CO2 emission fluctuations with varying engine speed.

These findings corroborate previous research showing that TiO2 nanoparticles enhance
combustion efficiency, leading to increased CO2 emissions as a greater proportion of carbon
is fully oxidized during the combustion process. This outcome was observed in studies
by Fangsuwannarak et al. (2020) and Madhuri et al. (2023), where the addition of TiO2 to
biofuels resulted in higher CO2 emissions due to the improved catalytic combustion [28,29].

4.1.4. Nitrogen Oxide (NOX) Emissions

Figure 6 indicates that NOX emissions increase with higher RPMs across all fuel types.
Among the fuels, the base diesel (B0) consistently has the lowest NOX emissions, while
the pure SB20 biofuel exhibits the highest emissions, reaching 904 ppm at 1800 RPM. The
introduction of TiO2 nanoparticles generally leads to a reduction in NOX emissions for
both SB and PB biofuels. For example, at 1000 RPM, SB20 emits 722 ppm of NOX, which
decreases to 685 ppm when 75 mg of TiO2 is added.

Figure 6. NOX emission fluctuations with varying engine speed.
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Similarly, PB20 follows this trend, with NOX emissions decreasing from 781 ppm to
687 ppm at 1200 RPM with the addition of 75 mg of TiO2. At higher RPMs, the reduction
in NOX emissions becomes more pronounced, particularly in the SB20 + 75 TiO2 and
PB20 + 75 TiO2 blends, which consistently show lower emissions compared to their pure
biofuel versions. The addition of TiO2 resulted in a 5.12% reduction in NOX emissions for
SB20 and 12.03% for PB20 at 1000 RPM.

These data are compared with findings from other studies in biofuel research, where
the addition of TiO2 nanoparticles has been shown to improve combustion efficiency and
reduce NOX emissions due to the catalytic properties of the nanoparticles. For example,
Prasetya et al. (2023) demonstrated that incorporating TiO2 nanoparticles in palm biodiesel
blends resulted in a reduction in NOX emissions due to enhanced catalytic activity during
combustion [30]. Similarly, Razzaq et al. (2023) support the idea that TiO2 can effectively
reduce NOX emissions when used in biodiesel blends, particularly under high engine
loads [31]. However, the data also align with the observations made by Mehregan and
Moghiman in 2020, who noted that the impact of TiO2 nanoparticles varies significantly
depending on the specific conditions, such as the type of biodiesel and engine operating
parameters [32]. Thus, while TiO2 nanoparticles can be effective in reducing NOX emissions,
their efficacy is influenced by factors such as the biofuel type and engine speed.

4.1.5. Exhaust Gas Temperature (EGT)

Figure 7 reveals that the EGT increases as the RPM rises for all fuel types. Pure SB20
exhibits a consistently higher EGT compared to base diesel (B0), reaching up to 283 ◦C
at 1800 RPM. However, when TiO2 nanoparticles are added, the EGT decreases for both
SB and PB biofuels. For example, at 1000 RPM, the EGT for SB20 is 112 ◦C, but it drops
to 89 ◦C with the addition of 75 mg of TiO2. Similarly, PB20 shows an EGT of 103 ◦C at
1000 RPM, which decreases to 82 ◦C when 75 mg of TiO2 is added.

Figure 7. EGT fluctuations with varying engine speed.

As the engine speed increases, this trend of a reduced EGT with TiO2 nanoparticle
addition continues. At 1800 RPM, SB20 + 75 of TiO2 results in an EGT of 195 ◦C compared
to 283 ◦C for pure SB20. Likewise, PB20 + 75 of TiO2 has an EGT of 195 ◦C, which is
significantly lower than the 304 ◦C temperature observed for pure PB20. The addition of
TiO2 to SB20 at 1000 RPM resulted in a 20.54% reduction in the EGT, while PB20 showed a
25.24% reduction.
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The reduction in EGT with the addition of TiO2 nanoparticles can be attributed to
the improved combustion efficiency provided by the nanoparticles, which promotes more
complete combustion and less heat being carried away by exhaust gasses. This aligns with
previous research findings, where TiO2 nanoparticles were shown to enhance combustion
characteristics, leading to lower EGTs. Studies such as those by Sarma et al. (2023) have
demonstrated that the inclusion of TiO2 nanoparticles in biodiesel blends effectively lowers
EGTs by improving combustion efficiency [26].

5. Conclusions

The comprehensive analysis conducted in this study underscores the significant impact
of TiO2 nanoparticles on the emission characteristics and combustion efficiency of soybean
(SB) and palm (PB) biodiesel blends in compression ignition (CI) engines. Across all test
conditions, the incorporation of TiO2 nanoparticles consistently resulted in lower emissions
of carbon monoxide (CO) and hydrocarbons (HC). This reduction is attributed to the
enhanced catalytic oxidation process facilitated by TiO2 nanoparticles, which promotes
more complete combustion. These findings are particularly noteworthy as they suggest
that even at higher engine speeds, where emissions typically increase, the presence of TiO2
can help maintain lower pollutant levels.

In addition to reducing CO and HC emissions, this study observed an increase in
carbon dioxide (CO2) emissions with the addition of TiO2 nanoparticles. While higher CO2
emissions might seem counterintuitive to the goals of emission reduction, they actually
indicate more efficient fuel combustion as more carbon is being fully oxidized. This trade-
off highlights the dual role of TiO2 nanoparticles in both reducing incomplete combustion
by-products and ensuring more complete fuel utilization.

A critical finding from this study is the reduction in nitrogen oxide (NOX) emissions,
which are typically challenging to control in biodiesel combustion. NOX emissions generally
rise with an increasing engine speed due to higher combustion temperatures. However,
the addition of TiO2 nanoparticles demonstrated a mitigating effect, particularly at higher
concentrations and RPMs, suggesting that these nanoparticles can help manage peak
combustion temperatures and reduce NOX formation. This effect is crucial for meeting
stringent emission regulations without compromising engine performance.

By improving combustion efficiency, reducing harmful emissions, and managing
exhaust temperatures, these nanoparticles offer a promising pathway toward more sus-
tainable and efficient biodiesel usage in diesel engines. Future research could explore the
long-term effects of TiO2 nanoparticle use on engine wear and the potential for further
optimizing nanoparticle concentrations to balance emissions and performance. The in-
sights gained from this study can inform the development of next-generation biodiesel
formulations that align with global efforts to reduce carbon footprints and promote cleaner
energy solutions in the transportation sector.

6. Future Scope

While this study offers important insights into the effects of TiO2 nanoparticles on
biofuel emissions and performance, several areas merit further research:

- The Fate of TiO2 Nanoparticles: Future studies should investigate whether TiO2
nanoparticles remain in the soot, are filtered, or are emitted into the atmosphere
post-combustion.

- Fuel Consumption: Future research should evaluate the impact of TiO2 on fuel econ-
omy, which was not assessed in this study.

- Smoke and Particulate Emissions: Measuring smoke opacity and particulate matter emis-
sions will provide a more comprehensive understanding of TiO2’s environmental impact.

- Stability, Costs, and Life Cycle Impact: Studies should assess the long-term stability,
cost-effectiveness, and environmental life cycle of TiO2-enhanced biofuels.
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- Nanoparticle Dispersion: While ultrasonic mixing was used to disperse TiO2, future
work should employ techniques like SEM or TEM to verify nanoparticle distribution
and long-term stability in biofuels.

- Sample Testing: Testing each fuel sample three times would improve statistical reliabil-
ity. Future studies should aim to carry out triplicate testing to enhance data robustness.

- The Uniformity of TiO2 Dispersion: Variations in viscosity and calorific value may
result from slight inconsistencies in nanoparticle dispersion. Future work will focus
on advanced testing to ensure better uniformity in the samples.

These areas provide significant opportunities to further optimize the integration of TiO2
nanoparticles into biofuels for improved engine performance and environmental sustainability.
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Abbreviations
kg/m3 Kilograms per cubic meter (density)
cSt Centistokes (viscosity)
◦C Degrees Celsius (flash point)
ppm Parts per million (nanoparticle concentration)
MJ/kg Megajoules per kilogram (calorific value)
% Percentage
NOX Nitrogen oxide
CO Carbon monoxide
HC Hydrocarbon
CO2 Carbon dioxide
EGT Exhaust gas temperature
CI Engine Compression ignition engine
TiO2 Titanium dioxide
SB20 20% soybean biodiesel and 80% diesel blend
SB20 + 50 ppm TiO2 SB20 blend with 50 ppm TiO2 nanoparticles
SB20 + 75 ppm TiO2 SB20 blend with 75 ppm TiO2 nanoparticles
PB20 20% palm biodiesel and 80% diesel blend
PB20 + 50 ppm TiO2 PB20 blend with 50 ppm TiO2 nanoparticles
PB20 + 75 ppm TiO2 PB20 blend with 75 ppm TiO2 nanoparticles
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18. Seraç, M.R.; Aydın, S.; Şevik, S. Evaluation of comparative combustion, performance, and emission of soybean-based alternative
biodiesel fuel blends in a CI engine. Renew. Energy 2019, 148, 1065–1073. [CrossRef]

19. Vellaiyan, S. Combustion, performance and emission evaluation of a diesel engine fueled with soybean biodiesel and its water
blends. Energy 2020, 201, 117633. [CrossRef]

20. Hussain, F.; Soudagar, M.E.; Afzal, A.; Mujtaba, M.A.; Fattah, I.; Naik, B.; Mulla, M.H.; Badruddin, I.A.; Khan, T.M.; Raju,
V.D.; et al. Enhancement in Combustion, Performance, and Emission Characteristics of a Diesel Engine Fueled with Ce-ZnO
Nanoparticle Additive Added to Soybean Biodiesel Blends. Energies 2020, 13, 4578. [CrossRef]

21. Lin, C.; Lin, K. Comparison of the Engine Performance of Soybean Oil Biodiesel Emulsions Prepared by Phase Inversion
Temperature and Mechanical Homogenization Methods. Processes 2023, 11, 907. [CrossRef]

