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Editorial

Recent Development of Nanomaterials for Chemical
Engineering

Meiwen Cao

State Key Laboratory of Heavy Oil Processing, Department of Biological and Energy Chemical Engineering,
College of Chemistry and Chemical Engineering, China University of Petroleum (East China),
Qingdao 266580, China; mwcao@upc.edu.cn

There has been an explosive growth in research on nanomaterials since the late 1980s
and early 1990s. So far, massive amounts of nanomaterials have been developed and
their preparation and characterization methods are relatively comprehensive and well-
established [1,2]. The current most important issue is the engineering of nanomaterials
in real-world applications to promote economic and social development. Based on the
booming development of nanomaterials in the field of chemical engineering, we have
launched two Special Issues, that is, Nanomaterials for Chemical Engineering (Volume I,
2022) and Nanomaterials for Chemical Engineering (Volume II, 2023). Detailed information
on Volume I can be found via the following web link: https://www.mdpi.com/journal/
nanomaterials/special_issues/nano_chemical_engineering. In the latest Special Issue (Vol-
ume II), we collected 15 original research articles and 1 comprehensive review paper written
by excellent scientists from relevant fields covering the topics of nanomaterial synthesis and
characterization, the engineering of nanomaterials into composites with novel properties,
the development of functional nanomaterials for applications in catalysis and pollutant
treatment, the evaluation of the durability and environmental friendliness of nanomate-
rials, etc. This Special Issue also follows closely the forefront of global scientific research
and includes studies on the application of machine learning in the field of nanomaterials
for chemical engineering. In what follows, I will give a brief introduction of the studies
presented in this Special Issue.

The design and optimization of nanomaterial synthesis as well as performance control
are eternal themes in the development of nanotechnology [3]. The rapid advancement
of material preparation technology and the actual needs of specific nanomaterials with
desired properties both drive the development of new synthesis methods to produce novel
nanostructures. In this Special Issue, Mares-Briones et al. presented the chemical syn-
thesis of AgPt nanoalloys by the polyol method, which used polyvinylpyrrolidone (PVP)
as a surfactant in a heterogeneous nucleation approach. This study modulated well the
composition, the size and morphology, the catalytic activity as well as the stability and
long-term durability of the AgPt nanoparticles, providing attractive catalyst candidates
for cost-effective ethanol oxidation. Abitaev et al. reported the controlled synthesis of
ZnO nanoparticles via the chemical bath deposition (CBD) method. The kinetics of ZnO
formation was controlled by using a methanolic precursor solution containing the organic
additive polyvinylpyrrolidone (PVP) as the stabilizing and structuring agent. They also
gave a nearly quantitative description of both the nucleation and growth period using
the two-step Finke–Watzky model with slow, continuous nucleation followed by auto-
catalytic growth. This study provides valuable insights into the controlled synthesis of
ZnO nanoparticles. Quiñones-Gurrola et al. carried out a systematic study of preparing
perovskite-type fine particles in the binary system of SrZrO3–SrTiO3 with the hydrothermal
method. They optimized the synthesis parameters such as temperature, the precursors
and their stoichiometry, and the reaction time. The size and structural characteristics as
well as the crystalline nature of the nanoparticles were also systematically investigated.
This study demonstrates that soft chemistry hydrothermal processing can be employed
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for synthesizing inorganic perovskite binary systems for potential industrial applications.
Moreover, Altena et al. reported in their work the attempt to synthesize VBi2Te4 by molec-
ular beam epitaxy (MBE) as well as the detailed characterization of the material by various
techniques. Noting that VBi2Te4 is an intrinsic magnetic topological insulator (IMTI) that
has been theoretically predicted but has a lack of experimental evidence supporting it so
far, this study filled in this gap by providing experimental results for its material synthesis.

How to engineer a specific nanomaterial into practical applications, that is, the devel-
opment of applying techniques, is crucial. In this Special Issue, Lazauskas et al. investigated
the hydrophilic surface modification of SiOx containing amorphous hydrogenated carbon
nanocomposite films (DLC:SiOx) by using atmospheric oxygen plasma treatment. They
showed that atmospheric oxygen plasma treatment can effectively modify the wetting prop-
erty of the DLC:SiOx film, which can ensure practical applications such as biocompatible
coatings for medical purposes, anti-fog coatings for optical components, and protective
coatings to prevent corrosion and wear. Mills et al. formulated catalytic zero-valent
iron/palladium (Fe/Pd) with stimuli-responsive poly-N-isopropylacrylamide (PNIPAm)
and poly-methyl methacrylate (PMMA) to functionalize hollow fiber membranes, produc-
ing functional composite membranes for the reductive degradation of organic pollutants.
By using trichloroethylene and methyl orange as model compounds for degradation, they
proved that temperature-responsive domains and catalyst incorporation in the compos-
ited membrane provide significant advantages for toxic organic decontamination, which
are promising for the efficient treatment of high-volume contaminated water. In another
study included in the Special Issue, Chiang et al. synthesized nano-branched iridium
nanodendrites (Ir NDs) on an antimony tin oxide (ATO) support (Ir NDs/ATO) by a
surfactant-mediated method. They investigated the effect of ATO support and evaluated
the electrocatalytic activity and durability of the material during an oxygen evolution
reaction (OER). The authors’ detailed characterization of the structural properties and
catalytic performance of the Ir NDs provides solid support for the practical application of
this material.