22. Venu, H.; Subramani, L.; Raju, V.D. Emission reduction in a DI diesel engine using exhaust gas recirculation (EGR) of palm
biodiesel blended with TiO2 nano additives. Renew. Energy 2019, 140, 245–263. [CrossRef]

23. Mujtaba, M.; Masjuki, H.H.; Kalam, M.A.; Noor, F.; Farooq, M.; Ong, H.C.; Gul, M.; Soudagar, M.E.M.; Bashir, S.; Fattah, I.M.R.;
et al. Effect of Additivized Biodiesel Blends on Diesel Engine Performance, Emission, Tribological Characteristics, and Lubricant
Tribology. Energies 2020, 13, 3375. [CrossRef]

24. Jayabalaji, G.; Shanmughasundaram, P. Effect of Titanium Dioxide (TiO2) Nano-Fluid on Performance and Emission Features of a
Diesel Engine Operated on Aphanizomenon Flos Biodiesel-Diesel Blend. Mater. Sci. Forum 2019, 969, 421–426. [CrossRef]

25. Gunasekar, P.; Manigandan, S.; Ilangovan, N.; Nithya, S.; Devipriya, J.; Saravanan, W.S. Effect of TiO2 and nozzle geometry on
diesel emissions fuelled with biodiesel blends. Int. J. Ambient. Energy 2019, 40, 477–481. [CrossRef]

26. Sarma, C.J.; Sharma, P.; Bora, B.J.; Bora, D.K.; Senthilkumar, N.; Balakrishnan, D.; Ayesh, A.I. Improving the combustion and
emission performance of a diesel engine powered with mahua biodiesel and TiO2 nanoparticles additive. Alex. Eng. J. 2023, 72,
387–398. [CrossRef]

27. Kurre, S.K.; Yadav, J.K.; Khan, M.K.; Yadav, P.; Munaf Dhebar, M.; Rawat, B.S. Experimental evaluation of performance and
emission of diesel engine fueled with nano-material titanium dioxide (TiO2) nanoparticles supplemented diesel-biodiesel-ethanol
blends. Mater. Today Proc. 2023. [CrossRef]

28. Fangsuwannarak, K.; Fangsuwannarak, T.; Khotbut, Y. Effect of Nano-TiO2 Additives Blended in Palm Biodiesel on Compression
Ignition Engine Performance. J. Clean Energy Technol. 2020, 8, 20–23. [CrossRef]

29. Madhuri, R.J.; Naik, J.V.; Roa, V. Effects of Aloe Vera Biodiesel Blends with TiO2 on the Emission and Performance Characteristics
of a DI Diesel Engine. Biotechnol. J. Int. 2023, 27, 1–7. [CrossRef]

30. Prasetya, H.; Apriyanto, H.; Agustina, L. Determination of optimum technologies implementation scenarios toward net zero
emissions in palm oil biodiesel production. IOP Conf. Ser. Earth Environ. Sci. 2023, 1187, 012029. [CrossRef]

262



Nanomaterials 2024, 14, 1570

31. Razzaq, L.; Abbas, M.M.; Waseem, A.; Jauhar, T.A.; Fayaz, H.; Kalam, M.A.; Soudagar, M.E.; Silitonga, A.S.; Husnain, S.U.; Ishtiaq,
U. Influence of varying concentrations of TiO2 nanoparticles and engine speed on the performance and emissions of diesel
engine operated on waste cooking oil biodiesel blends using response surface methodology. Heliyon 2023, 9, e17758. [CrossRef]
[PubMed]

32. Mehregan, M.; Moghiman, M. Experimental investigation of the distinct effects of nanoparticles addition and urea-SCR after-
treatment system on NOx emissions in a blended-biodiesel fueled internal combustion engine. Fuel 2020, 262, 116609. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

263



Citation: Na, D.; Yu, D.; Kim, H.;

Yoon, B.; Lee, D.D.; Seo, I. Enhancing

the Performance and Stability of

Li-CO2 Batteries Through LAGTP

Solid Electrolyte and MWCNT/Ru

Cathode Integration. Nanomaterials

2024, 14, 1894. https://doi.org/

10.3390/nano14231894

Academic Editor: Francis Leonard

Deepak

Received: 22 October 2024

Revised: 13 November 2024

Accepted: 19 November 2024

Published: 26 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Enhancing the Performance and Stability of Li-CO2 Batteries
Through LAGTP Solid Electrolyte and MWCNT/Ru Cathode
Integration

Dan Na 1, Dohyeon Yu 1, Hwan Kim 1, Baeksang Yoon 1, David D. Lee 2 and Inseok Seo 1,*

1 Department of Electronic and Information Materials Engineering, Division of Advanced Materials
Engineering, Research Center of Advanced Materials Development, Jeonbuk National University,
Jeonju 54896, Republic of Korea; ld3310@jbnu.ac.kr (D.N.); yudohyeon@jbnu.ac.kr (D.Y.);
rlaghks0202@jbnu.ac.kr (H.K.); qortkd2134@jbnu.ac.kr (B.Y.)

2 Aerospace Engineering, Iowa State University, Ames, IA 50011, USA; daylee@iastate.edu
* Correspondence: isseo@jbnu.ac.kr; Fax: +82-63-270-2305

Abstract: Li-CO2 batteries (LCBs) have emerged as promising solutions for energy storage, with the
added benefit of contributing to carbon neutrality by capturing and utilizing CO2 during operation.
In this study, a high-performance LCB was developed using a Ge-doped LiAlGeTi (PO4)3 (LAGTP)
solid electrolyte, which was synthesized via a solution-based method by doping Ge into NASICON-
type LATP. The ionic conductivity of the LAGTP pellets was measured as 1.04 × 10−3 S/cm at 25 ◦C.
The LCB utilizing LAGTP and an MWCNT/Ru cathode maintained a stable cycling performance
over 200 cycles at a current density of 100 mA/g, with a cut-off capacity of 500 mAh/g. Post-
cycle analysis confirmed the reversible electrochemical reactions at the cathode. The integration of
LAGTP as a solid electrolyte effectively enhanced the ionic conductivity and improved the cycle
life and performance of the LCB. This study highlights the potential of Ge-doped NASICON-type
solid electrolytes for advanced energy-storage technologies and offers a pathway for developing
sustainable and high-performance LCBs.

Keywords: Li-CO2 battery; solid electrolyte; NASICON; Ru catalyst

1. Introduction

With growing concerns regarding global warming and environmental deterioration,
the reduction of CO2 emissions has become an urgent global priority. As a greenhouse
gas, CO2 contributes significantly to climate change, highlighting the need for innovative
strategies for its reduction and utilization [1,2]. Li-CO2 batteries (LCBs) have emerged
as a promising solution, offering the dual advantages of high energy density and CO2
sequestration [3,4]. LCBs operate through reversible electrochemical reactions that enable
simultaneous energy storage and carbon capture [5,6].

4Li+ + 4e− + 3CO2 → 2Li2CO3 + C (1)

This reaction provides a high theoretical energy density of up to 1876 Wh/kg, making
LCBs attractive for applications in CO2-rich environments and contributing to efforts
toward achieving carbon neutrality [7]. However, conventional LCBs typically employ
organic liquid electrolytes, which present several challenges such as flammability, volatility,
leakage risks, and inadequate suppression of lithium dendrite formation [8,9]. These
issues compromise the safety and hinder the practical application of LCBs. Solid-state
electrolytes have been introduced to address these limitations, offering enhanced safety
and electrochemical performance in terms of safety and stability [10,11].

Lithium aluminum titanium phosphate (LiAlTi (PO4)3, LATP), which has a sodium
superionic conductor (NASICON) structure, is a well-known solid electrolyte characterized
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by high ionic conductivity and excellent chemical and thermal stabilities [12]. The perfor-
mance of LATP can be further enhanced by doping it with various metals. Doping expands
the Li-ion migration pathways and optimizes the lattice structure, leading to increased
ionic conductivity and an expanded electrochemical-stability window, which facilitates
stable operation at higher voltages [13,14]. Building on these advantages, Ge doping has
been explored to improve the properties of LATP further. By substituting Ti4+ with Ge4+

ions, lithium-aluminum-germanium-titanium phosphate (LiAlGeTi (PO4)3, LAGTP) can
be formed from LATP. Ge doping induces lattice distortions that adjust lattice constants
and improve ionic conductivity by reducing the migration energy barrier. This process
facilitates lithium-ion migration by creating interconnected diffusion pathways [15].

In addition to optimizing the electrolyte, developing efficient cathode materials is
essential for enhancing LCB performance. Multi-walled carbon nanotubes (MWCNTs) are
widely used as cathodes because of their high electrical conductivity and large surface area;
however, they have limited catalytic activity for the decomposition of Li2CO3 [16]. The
catalytic activity of MWCNTs can be significantly enhanced by introducing an Ru catalyst,
effectively reducing overpotentials and improving battery efficiency and cycle life. The Ru
catalyst lowers the activation energy required for the decomposition of Li2CO3, reducing
the polarization and further improving battery performance [17].

In this paper, we present a high-performance LCB that integrates LAGTP solid elec-
trolytes with Ru-catalyzed MWCNT cathodes. Ge doping enhances the electrolyte’s ionic
conductivity and structural stability, and the Ru catalyst improves electrochemical reactions
involving CO2. We evaluated the electrochemical properties of the fabricated LCB, and the
results demonstrated significant performance enhancements due to the synergistic effects
of the optimized solid electrolyte and the MWCNT/Ru cathode material. This approach
offers a promising pathway for developing safe, efficient, and high-energy-density LCBs
for advanced energy storage applications.

2. Materials and Methods

2.1. Preparation of LAGTP Pellet

LAGTP powder was synthesized using a solution-based method. Initially, LiCl (Sam-
chun, Seoul, Republic of Korea, 98.2%), NH4H2PO4 (Samchun, 98.0%), and Al (NO3)3·9H2O
(Samchun, 98.0%) were dissolved stoichiometrically in deionized water with magnetic
stirring. Subsequently, GeO2 (99.9%, Sigma-Aldrich, St. Louis, MI, USA) was added
to the mixture and pulverized in a high-energy mill (Taemyong Scientific, Uiwang-si,
Republic of Korea). Titanium butoxide (Samchun, 97.0%) was added to the solution, fol-
lowed by continuous magnetic stirring. The resulting precipitates were homogeneously
mixed using a planetary mill (Pulverisette 5, Fritsch, Idar-Oberstein, Germany). After
drying in an oven at 80 ◦C for 24 h, the mixture was calcined at 800 ◦C for 10 h to elim-
inate volatile impurities. Polyvinyl alcohol (3wt%) was then added to the mixture and
pressed into pellets using a tungsten carbide die at 60 MPa. The pellets were sintered at
950 ◦C for 12 h and polished to achieve the desired thickness and surface smoothness for
cell applications.

2.2. Preparation of the Cathode (MWCNT and MWCNT/Ru Powder)

RuCl3·xH2O (Sigma Aldrich, 50 mg) was added to ethylene glycol (Daejung, Goryeong-
gun, Republic of Korea, 99.0%, 150 mL) and dissolved through magnetic stirring. Subse-
quently, MWCNT (Sigma Aldrich, 60 mg) was introduced into the solution and sonicated
for 1 h. The mixture was then refluxed at 180 ◦C for 3 h. After cooling to room temper-
ature, the supernatant was decanted, and the mixture was centrifuged to separate the
MWCNT/Ru from solution, which were then rinsed with ethanol and deionized water.
The collected solids were dried in a vacuum oven at 70 ◦C for 12 h. To prepare the cathode
material, MWCNT and MWCNT/Ru powders (80 wt%) were separately blended with
polyvinylidene fluoride (PVDF, 20 wt%) and dispersed in N-methyl-2-pyrrolidone (NMP)
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using a non-bubbling kneader. The resultant paste was uniformly applied onto a carbon
cloth substrate with 14 mm diameter and dried in a vacuum oven at 70 ◦C.

2.3. Li-CO2 Cell Assembly Procedure

For the electrochemical evaluation of the proposed LCB, we used a CR-2032 coin cell
that featured a hole on its side for CO2 gas exposure. The LCB was assembled in an Ar-filled
glove box (with H2O and O2 concentration below 1.0 ppm), using MWCNT/Ru cathode,
along with 30 μL of a 1.2 M solution of lithium bis (trifluoromethanesulfonyl)imide (LiTFSI)
in tetraethylene glycol dimethyl ether (TEGDME), LAGTP solid-state electrolyte, and a Li
metal anode (0.5 mm thickness, 11 mm diameter, 99.9% purity). Following the assembly,
the coin cell was placed in a testing zig designed to facilitate CO2 gas circulation and
assess its electrochemical properties. CO2 gas (99.9% purity) was used for electrochemical
testing. The testing zig was flushed with CO2 gas and linked to a battery-testing apparatus
overnight to ensure LCB stabilization.

2.4. Characterization of Electrochemical Performance

Electrochemical performance tests were conducted using a battery test system (WBCS
3000S, WonATech, Seoul, Republic of Korea) under ambient conditions via galvanostatic
discharge/charge tests. Furthermore, a cycle test was performed at a constant current
density of 100 mA g−1 with a defined cut-off capacity of 500 mAh g−1. The ionic conduc-
tivity of the LATP electrolyte was determined using an EIS tester (Zive SP1, WonATech)
with 150 nm thick Au electrodes affixed to both sides of the electrolyte pellets as blocking
electrodes. EIS measurements were conducted at an amplitude of 50 mV across a frequency
range of 0.1 Hz–1 MHz, maintaining the test environment at room temperature.

2.5. Material Characterizations

Raman spectroscopy (InVia Qontor, RENISHAW Ltd., Wotton-under-Edge, United
Kingdom) and X-ray diffraction (XRD, D8 ADVANCE, Bruker, Billerica, MA, USA) were
used for the structural characterization of LAGTP and MWCNT-Ru. Morphological and
nanostructural assessments were performed using scanning transmission electron mi-
croscopy (STEM, Tecnai G2 F20, FEI, Waltham, MA, USA) and field-emission scanning
electron microscopy (FE-SEM, SU-70, HITACHI, Tokyo, Japan). Energy-dispersive X-ray
spectroscopy (EDS, Tecnai G2 F20, FEI) was employed to characterize the elemental com-
position and distribution of the MWCNT/Ru composite and LAGTP. The surface area of
the MWCNTs was determined from nitrogen adsorption–desorption isotherms using the
Brunauer–Emmett–Teller (BET) method (BELSORP mini X, Microtracbel, Osaka, Japan).
X-ray photoelectron spectroscopy (XPS, Nexsa XPS System, Thermo Scientific, Waltham,
MA, USA), FE-SEM, EDS, and STEM were used to analyze the cathodes.

3. Results and Discussion

Figure 1 shows a comprehensive characterization of MWCNT-Ru in terms of its
morphological, structural, chemical, and gas-adsorption properties. The STEM image in
Figure 1a reveals that nanosized particles are uniformly distributed on MWCNT. EDS
mapping (Figure 1b) confirmed that these nanoparticles were composed of Ru. The EDS
spectrum (Figure S1) further shows the elemental composition of MWCNT/Ru, with carbon
(C) at 98.68 at. % and ruthenium (Ru) at 1.32 at.%. Figure S2 shows the FE-SEM image
of an MWCNT with Ru, which shows a dense MWCNT network. The crystallographic
details of the Ru nanoparticles were further analyzed using STEM (Figure 1c) and fast
Fourier transform (FFT) electron diffraction (Figure 1d). Lattice fringes corresponding to
the (101) and (113) crystal planes of crystalline Ru, with spacings of 2.056 and 2.343 Å,
respectively, are observed. From the FFT images, lattice points corresponding to the (100),
(002), and (101) planes were identified [18]. Figure 1e shows the XRD patterns of MWCNT
and MWCNT/Ru. The XRD pattern of the pristine MWCNTs exhibits a prominent peak
at approximately 26◦, corresponding to the (002) plane of hexagonal carbon. This peak is
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indicative of well-ordered graphitic layers typical of MWCNTs. Additionally, a less intense
peak is observed at approximately 43◦, attributed to the (100) plane of the hexagonal
carbon structure. In the XRD pattern of MWCNT/Ru, in addition to the characteristic
carbon peaks of MWCNTs, several new peaks emerge at 2θ values of approximately 38.2◦,
42.2◦, 43.8◦, 58.3◦, and 69.2◦. These peaks correspond to the (100), (002), (101), (102),
and (110) crystal planes of metallic Ru, respectively, in agreement with the reference
pattern of hexagonal Ru (PDF 00-006-0663). The presence of these peaks confirmed the
successful introduction of Ru nanoparticles on the MWCNTs. The additional Ru peaks were
consistent with the hexagonal crystalline structure of Ru, corroborating the results obtained
from the TEM and FFT analyses. Figure 1f shows the Raman spectra of MWCNT and
MWCNT/Ru, which were used to analyze the structural properties of these materials. Both
spectra exhibit two prominent peaks corresponding to the D and G bands at approximately
1350 cm−1 and 1580 cm−1, respectively. The D band, indicative of defects and disorder in
the carbon structure, arises from the breathing modes of sp3-hybridized carbon atoms. By
contrast, the G band is associated with the E2g phonon mode of sp2-hybridized carbon
atoms, representing the graphitic structural characteristics of the carbon nanotubes [19].
Additionally, both spectra exhibit a minor peak corresponding to the 2D band at around
2700 cm−1. The ID/IG ratios for the MWCNT and MWCNT/Ru samples were 1.09 and 1.03,
respectively, indicating no significant differences, which suggests that the carbon network
of the MWCNTs remained intact and well-preserved during the synthesis. Figure 1g shows
the XPS survey spectrum of MWCNT/Ru, in which peaks corresponding to C, O, and Ru
can be identified. Figure S3 presents the high-resolution C 1s spectrum of pristine MWCNT.
Peaks are observed at 284.4, 285.5, 286.9, 289.2, and 291.5 eV, corresponding to sp2-C, sp3-C,
C-O, -COO-, and π-π* bonds, respectively [20]. Figure 1h shows the high-resolution C 1s
spectrum of MWCNT/Ru, where, in addition to the peaks exhibited by pristine MWCNT,
the peaks corresponding to Ru 3d3/2 (284.5 eV) and Ru 3d5/2 (280.3 eV) are present. The
spin-orbit splitting value of 4.2 eV between Ru 3d3/2 and Ru 3d5/2 and the binding energy
of Ru 3d5/2 indicated no oxidation or other chemical-state changes, signifying the formation
of pure metallic Ru [21]. The surface area, adsorption–desorption characteristics, and pore
size distribution of the MWCNT and MWCNT/Ru samples were characterized via BET
analysis, as shown in the nitrogen adsorption–desorption isotherm graph and pore size
distribution. Figure 1i presents the nitrogen adsorption–desorption isotherms for MWCNT
and MWCNT/Ru. Compared to MWCNT/Ru, MWCNT exhibits higher adsorption in the
relative pressure range of 0.1 to 0.8. This can be attributed to the larger surface area and
porous structure of MWCNT, which facilitates more active initial adsorption. In contrast,
MWCNT/Ru shows relatively lower adsorption in this range, likely due to the presence
of Ru particles. The BET surface areas of MWCNT and MWCNT/Ru are 261.81 m2/g
and 82.2 m2/g, respectively. The reduction in BET surface area upon Ru addition is likely
because Ru particles have a relatively low surface area and high density, partially blocking
the pores of MWCNT. Despite the decrease in total BET surface area, both samples exhibit
hysteresis in the isotherms, a characteristic of mesoporous materials, indicative of a typical
Type IV isotherm. [22,23]. This suggests that the main adsorption–desorption characteristics
are still governed by the mesoporous MWCNT structure, even with the addition of Ru. The
pore size distribution is shown in Figure S4. The overall distribution pattern of MWCNT
and MWCNT/Ru is similar, with pore sizes mainly distributed between 30 and 80 nm,
but the pore volume of MWCNT/Ru is relatively reduced. The decrease in pore volume
and size in the MWCNT/Ru sample can be attributed to Ru particles dispersing on the
MWCNT surface, blocking some pore structures and thus reducing the overall pore volume
and size.