By having an extremely small size and high specific surface area, nanomaterials have
more active sites for improving the reaction efficiency in catalytic processes [4–6]. This
Special Issue includes several papers on the chemical engineering applications of nanocat-
alytic materials, providing comprehensive explorations on materials preparation, physical–
chemical characterization, and catalytic performance evaluation. The hybridization of
nanomaterials with different structures and properties to produce composite materials is an
important approach for engineering nanomaterials in various applications [7–9]. For exam-
ple, two-dimensional (2D) graphene/graphene oxide (GO) and noble metal nanoparticles
are two types of nanomaterials with distinct structural characteristics and physicochemical
properties. The hybridization of them into a single composite material can produce new ma-
terials with exceptional performance due to the synergism of the specific properties of each
material. In this Special Issue, Iordache et al. present a comprehensive review on the most
used and up-to-date methods for the synthesis and characterization of graphene/noble
metal (Pt, Ag, Pd and Au) nanocomposites as well as their application as new catalysts in
fuel cell and renewable technology. This paper discusses well the preparation methods,
the type and amount of noble metal, the nature of the graphene support material, the
type of dopant and the metal–support relationship in the synthesis of graphene/noble
metal nanocomposites. The electrocatalytic activity and electrochemical stability of the
nanocomposites as well as the techniques of applying the nanocomposites as catalysts are
also discussed. In another research paper, Marinoiu et al. developed a microwave-based
single-step synthesis method for nitrogen-doped graphene oxide preparation, which is
simple, faster, scalable, and economical. By evaluating and comparing the physical and
chemical properties of various materials obtained from different precursors, they concluded
that ammonia allowed for a higher nitrogen doping concentration by utilizing the high
vapor pressure to facilitate the functionalization reaction with graphene oxide. This study
contributes well to the synthesis methodology and engineering of nitrogen-doped graphene

2



Nanomaterials 2024, 14, 456

as a promising metal-free catalyst for the oxygen reduction reaction (ORR). Such catalysts
show good electrocatalytic activity and long-term operation stability, and are excellent for
practical ORR application in proton exchange membrane fuel cells (PEMFCs).

By having a high specific surface area and porosity as well as excellent catalytic capa-
bility, nanomaterials also find widespread applications in pollution treatment, that is, being
used as adsorbents for the adsorptive removal of harmful substances from the environment
or catalytic transformation of toxic species into nontoxic ones [10–12]. In this Special Issue,
La Greca et al. synthesized composite catalysts of Ag/MnOx and Ag/CeMnOx by using a
combination of the citrate sol–gel method for support synthesis and incipient wetness im-
pregnation with [Ag(NH3)2]NO3 aqueous solution to deposit the active component. They
systematically investigated the physical–chemical properties of the as-prepared catalysts by
various characterization techniques and then studied the selective catalytic NOx reduction
with propylene. This work presents well how to develop the hybridized nanocatalysts for
NO reduction applications. Saldaña-Robles et al. presented in their paper the synthesis
of amine and ferrihydrite functionalized graphene oxide for the removal of fluoride from
water. The comprehensive characterization of the synthesized materials was performed by
using various techniques. This study is a good example of engineering composite nanoma-
terials for application in pollution treatment. In another work, Lu et al. [13] synthesized a
novel organic–inorganic hybrid material of IIGK@MnO2 via an environmentally friendly
and simple method. They used short peptide self-assembled nanostructures as a template
to assist with the formation of a fibrous IIGK@MnO2 nanocomposite with a large specific
surface area and negative charges, which can be used as an effective adsorbent for the
removal of strontium ions (Sr2+) from aqueous solution. This study shed light on the
construction of organic–inorganic hybrid adsorbents with multiple active adsorption sites
and a high adsorption efficiency for adsorbing radioactive ions from wastewater.

Nanomaterials can be composited into other materials as fillers to enhance the mechan-
ical properties such as strength, hardness, toughness, wear resistance, etc. [8] For example,
two-dimensional hexagonal boron nitride (hBN) has a stable structure and outstanding
properties such as mechanical strength, thermal conductivity, electrical insulation, and
lubricant behavior. However, how to utilize hBN in practical applications is a significant
challenge. Magaletti et al. used hBN as a filler material to partially replace silica in elas-
tomer composites so as to improve their rheological and mechanical properties. They found
that hBN as a substitute for 30% of the silica can greatly improve the material’s property,
which leads to a lower Payne effect, a higher dynamic rigidity, and an increase in E′ with
similar/lower hysteresis. This study paves the way for substantial improvements in the
important properties of silica-based composites for tire compounds, which can be used to
reduce rolling resistance and lessen environmental impacts.