Multiscale characterization confirmed the formation of nanosized crystalline Ru on the
MWCNTs, which did not significantly affect the original carbon structure or gas adsorption
properties of the MWCNTs. This suggests that the inherent characteristics of the MWCNTs
are preserved, and the catalytic effects of Ru can be effectively utilized.
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Figure 1. (a) TEM and (b) EDS mapping images of MWCNT/Ru. (c) Magnified lattice fringe image of
Ru nanoparticles. (d) FFT pattern showing crystallographic planes of Ru. (e) XRD pattern of MWCNT
and MWCNT/Ru. (f) Raman spectra of MWCNT and MWCNT/Ru. (g) XPS survey spectrum of
MWCNT/Ru. (h) High-resolution C 1s and Ru 3d XPS spectra. (i) BET isotherm for MWCNT/Ru.

Figure 2a shows a STEM image of LAGTP powder, which reveals the general morphol-
ogy and size of the particles. The particles exhibit clear nanoscale dimensions, providing
an overview of their structural arrangement. Figure S5 shows the EDS map and spectrum
of LAGTP, illustrating the spatial distribution and chemical composition of its constituent
elements, confirming that each element was incorporated in the intended stoichiometric
amounts. The individual elemental maps for Al, Ge, Ti, P, and O show that these elements
are uniformly distributed throughout the material, confirming their homogeneous inte-
gration into the LAGTP structure. Figure 2b displays a magnified image of the lattice
fringes of LAGTP, with the measured d-spacing of 0.6 nm, corresponding to the (012)
crystallographic plane. The distinct and sharp lattice fringes confirm the material’s high
crystallinity, which indicates its well-ordered atomic structure. Figure S6 shows the FFT
analysis results corresponding to Figure 2b, showing diffraction spots indexed to the (012)
and (024) crystallographic planes of LAGTP. The calculated d-spacing values from the FFT
analysis were 0.6 nm for the (012) plane and 0.3 nm for the (024) plane, demonstrating
the well-ordered atomic arrangement of the material. Additionally, Figure 2c shows the
selected area electron diffraction (SAED) pattern of LAGTP powder, where diffraction spots
corresponding to the (012), (024), and (−123) planes can be observed.
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Figure 2. (a) TEM image, (b) magnified lattice fringe image, and (c) the SEAD pattern of LAGTP
powder. (d) Magnified cross−sectional FE−SEM image of LAGTP pellets. (e) XRD patterns and
(f) Raman spectra of LAGTP powder and pellets. (g) High−resolution XPS Ge 2p spectrum of LAGTP
powder. (h) Nyquist plot of the LAGTP electrolyte at various temperatures, and (i) Arrhenius plot of
the ionic conductivity of the LAGTP electrolyte.

The morphology of the LAGTP solid-electrolyte pellets was examined using FE-SEM.
Figure S7 shows an overall image and a magnified view of the cross-section of the LAGTP
pellets. The analysis showed that the pellets were dense at the microscale, with no visible
pores or cracks. Figure 2d presents the cross-section of the LAGTP pellet after sintering. A
comparison of the cross-sectional images of the LAGTP pellet before and after sintering is
provided in Figure S8. In Figure S8a, the cross-section before sintering shows the powder
compacted by mechanical pressure. In contrast, Figure S8b illustrates the grain growth and
formation of an interconnected structure after sintering, providing continuous pathways
for Li ions.

XRD analysis was conducted to examine the structural properties of the LAGTP
powder synthesized using a solution-based method. Figure 2e shows the diffraction
patterns of the LAGTP powder and pellets in the 2θ range of 10–70◦, compared with LATP
reference data (PDF 00-066-0872). The prominent peaks are observed at 20.9◦, 24.5◦, and
29.7◦, corresponding to the (104), (−123), and (024) planes of LATP powder and pellets,
respectively. The XRD patterns of the LAGTP powder and pellets are well consistent with
the NASICON structure standard of LATP, which is also consistent with the TEM and
SEAD results, confirming that LAGTP adopted a NASICON-type crystal structure. For a
more detailed analysis of the structural characteristics of the LAGTP powder and pellets,
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the investigation focused on the 20–30◦ range, where the dominant peaks were located.
Figure S9 shows this range’s XRD patterns of LAGTP powders and pellets. Interestingly,
several weak peaks that were absent in the XRD pattern of LAGTP powder were observed
at 25.9◦, 27.0◦, 27.4◦, and 27.9◦. These peaks were identified as the secondary phases of
GeO2 and LiTiOPO4, which were formed during the high-temperature sintering of the
LAGTP pellet [24,25]. Despite the presence of these secondary phases, their minimal
intensity in the XRD pattern suggests that their formation does not significantly affect the
overall performance of the pellets.

Figure 2f illustrates the Raman spectra of LAGTP powder and the sintered pellet.
When comparing the spectra of the LAGTP powder and the pellet, it is evident that apart
from the peak at 782 cm−1, which corresponds to LiTiOPO4, the two samples exhibit similar
patterns. The emergence of the LiTiOPO4 peak after high-temperature sintering aligns with
the previously discussed XRD results. Peaks observed at 241, 271, 315, and 355 cm−1 are
associated with external vibrational modes, specifically the translational and librational
motions of Ti4+ and PO4

3− ions. The peak at 439 cm−1 corresponds to the O-P-O bending
vibration, while the internal vibrational modes observed at 969, 991, 1008, and 1093 cm−1

indicate the stretching vibrations within the PO4 tetrahedral structure. These vibrational
modes are primarily observed in LATP materials, and the Raman and XRD results confirm
that, apart from the subtle formation of secondary phases, there are no significant structural
changes after sintering.

XPS was used to investigate the elemental composition and chemical states of LAGTP.
Figure S10 shows the XPS survey spectrum of LAGTP, where peaks corresponding to Li,
Al, P, Ti, O, and Ge are observed at 55.4, 74.5, 133.2, 459.6, 531, and 1220.3 eV, respectively,
confirming the presence of all the constituent elements of LAGTP. Figure 2g presents the
high-resolution Ge 2p spectrum of LAGTP powder, which shows distinct orbital splitting at
1220.3 eV for Ge 2p3/2 and 1251.3 eV for Ge 2p1/2. The symmetric binding energy values
of Ge 2p3/2 and Ge 2p1/2 and the energy difference of 31 eV (ΔBE) between these two
peaks correspond to the expected spin-orbit coupling for Ge, confirming that Ge is in the
Ge4+ oxidation state [26,27]. This indicates that Ge was not reduced to a lower-valence
state and was adequately integrated into the LATP crystal structure.

The electrochemical properties of the LAGTP solid electrolyte were evaluated across a
temperature range of 20–100 ◦C using EIS. Figure 2h shows the Nyquist plots of the LAGTP
electrolyte at different temperatures and the corresponding equivalent circuits. Typically,
Nyquist plots of ionically conductive solid electrolytes are modeled using an equivalent
circuit consisting of the grain bulk resistance (Rb) and grain boundary resistance (Rgb) in
series and parallel combinations, along with a constant phase element (CPE) and Warburg
impedance (Zw). The ionic conductivity of the LAGTP electrolyte was calculated using
Equation (2).

σ=
1
R
× t

A
(2)

where σ represents the ionic conductivity of the electrolyte, R (Rb + Rgb) is the total
resistance, t is the thickness of the pellets, and A refers to the area of the blocking electrode.
The total resistance and ionic conductivity of the LAGTP electrolyte at various temperatures
are listed in Table 1.

Table 1. Total resistance and total ionic conductivity of LAGTP at various test temperatures.

Temperature (◦C) Total Resistance (Ω) Total Ionic Conductivity (mS cm−1)

20 79.9 1.04
40 53.2 1.56
60 27.3 3.03
80 16.5 5.02

100 9.4 8.80
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Additionally, the activation energy was derived from temperature-dependent EIS
measurements using the Arrhenius Equation (3):

σT = Aexp〈− Ea

kT
〉 (3)

where A, Ea, k, and T denote the pre-exponential factor, activation energy, Boltzmann
constant, and absolute temperature, respectively. From the slope of the Arrhenius plot
in the Figure 2i, the activation energy for ion conduction in LAGTP was calculated to be
approximately 0.25 eV, which is notably lower than the activation energy typically reported
for LATP [28–30]. This reduction in activation energy suggests that Ge doping improves
the ionic mobility in LAGTP. The ionic radius of Ge4+ (0.53 Å) is smaller than that of Ti4+

(0.605 Å). When Ge partially replaces Ti4+ in the LATP structure, the smaller Ge4+ ions
induce a structural distortion. This structural adjustment helps create interconnected, low-
energy pathways, facilitating Li-ion transport via a percolation network [31]. Introducing
local distortions generates a distribution of site energies, enabling overlapping energy
levels between neighboring sites. This overlap creates a percolation pathway, enabling
Li ions to migrate more freely through the electrolyte and enhancing diffusion without
requiring a significant increase in cell size.

A schematic illustration of the Li-CO2 battery system is presented in Figure S11,
highlighting the LAGTP solid electrolyte and the MWCNT/Ru cathode, along with the
reaction mechanisms of CO2 reduction during discharge and Li2CO3 decomposition
during charge. This configuration was used in the electrochemical tests to assess the
battery’s performance. Cycling tests were conducted to evaluate the electrochemical
performance of the LCB based on the LAGTP solid electrolyte and Ru-enhanced MWCNT
cathode. The current density and specific capacity were calculated using the mass of the
MWCNT/Ru cathode. The cycling tests were performed at a current density of 100 mA/g
and a capacity limit of 500 mAh/g. Figure 3a shows the overall cycling profile of the LCB
over 200 cycles, demonstrating its successful operation over 2000 h of testing. The battery
components underwent minimal degradation during the cycling test. Figure 3b shows
the galvanostatic charge–discharge profiles over various cycles (1st, 50th, 100th, 150th,
and 200th cycles). As the cycles progressed, changes in the voltage plateaus for both
discharging and charging were observed. Figure 3c illustrates the change in terminal
voltage during cycling. Initially, the discharge voltage was approximately 2.6 V. The
charge voltage was approximately 4.0 V, resulting in a polarization of approximately 1.4 V.
After 200 cycles, the discharge voltage increased to 2.7 V, and the charge voltage increased
to 4.6 V. Additionally, the polarization increased to 1.9 V, marking a 0.5 V increase from
that at the initial cycle. While the discharge terminal voltage remains relatively stable,
the charge terminal voltage steadily increased from 4.0 V to approximately 4.6 V after
200 cycles. The initial terminal voltage (4.0 V) was significantly lower than the typical
charge-terminal voltage (4.5 V) observed in conventional MWCNT-based LCBs, which
can be attributed to the catalytic activity of Ru [32,33]. NASICON-type solid electrolytes
tend to degrade faster when high voltages are sustained [34]; therefore, the formation
of a lower charge–voltage plateau due to the introduction of Ru contributes to the
stability of the solid electrolyte in the LCB. Table 2 presents the performances of LCBs
reported to date that use solid electrolytes. The LCB utilizing LAGTP and MWCNT/Ru
exhibited excellent cycling performance. This improvement is attributed to the enhanced
stability of the solid electrolyte, which was achieved through Ge doping [35], and the
catalytic effects of Ru, enabling operation within a lower voltage range, leading to the
development of a high-performance LCB.
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Figure 3. (a) Voltage−time, (b) voltage−specific capacity, and (c) terminal voltage-cycle number
graph of LAGTP applied LCBs at a current density of 100 mA/g.

Table 2. Cycle performance of Li-CO2 batteries with inorganic solid electrolytes at room temperature.

S.No Cathode Material Inorganic Electrolyte Cycle Life Ref.

1 MWCNT LATP 50 [36]
2 SWCNT/RuO2 LAGP 30 [37]
3 Ru/CNT LAGP 45 [33]
4 MWCNT LAGTP 60 [38]
5 MWCNT /Ru LATP 50 [32]
6 Co3O4-derived MOF LATP 100 [39]
7 Fe3C/N-doped CNT Zn-doped LATP 180 [40]
8 MWCNT/Ru LAGTP 200 This work

A post-cycle analysis was conducted to validate the performance of the LCB.
Figure 4a,b show FE-SEM images of the cathode after discharge. In Figure 4a, discharge
products can be observed to form on the MWCNT matrix. Figure 4b provides a higher-
magnification view, where granular discharge products covering the surface are visi-
ble. Figure 4e,f show the FE-SEM images of the cathode after charging. According to
Equation (1), the discharge products decompose after charging, and the surface returns to
that of pristine MWCNT/Ru, as shown in Figure S2. Figure 4c,g present the EDS mapping
images of the cathode after discharging and charging, respectively. The mapping results
illustrate the spatial distribution of C, O, and Ru across the cathode surface. C and Ru from
MWCNT/Ru were observed in the discharged and charged states. In Figure 4c, which
represents the discharged state, O from the discharge product Li2CO3 is dominant. Con-
versely, as shown in Figure 4g, the O concentration decreases significantly after charging,
indicating the decomposition of the discharge products. However, the localized areas show
the presence of irreversibly formed Li2CO3. As the cycling progressed, the accumulation
of Li2CO3 contributed to increased polarization. XPS analysis was performed to verify
the chemical states of the cathode and the discharge products after charge and discharge
tests. Figure S12 presents high-resolution XPS spectra of Li 1s and Ru 3p in the cathode
after charge and discharge. Figure S12a shows the Li 1s high-resolution XPS spectrum for
the charged and discharged states of the cathode. In the discharged state, peaks at Li2CO3
at 54.5 eV corresponding to Li2CO3 and a trace peaks at 55.6 eV for LiTFSI are observed.
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The presence of LiTFSI is attributed to residual lithium salt remaining after the cleaning
process. After charging, the Li 1s spectrum reveals only a minor peak for LiTFSI, indicating
that the discharge product, Li2CO3, has decomposed [41]. Figure S12b displays the Ru
3p high-resolution XPS spectrum for both charged and discharged states, with identical
peak positions observed in both cases. The peaks are located at Ru0 3p3/2 (462.0 eV), Ru4+

3p3/2 (465.0 eV), Ru0 3p1/2 (484.5 eV), and Ru4+ 3p1/2 (487.6 eV) [42]. Figure 4d,h show the
high-resolution C 1s XPS spectra of the discharged and charged cathodes, respectively. In
the discharged cathode, the C 1s spectrum shows peaks corresponding to sp2–C (284.4 eV),
sp3–C (285.4 eV), and C–O (286.8 eV) bonds and Li2CO3 (289.3 eV), indicating the formation
of lithium carbonate during discharge [43,44]. After charging, the XPS spectrum revealed a
change in the chemical environment, with peaks corresponding to MWCNT and F-C-F from
the PVDF binder [45], whereas the Li2CO3 peak diminished but remained. This indicates
that, although Li2CO3 decomposed during the charging process, some irreversible Li2CO3
persisted. These characterization results confirm the occurrence of reversible reactions, as
shown in Equation (1), while also indicating the presence of irreversible Li2CO3, which
contributes to the increase in polarization during cycling.

Figure 4. FE-SEM images of (a,b) the discharged cathode and (e,f) the charged cathode, showing the
surface morphology. EDS mapping of (c) the discharged and (g) charged cathodes. XPS spectra of the
C 1s peak for (d) the discharged and (h) charged cathodes.

4. Conclusions

In this study, we demonstrated the successful integration of Ge-doped LAGTP solid
electrolytes and MWCNT/Ru cathodes in LCBs. Ge doping in LAGTP resulted in signifi-
cantly higher ionic conductivity, achieving a value of 1.04 × 10−3 S/cm at 25 ◦C by lowering
the activation energy and expanding the Li-ion migration channels while maintaining the
NASICON-type structure. Ru nanoparticles anchored on the MWCNT enhanced the cat-
alytic activity for Li2CO3 decomposition, reducing the overpotential and extending the
cycling performance of the LCB. Electrochemical tests revealed that the LCB assembled with
LAGTP and MWCNT/Ru maintained stable operation over 200 cycles, highlighting the
combined effects of enhanced electrolyte stability and improved cathode performance. Fur-
thermore, post-cycle analysis confirmed the reversible electrochemical reaction of CO2 with
Li, although a minor accumulation of irreversible Li2CO3 contributed to a gradual increase
in polarization. This study demonstrates the potential of using Ge-doped NASICON-type
electrolytes and Ru catalysts to enhance the electrochemical stability and performance of
LCBs, offering a promising strategy for future energy storage technologies contributing to
CO2 sequestration.
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Supplementary Materials: The following supporting information can be downloaded from: https:
//www.mdpi.com/article/10.3390/nano14231894/s1, Figure S1. EDS spectrum and elemental
composition of MWCNT/Ru; Figure S2. FESEM images of the MWCNT with Ru; Figure S3. High-
resolution C 1s spectrum of pristine MWCNT; Figure S4. Pore size distribution of MWCNT and
MWCNT/Ru; Figure S5. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping of LAGTP
powders, indicating the distribution of (a) all detected elements (Al, Ge, P, Ti, and O), (b) Al, (c)
Ge, (d) O, (e) P, and (f) Ti. (g) EDS spectrum of LAGTP and chemical composition; Figure S6. FFT
image of the LASTP powder corresponding to Figure 2b; Figure S7. (a) Cross-sectional FESEM
image of the LAGTP pellet attached to the carbon tape (a) and (b) magnified FESEM image of the
pellet; Figure S8. Cross-sectional FESEM image of an LAGTP pellet (a) before and (b) after sintering;
Figure S9. Magnified XRD spectra of LAGTP powder and pellets in the 20–30◦; Figure S10. Survey
spectrum of the LAGTP powder. Figure S11. Schematic illustration of the Li-CO2 battery and its
electrochemical reactions; Figure S12. High-resolution XPS spectrum of (a) Li 1s and (b) Ru 3p in the
cathode after charge and discharge.
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Abstract: Nanoparticles (NPs) have shown great potential in stabilizing foam for enhanced
oil recovery (EOR). However, conventional NPs are difficult to recover and may contam-
inate produced oil, increasing operational costs. In contrast, superparamagnetic Fe3O4

NPs can be efficiently recovered using external magnetic fields, offering a sustainable
solution for foam stabilization. In this study, Fe3O4 NPs were coated with SiO2 using
tetraethyl orthosilicate (TEOS) and further modified with dodecyltrimethoxysilane to en-
hance their hydrophobicity. The modification effects were characterized, and the optimal
foam-stabilizing Fe3O4@SiO2 NPs were found to have a contact angle of 77.01◦. The foam
system formed with α-olefin sulfonate (0.2 wt%) as the foaming agent and the optimal
modified NPs exhibited a drainage half-life of 452 s. After foam-stabilization experiments,
the NPs were recovered and reused, with the results indicating that three recovery cycles
were optimal. Finally, visual microscopic displacement experiments demonstrated that
the foam stabilized by modified NPs effectively mobilized clustered, membranous, and
dead-end residual oil, increasing the recovery rate by 17.01% compared with unmodified
NPs. This study identifies key areas for future investigation into the application of magnetic
nanoparticles for enhanced oil recovery.

Keywords: Fe3O4 nanoparticles; foam stabilization; enhanced oil recovery; magnetic
nanoparticles; hydrophobic modification

1. Introduction

In late-stage reservoir development, reservoir heterogeneity intensifies and the distri-
bution of remaining oil becomes increasingly scattered, leading to a significant decline in
oil recovery [1]. Foam flooding has been proposed as an effective method to enhance oil
recovery by blocking high-permeability zones and increasing the viscosity of the displacing
fluid, thereby improving sweep efficiency [2,3]. However, the thermodynamic instability of
foam severely limits its industrial application [4,5].

To enhance foam stability, surfactants are commonly used to reduce surface tension,
while polymers can enhance the mechanical strength of the liquid film [6–9]. Although
these methods can temporarily stabilize foam, the degradation and loss of surfactants and
polymers at high temperatures in the reservoir make it difficult to maintain the foam’s
stability for a long time [10]. Nanoparticles (NPs) can enhance foam stability by adsorbing
at the bubble surface, preventing coalescence and coarsening, and by reinforcing the liquid
film, delaying foam drainage [11–14]. Moreover, NPs maintain stability in high-temperature
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and high-salinity reservoirs [15–19]. However, conventional NPs cannot be recovered after
use, increasing operational costs and complicating the treatment of produced oil.

Fe3O4 nanoparticles, with their superparamagnetic properties, can rapidly respond to
external magnetic fields, enabling efficient recovery and reuse [20,21], which significantly
reduces costs and environmental impact. Nevertheless, unmodified Fe3O4 NPs tend to
aggregate and exhibit poor oxidation stability, limiting their effectiveness in foam stabiliza-
tion. To address these limitations, surface modification has been researched. Research on
the modification of Fe3O4 NPs primarily focuses on improving their dispersibility, stability,
interfacial adsorption properties [22], and adaptability to complex reservoir conditions [23].
Common modification methods include surface coating (e.g., SiO2, polymers) [24], chem-
ical modification (e.g., silane coupling agents), and functionalization (e.g., hydrophobic
modification) [25,26]. SiO2 coating significantly enhances the oxidation resistance and
dispersibility of Fe3O4 NPs while improving their stability under high-temperature and
high-salinity conditions [18,27]. Hydrophobic modification using silane coupling agents
(e.g., WD-10) can regulate the wettability of Fe3O4 NPs [28,29], enabling them to adsorb at
the gas–liquid interface and form a physical barrier that prevents bubble coalescence and
coarsening [30,31], while also strengthening the liquid film and delaying foam drainage,
thereby enhancing foam stability. Additionally, polymer modification (e.g., polyethylene
glycol) can improve the biocompatibility and environmental friendliness of Fe3O4 NPs,
reducing their environmental impact in oilfield applications [32,33].

Despite the progress in foam-stabilization technology based on Fe3O4 NPs, challenges
such as particle aggregation and insufficient surface modification remain [34]. Further
optimization through shell design and functional modification is required. Moreover, most
studies have focused on macroscopic foam stability and oil displacement efficiency, failing
to reveal the processes of foam generation, migration, and residual oil mobilization using
modified Fe3O4 NPs [35]. To address these issues, this study focuses on the modification of
Fe3O4 NPs through silica coating and hydrophobic functionalization, aiming to enhance
their foam-stabilization performance and recyclability. The modified NPs are characterized,
and their foam-stabilization mechanisms are investigated through static foam stability tests
and microscopic visualization experiments. Additionally, the recyclability of the modified
NPs is evaluated, and their performance in mobilizing clustered, film, and dead-end
residual oil is systematically studied using a microfluidic model that mimics real reservoir
conditions.

The novelty of this work lies in its comprehensive investigation of the foam-
stabilization and enhanced oil recovery mechanisms of modified Fe3O4 NPs, particularly
their ability to mobilize different types of residual oil in complex pore networks. By combin-
ing macroscopic foam stability tests with microscopic visualization experiments, this study
provides new insights into the pore-scale mechanisms of NP-stabilized foam flooding,
offering valuable theoretical and technical support for the application of magnetic NPs in
enhanced oil recovery.

2. Materials and Methods

2.1. Materials

This experimental research used Fe3O4 nanoparticles (NPs) with an average particle
size of 20 nm, purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). Addi-
tionally, hydrochloric acid (36.0–38.0%), absolute ethanol (99.7%), and ammonia solution
(25.0–28.0%) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Other chemicals included tetraethyl orthosilicate (TEOS, 99%), n-hexane (97%), KH-304
(C15H34O3Si, 97%), and α-olefin sulfonate (AOS, 92%), all sourced from Macklin Biochemi-
cal Co., Ltd. All reagents were of analytical grade and used without further purification.
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2.2. Methods
2.2.1. Modification of Fe3O4 NPs

To mitigate the mutual attraction between Fe3O4 NPs, a silica layer was deposited
onto the Fe3O4 NPs using tetraethyl orthosilicate (TEOS) as the precursor. The synthesis of
Fe3O4@SiO2 NPs was carried out via a modified Stöber method based on the sol–gel process,
as illustrated in Figure 1. Specifically, 1 g of Fe3O4 NPs was dispersed in 50 mL of 0.1 mol/L
HCl solution under ultrasonic (pulse mode: 5 s on/2 s off) treatment for 10 min to activate
the hydroxyl groups on the surface of NPs, thereby facilitating the subsequent SiO2 coating.
The Fe3O4 NPs were then washed five times with deionized water and ethanol to remove
impurities, followed by dispersion in 80 mL of an ethanol solution (with a volume fraction
of 80%). After ultrasonic dispersion for 10 min, the mixture was transferred to a stirring
apparatus and stirred at 720 r/min for 20 min. Subsequently, 12 mL of NH3·H2O (with
a concentration of 25~28%) was added, and the stirring was continued for an additional
30 min. Following this, varying volumes of tetraethyl orthosilicate (TEOS) (800 μL, 1000 μL,
and 1200 μL) were introduced into C2H5OH/H2O solution (with a volume fraction of 80%)
and stirred at room temperature for 5 h. The resulting solution was centrifuged, washed
repeatedly with ethanol and deionized water (3–4 times), and dried at 70 ◦C for 12 h to
obtain the Fe3O4@SiO2 NPs.

 
  

      

Figure 1. Schematic representation of the synthesis mechanism of Fe3O4@SiO2 NPs.

The synthesized Fe3O4@SiO2 nanoparticles (NPs) were further functionalized us-
ing dodecyltrimethoxysilane (KH-304), as depicted in Figure 2. Specifically, a measured
quantity of KH-304 was introduced into 50 mL of 90% ethanol solution and subjected to
hydrolysis under continuous stirring at 75 ◦C for 20 min, resulting in the formation of
solution D. Concurrently, 0.2 g of Fe3O4@SiO2 NPs was dispersed in 50 mL of 90% ethanol
solution via ultrasonication for 10 min to obtain solution E. Solutions D and E were then
combined and stirred at 75 ◦C with a stirring speed of 400–450 rpm for 5 h. Following the
reaction, the mixture was centrifuged, washed 3–4 times with ethanol and deionized water,
and dried at 70 ◦C for 6 h to yield the surface-modified Fe3O4@SiO2 NPs.

2.2.2. Characterization Techniques

The morphological characteristics of the NPs were examined using scanning electron
microscopy (SEM; ZEISS SUPRA-55, Oberkochen, Germany), and the particle size distribu-
tion was quantitatively assessed using Image-J software (V1.8.0.112). Surface functional
groups of the NPs were analyzed by Fourier-transform infrared spectroscopy (FTIR; Nicolet
6700, Thermo Scientific, Waltham, MA, USA) employing the potassium bromide (KBr)
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pellet method. Additionally, the hydrophobicity of the modified NPs was evaluated by
measuring the contact angle using a contact angle goniometer (JY-82A).

Figure 2. Synthesis process of modified Fe3O4@SiO2 NPs.

2.2.3. Evaluation of Foam Stabilization and NPs Recovery

The foam stability was assessed using the Waring blender method [36]. Specifically,
Fe3O4@SiO2 NPs with different wettability modifications (0.2 wt%) were dispersed in
200 mL of a 0.2 wt% AOS solution using an ultrasonic disperser to prepare a homogeneous
Fe3O4@SiO2 (0.2 wt%)-AOS (0.2 wt%) dispersion. The dispersion was then foamed using a
high-speed blender (8011ES, Waring, Stamford, CT, USA) at 5000 rpm for 3 min, and the
resulting foam was transferred to a graduated cylinder. Foamability was characterized
by measuring the initial foam volume, while foam stability was evaluated based on the
drainage half-life, defined as the time required for half of the liquid to drain. The NPs
exhibiting the optimal contact angle were selected for further foam-stabilization experi-
ments. After foam collapse, the mixed solution was subjected to an external magnetic field
to facilitate NP sedimentation. The recovered NPs were washed with distilled water and
reused for subsequent foam-stabilization tests. The changes in foam half-life were recorded
to evaluate the reusability and performance of NPs.

2.2.4. Adsorption of NPs on Liquid Films

The distribution of NPs within the foam system was investigated using a fluorescence
microscope (Trim Scope, Wilnsdorf, Germany) to elucidate the stabilization mechanism
of Fe3O4@SiO2 NPs in foam. For this purpose, the fluorescent probe rhodamine B, which
carries a negative charge and exhibits a maximum excitation wavelength of 543 nm, was
employed to label the NPs in the dispersion. The stained NPs were subsequently cen-
trifuged and washed repeatedly with distilled water until the supernatant became clear.
The labeled NPs were then utilized to generate foam, and fluorescence images of the foam
were captured using the microscope to analyze the spatial distribution and behavior of NPs
within the foam structure.

2.2.5. Microscopic Oil Displacement Experiment

Microscopic oil displacement experiments were conducted using a micro-etched
porous media model designed to replicate the natural pore structure of cores from the
Daqing oilfield. The pore network was etched onto a glass plate using photolithography,
and the etched plate was bonded to a smooth glass plate to create the microscopic model.
The fabricated glass micromodel exhibited a porosity of 25%, with an average pore depth
of approximately 40 μm and a pore width of approximately 100 μm. The experimental
setup, as illustrated in Figure 3, comprised a foam generation device, a microscopic pore
model, and an observation data acquisition system.
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Figure 3. Flow chart of microscopic oil displacement experiment.

Prior to the experiment, the micromodel was evacuated and saturated with crude oil
(viscosity = 7.69 mPa·s at 25 ◦C). Water flooding was initiated by injecting 5 pore volumes
(PVs) of water until water without oil was produced. Foam was generated by co-injecting a
foam solution and air at a 1:1 volume ratio into the foam generator. Subsequently, 2.5 PVs of
either AOS foam or Fe3O4@SiO2-AOS-stabilized foam were injected, followed by 2.5 PVs of
water flooding at a constant injection rate of 1 μL/min. The entire displacement process was
monitored and recorded using a microscope (VHX-5000, Keyence, Osaka, Japan) equipped
with a high-resolution CCD camera and a parallel light source. The experiments focused
on investigating the mobilization of various types of residual oil by Fe3O4@SiO2-stabilized
foam under high water-saturation conditions at 25 ◦C.

After the experiment, the micromodel was cleaned by injecting petroleum ether and
ethanol to remove residual oil and ensure all pores and throats were free of contaminants.
The micromodel was then dried in a constant temperature oven at 45 ◦C for subsequent use.

3. Results

3.1. Characterization of NPs

Following the modification process, a portion of the hydroxyl (-OH) groups on the
surface of the NPs were substituted with carbon chains, resulting in a reduction in saturation
magnetization. The successful formation of the modified NPs was confirmed through
comprehensive characterization using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and Fourier-transform infrared spectroscopy (FTIR). These
techniques were employed to evaluate the morphological and structural changes, as well
as to analyze the surface functional groups of the modified NPs.

3.1.1. Morphological Analysis

The SEM images of Fe3O4@SiO2 NPs synthesized with varying amounts of TEOS
(800 μL, 1000 μL, and 1200 μL) are presented in Figure 4, illustrating the morphological
and size characteristics of the NPs. Following the SiO2 coating process, the particle size in-
creased significantly from 20 nm to approximately 300 nm. The SEM analysis also revealed
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the enhanced dispersibility of NPs after coating. As depicted in Figure 4a, bare Fe3O4 NPs
displayed irregular shapes and pronounced agglomeration. In contrast, Figure 4b shows
Fe3O4@SiO2-800 NPs, which exhibited a flocculent structure with reduced agglomeration,
suggesting that the SiO2 coating mitigated the interparticle interactions of Fe3O4 NPs. How-
ever, due to the insufficient amount of TEOS, a well-defined spherical core–shell structure
was not achieved. Figure 4c,d display Fe3O4@SiO2-1000 NPs and Fe3O4@SiO2-1200 NPs,
respectively. These NPs demonstrated spherical morphologies, significantly larger particle
sizes, reduced agglomeration, and more uniform structures, confirming the successful
formation of an SiO2 coating on the Fe3O4 NPs’ surface.

 

 

 

 

 

(a) (b) 
 
 
 
 
 

 

 

(c) (d) 

Figure 4. SEM images of NPs: (a) Fe3O4; (b) Fe3O4@SiO2-800; (c) Fe3O4@SiO2-1000; (d) Fe3O4@SiO2-1200.

To evaluate the size distribution of Fe3O4@SiO2-1000 NPs and Fe3O4@SiO2-1200 NPs,
particle size analysis was conducted using Image-J software by randomly selecting 80 points
from each SEM image. The results are presented in Figure 5. As depicted in Figure 5a, the
particle size distribution of bare Fe3O4 NPs ranges from 20 to 200 nm, with an average
diameter of 57.663 nm. Figure 5b illustrates that the particle size distribution of Fe3O4@SiO2-
1000 NPs spans from 60 to 240 nm, with an average diameter of 147.252 nm. Similarly,
Figure 5c demonstrates that the particle size distribution of Fe3O4@SiO2-1200 NPs extends
from 60 to 320 nm, with an average diameter of 158.021 nm. These findings indicate a
significant increase in the diameter of the NPs following the core–shell coating process,
with the particle size positively correlated with the amount of TEOS used. Furthermore,
compared with Fe3O4@SiO2-1200 NPs, Fe3O4@SiO2-1000 NPs exhibit a narrower particle
size distribution, a smaller average particle size, and enhanced uniformity. Consequently,
1000 μL of TEOS was determined to be the optimal amount for coating the Fe3O4 NPs.
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(a) (b) (c) 

Figure 5. Size distribution of NPs: (a) Naked Fe3O4; (b) Fe3O4@SiO2-1000; (c) Fe3O4@SiO2-1200.

To visually confirm the formation of the core–shell structure, the NPs were charac-
terized using TEM and Energy-Dispersive X-ray Spectroscopy (EDS), as illustrated in
Figure 6. In Figure 6a, the bare Fe3O4 NPs exhibit a uniform granular morphology, consis-
tent with the observations from SEM imaging. Figure 6b reveals the core–shell structure of
Fe3O4@SiO2-1000 NPs, where the core (Fe3O4) appears darker, smaller, and denser, while
the shell (SiO2) appears lighter, larger, and forms a well-defined spherical coating. This
confirms the successful deposition of a silica shell on the surface of the Fe3O4 NPs.

  

(a) 

 

 

(b) 

Figure 6. TEM images and EDS of nanoparticles (a) Fe3O4; (b) Fe3O4@SiO2-1000.

To further validate the chemical composition of the materials, EDS analysis was
performed. The results indicate that the bare Fe3O4 NPs consist of 64.6% Fe and 35.4%
O, whereas the SiO2-coated Fe3O4 NPs comprise 48.8% O, 33.0% Fe, and 18.2% Si. The
presence of a weak Si peak alongside a strong Fe peak provides additional evidence for
the successful formation of a silica shell on the surface of the Fe3O4 NPs. These findings
collectively demonstrate the effective synthesis of the core–shell structure.
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3.1.2. FTIR Analysis

FTIR analysis was employed to confirm the presence of grafted functional groups
and the successful formation of modified NPs, as depicted in Figure 7. In all four spectra,
the characteristic Fe-O bond vibration peak was observed at 586 cm−1 and 630 cm−1, con-
firming the presence of Fe3O4. Additionally, peaks corresponding to -OH stretching and
bending vibrations were identified at 3310 cm−1 and 1627 cm−1, respectively [37]. A strong
absorption peak at 1082 cm−1 was attributed to the asymmetric stretching vibration of the
Si-O-Si bond, while the peak at 462 cm−1 represented the bending vibration of the Si-O-Si
bond, both of which are indicative of the SiO2 coating. The peak at 1123 cm−1, correspond-
ing to the Fe-O-Si stretching vibration, further confirmed the successful formation of the
SiO2 coating and the core–shell structure. In the FTIR spectrum of Fe3O4@SiO2+KH-304,
the peaks observed at 2924 cm−1 and 2831 cm−1 were assigned to the asymmetric stretching
vibrations of the -CH3 and -CH2 groups, respectively, indicating the presence of carbon
chains on the NP surface [38]. Since these carbon chains originate from the hydropho-
bic modifier KH-304, these results provide clear evidence of the successful hydrophobic
modification of the NPs.

Figure 7. Infrared spectrum of NPs.

3.2. Analysis of Surface Hydrophobicity and Foam-Stabilization Ability of Modified NPs
3.2.1. Analysis of Surface Hydrophobicity of Modified NPs

NPs must exhibit moderate hydrophobicity to ensure strong adsorption at the gas–
liquid interface. However, excessively hydrophobic NPs are ineffective in stabilizing foam,
as they fail to adsorb onto the lamellae and prevent liquid drainage [39]. Therefore, it is
crucial to select NPs with an optimal level of hydrophobicity.

The contact angles of Fe3O4@SiO2-1000-KH-304 NPs, modified with varying amounts
of KH-304, were measured, as illustrated in Figure 8. As the concentration of KH-304
increased, the contact angle between the NPs and water progressively rose from 57.18◦ to
121.34◦, after which it plateaued, indicating that further increases in the modifier did not
alter the contact angle. To investigate the influence of NPs with different wettabilities on
foam stability, NPs with contact angles of 57.18◦, 77.01◦, 105.51◦, and 121.34◦ were selected
for subsequent foam stability experiments.
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Figure 8. The contact angles of NPs with water as a function of amounts of silane coupling agent.

3.2.2. Analysis of Foam-Stabilization Ability of Modified NPs

Foam was generated by high-speed stirring of a foaming solution containing
Fe3O4@SiO2-1000-KH-304 NPs with varying hydrophobicities and alpha-olefin sulfonate
(AOS) at a concentration of 0.2 wt%. The drainage half-life and initial foam volume
were measured and are presented in Figure 9. The results demonstrated that the foam-
stabilization effect was optimal at an NP concentration of 1.0 wt% and a contact angle of
77.01◦, achieving a drainage half-life of 452 s and an initial foam volume of 664 mL. In
contrast, at the same NP concentration of 1.0 wt%, the foam-stabilization capability was
weakest for NPs with a contact angle of 123.3◦, exhibiting a drainage half-life of only 374 s,
which was lower than that of unmodified NPs.

 
(a) (b) 

Figure 9. The different wettability nanoparticles on stabilizing foam: (a) drainage half-life time;
(b) foam volume.

3.2.3. Adsorption of NPs on Foam Surfaces

To elucidate the mechanism by which Fe3O4@SiO2 NPs stabilize foam, the NPs were
labeled with a fluorescent dye, and their distribution within the foam system was observed
using fluorescence microscopy, as illustrated in Figure 10. Figure 10a reveals that the NPs
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were predominantly distributed in the liquid phase between bubbles. To more clearly visu-
alize the particle distribution, the foam was drained to form dry foam. In the Fe3O4@SiO2

NPs-AOS (0.2 wt%) system, significant NP loss was observed, with few NPs adsorbed on
the liquid film, as shown in Figure 10b. In contrast, the majority of Fe3O4@SiO2 NPs with a
contact angle of 77.01◦ were adsorbed onto the liquid film of the bubbles and remained in
place even after liquid drainage, as depicted in Figure 10c. Conversely, Fe3O4@SiO2 NPs
with a contact angle of 121.34◦ tended to migrate out of the liquid phase and into the gas
phase, with minimal adsorption on the liquid film, as shown in Figure 10d.

 

 

 

 

(a) (b) 
 
 
 
 

 

 

(c) (d) 

 

Figure 10. Confocal fluorescence image for the foams (Fe3O4@SiO2 NPs-AOS (0.2wt%)). (a) Wet foam;
(b) dry foam; (c) dry foam stabilized by NPs with a contact angle of 77.01; (d) dry foam stabilized by
NPs with a contact angle of 121.34◦. The red circles are bubbles.

These observations indicate that NPs located in the surrounding continuous liquid
phase are carried away during liquid drainage, whereas NPs adsorbed at the gas–liquid
interface remain within the dry foam skeleton after drainage. Specifically, NPs with a
contact angle of 77.01◦ adsorb onto the bubble surface, forming a protective particle armor.
Unmodified core–shell NPs, being more hydrophilic, predominantly reside in the liquid
phase, while NPs with a contact angle of 121.34◦, due to their stronger hydrophobicity,
preferentially remain in the gas phase. These findings highlight the critical role of NPs’
hydrophobicity in determining their distribution and foam-stabilizing behavior.

3.3. Recyclability of NPs

Fe3O4 NPs exhibit a high responsiveness to external magnetic fields. Consequently,
after assessing foam stability, the NPs were recovered using an external magnetic field and
reused for foam stabilization. The foam solution employed for recyclability evaluation
consisted of 1 wt% Fe3O4@SiO2 NPs (77.01◦) and 0.2 wt% AOS, representing the optimal
system identified earlier. Following foam generation, the foam half-life was recorded. The
NPs were then recovered by applying a magnetic field, washed multiple times with ethanol
and deionized water, and reused for foam stabilization until a significant reduction in
drainage half-life was observed.

As shown in Figure 11a, the mixed solution exhibited a noticeable lightening in color
after 5 min, with a mound of NPs settling at the bottom after 10 min. The solution became
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clear after 20 min, and the NPs were completely aggregated at the bottom of the container
under the influence of the external magnetic field. This demonstrates that the modified
NPs retain a high sensitivity to external magnetic fields and can be efficiently recovered.
Figure 11b illustrates that foam stability was minimally affected during the first three
recovery cycles, with a reduction in drainage half-life of only 2–7%. However, after the
fourth recovery cycle, the drainage half-life decreased significantly, negatively impacting
foam stability, with a 19% reduction observed by the fifth cycle. Therefore, to maintain
optimal foam stability, the NPs should be recovered and reused no more than three times.

(a) 

(b) 

Figure 11. Evaluation of recyclability of NPs: (a) the responsiveness of NPs to a magnet; (b) the
drainage half-life time changes with the recycle number of NPs.

3.4. Microscopic Oil Displacement Mechanism of Modified NPs

Water, AOS foam (0.2 wt%), and Fe3O4@SiO2 (0.1 wt%)-AOS (0.2 wt%) foam with a
contact angle of 77.01◦ were employed for oil displacement experiments. The displacement
process of specific types of residual oil within a fixed area was monitored in real-time
using microscopy. Figure 12 illustrates the effects of the three displacement agents on
clustered, membranous, and dead-end residual oil. Due to the high water–oil mobility
ratio, water flooding tends to bypass oil, causing water channeling through larger pores
and leaving oil trapped in smaller pores, resulting in the formation of clustered residual
oil, as depicted in Figure 12a. Membranous residual oil is predominantly distributed in
water-flooded regions, where oil adheres to pore surfaces and is not fully displaced by
water or surfactant solutions, as shown in Figure 12b. Dead-end residual oil is commonly
found in rock formations, characterized by pores connected to the pore-throat network at
only one end. Owing to the low viscosity of water, it cannot penetrate dead-end pores,
leading to the retention of dead-end residual oil, as illustrated in Figure 12c.
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Figure 12. Microscopic residual oil after flooding: (a) cluster residual oil; (b) membranous residual
oil; (c) dead-end residual oil.

Compared with water flooding, AOS foam demonstrates a stronger capability to mobi-
lize these three types of residual oil. However, Fe3O4@SiO2 (0.1 wt%)-AOS (0.2 wt%) foam
exhibits an even more effective displacement performance for these residual oils. As illus-
trated in the injection pressure curve (Figure 13), the pressure generated during the injection
of AOS foam (0.2 wt%) is significantly higher than that of water injection. Furthermore, the
injection pressure of Fe3O4@SiO2 (0.1 wt%)-AOS (0.2 wt%) foam is markedly greater than
that of AOS foam alone. This indicates that Fe3O4@SiO2 (0.1 wt%)-AOS (0.2 wt%) foam
can more effectively perform plugging and profile control functions, thereby enhancing the
displacement efficiency of the injected fluid. The enhanced performance is attributed to the
synergistic effects of the NPs and foam, which improve the stability and viscoelasticity of
the displacing fluid, thereby enhancing its ability to access and displace oil from complex
pore structures.

To investigate the mechanism by which Fe3O4@SiO2-(0.1 wt%)-AOS (0.2 wt%) foam
with a contact angle of 77.01◦ mobilizes the three types of residual oil, typical images
of the displacement process are shown in Figure 14. As shown in Figure 14a, the foam
stabilized by modified Fe3O4@SiO2 NPs blocked the water channeling paths around the
clustered residual oil, allowing bubbles to enter low-permeability pores, emulsifying and
dispersing the clustered residual oil into membranous oil or small oil droplets, which
were then displaced. As shown in Figure 14b, the mobilization of membranous residual
oil by modified Fe3O4@SiO2 NP-stabilized foam occurred in two stages: first, the foam
emulsified and peeled off the oil attached to the pore surfaces, reducing the difficulty
of displacement; second, due to the adsorption of NPs, foam stability was improved,
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reducing gas diffusion between bubbles and the surface area of the dispersed residual oil,
allowing the foam to continuously regenerate and propagate in narrow pores, pushing the
oil droplets out. As shown in Figure 14c, the foam stabilized by Fe3O4@SiO2-AOS had good
stability, maintaining relatively small bubbles for a longer time, reducing the flow resistance
when entering dead-end pores, and allowing deeper penetration into oil-containing dead-
end pores. In the dead-end pores, the bubbles deformed under the driving force due to
the higher interfacial viscoelasticity of Fe3O4@SiO2-AOS bubbles. The deformed bubbles
tended to restore their original shape, gradually replacing the residual oil with films or
droplets, and effectively displacing oil from the dead-end pores.

Figure 13. The pressure of flooding experiments.
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(c) 

Figure 14. Microscopic residual oil after Fe3O4@SiO2-AOS foam flooding: (a) cluster residual oil;
(b) membranous residual oil; (c) dead-end residual oil.

The residual oil in the micromodel was recorded using a microscope, and the images
were processed using Image-J software, as shown in Figure 15, to quantitatively calculate
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the oil recovery rate. Figure 15a,e show the initial oil-saturated state of the micromodel,
while Figure 15b–d,f–h show the residual oil after water flooding, foam flooding, and modi-
fied NP-stabilized foam flooding, respectively. Compared with the water flooding recovery
rate of 42.07%, foam flooding effectively improved the sweep efficiency, compensating
for the shortcomings of water flooding and increasing the recovery rate by approximately
16%. However, significant residual oil remained after foam flooding. In contrast, the
modified NP-stabilized foam flooding had a larger sweep efficiency and higher displace-
ment efficiency, achieving a recovery rate of 75.40%, an increase of 33.33% compared with
water flooding.

 

 

 

   

(a) (b) (c) (d) 

 

   

(e) (f) (g) (h) 

Figure 15. Microscopic images of residual oil distributions in 2D micromodel. (a) The raw images
of initial oil distribution, (b) residual oil distributions after water flooding, (c) AOS foam flooding
and extended water flooding, and (d) Fe3O4@SiO2-AOS foam flooding and extended water flooding,
respectively, while (e–h) were processed versions of images (a–d) using Image J software to estimate
trapped oil. The dark brown color is oil and the milky color is displacement fluid in (a–d) whereas
red is oil and the ash color is displacement fluid in (e–h). The flow direction is from left to right.

4. Conclusions

Through shell coating and hydrophobic modification experiments on Fe3O4 NPs,
Fe3O4@SiO2 NPs with different wettabilities were prepared, and their foam-stabilization
performance was evaluated. The effects of modified NPs on foam stability were assessed
through static foam stability experiments, including drainage half-life and initial foam
volume. The foam-stabilization mechanism of Fe3O4@SiO2 NPs was investigated using con-
focal laser scanning microscopy. Microscopic oil displacement experiments were conducted
to evaluate the enhanced oil recovery mechanism of modified NP-stabilized foam.

The main findings are as follows:

(1) The characterization of the prepared NPs and foam stability evaluation showed that
Fe3O4@SiO2-1.0 NPs with a contact angle of 77.01◦ had the best foam-stabilization
performance, significantly improving foam stability. The optimal foam system con-
sisted of 1 wt% NPs (77.01◦) + 0.2 wt% SDS, with a drainage half-life of 452 s and an
initial foam volume of 510 mL.

(2) Confocal laser scanning microscopy experiments showed that the modified Fe3O4@SiO2

NPs were adsorbed on the bubble surface, forming a three-dimensional network
structure between armored bubbles, thereby enhancing foam stability. A static foam
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stability evaluation indicated that the optimal number of NP recovery cycles was
three, and Fe3O4@SiO2 NPs responded quickly to magnetic fields.

(3) Microscopic visual oil displacement experiments demonstrated that, compared with
AOS foam alone, Fe3O4@SiO2-1000 NP-stabilized foam had a higher ability to mobi-
lize residual oil. The foam’s strong stability blocked large pores, allowing subsequent
fluids to enter small pores, emulsifying and mobilizing clustered residual oil. The
dense adsorption of modified Fe3O4 NPs at the liquid film interface significantly
enhances film strength, enabling bubbles to undergo elastic deformation rather than
rupture when passing through pore throats, emulsifying and peeling off membranous
residual oil and pushing it out. Bubbles entered dead-end pores through high vis-
coelastic deformation, carrying out residual oil. Compared with the water flooding
recovery rate of 42.07%, the modified NP-stabilized foam achieved a recovery rate of
75.40%, an increase of 33.33%, effectively mobilizing residual oil.
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