For the practical application of a specific nanomaterial in chemical engineering, it is
important to evaluate the performance, stability, safety, and environmental sustainability
of the materials in advance [14,15]. However, such studies are relatively scarce at the
current stage. In this Special Issue, Barjoveanu et al. presented in their paper how a life
cycle assessment can be used to evaluate the eco-design options for early-stage material
development and engineering while allowing for the environmental sustainability of novel
materials. They focused on a comparison of the technical and environmental performance
of two types of synthesis strategies (the classic layer-by-layer strategy and the one-pot
coacervate deposition strategy) for PEI-coated silica particles (organic/inorganic compos-
ites), which were tested for Cd2+ ion removal from aqueous solution. This study proves
the usefulness of life cycle assessments and scenario analyses as environmental support
tools for engineering nanomaterials into practical applications because they can highlight
environmental hotspots and point out the environmental improvement possibilities from
the very early stages of material development. Pacella et al. adopted a multi-analytical
approach to investigate the dissolution process and surface characterization of amosite
fibers following interaction with a mimicked Gamble’s solution for a long period. This
study highlighted the incongruent behavior of the amosite fiber dissolution and observed a
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preferential release of Mg and Ca from the amphibole structure as well the oxidation of Fe.
By probing into the most important toxicity parameters, that is, the biodurability (i.e., the
resistance to dissolution), this study helps us to understand the mechanisms of long-term
toxicity, which is crucial for practical applications of UICC amosite.

Machine learning technology provides new ideas and methods for the research and
engineering application of nanomaterials, helping to accelerate material innovation, opti-
mize process design, and promote the practical application of nanomaterials. Wang et al.
presented a good attempt of machine-learning-assisted synthesis of nanomaterials. They
constructed a machine learning Gaussian regression model to assist with the preparation of
molybdenum disulfide (MoS2) semiconductors with the CVD method and to explore the
growth mechanism. The optimal model can predict the size of MoS2 synthesized under
185,900 experimental conditions in the simulation dataset, which enabled the selection of
the optimal range for the synthesis of large-area MoS2. This study verifies that machine
learning is a powerful tool for the development of nanomaterials in chemical engineering.

In short, this Special Issue achieves great success by presenting all of the above high-
quality original research papers and comprehensive review papers. We give our sincere
thanks to the excellent scholars that have made contributions to this Special Issue. Inspired
by the previous two successful Special Issue volumes, we are now launching the third
volume of the Special Issue, that is, “Nanomaterials for Chemical Engineering III”. We
welcome even more excellent scholars to submit their original research or review papers on
nanomaterials for chemical engineering to the Special Issue. Besides the topics that were
covered by the previous two volumes (e.g., nanomaterials synthesis and characterization,
catalytic nanomaterials, environmental protection and pollution control, biomedical ap-
plications, computational modeling studies, as well as utilization in devices and practical
applications), we will welcome contributions from new fields, including, but not limited to,
the following topics:

Green chemical engineering: Utilizing the special properties and effects of nanomate-
rials to develop green and sustainable chemical reactions and processes [16]. For example,
the design and application of novel nanocatalysts will help to improve reaction selectivity
and efficiency, reduce energy consumption and waste generation.

Energy applications: Nanomaterials have enormous potential in the energy field [17].
For example, nanomaterials can be used as electrodes and electrolytes for efficient energy
storage devices, improving the performance of batteries and supercapacitors [18]. Nano
photocatalysts can be used for photocatalytic water splitting and hydrogen production, etc.

The sustainability of nanomaterials: The preparation and application of nanomaterials
need to consider their impact on the environment. The development of more sustainable
and environmentally friendly preparation methods, as well as the recovery and recycling
of nanomaterials, are key issues [19].

Moreover, we greatly encourage contributions from artificial intelligence and ma-
chine learning. These fast-developing artificial intelligence (AI) technologies provide great
opportunities for the research and application of nanomaterials in the field of chemical
engineering [20,21]. However, the design and optimization of machine learning algorithms
also need to fully consider the special properties of nanomaterials themselves so as to
obtain accurate and reliable results [22]. We believe that machine learning will provide
many potential advantages and innovations to the engineering application of nanoma-
terials, including material design and prediction, reaction control and optimization, the
analysis and interpretation of massive experimental data, the improvement of experimental
efficiency, and so on.

Funding: This work was supported by the National Natural Science Foundation of China (22172194,
21872173).

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: In this study, a novel organic–inorganic hybrid material IIGK@MnO2 (2-naphthalenemethyl-
isoleucine-isoleucine-glycine-lysine@manganese dioxide) was designed as a novel adsorbent for
the removal of strontium ions (Sr2+). The morphology and structure of IIGK@MnO2 were charac-
terized using TEM, AFM, XRD, and XPS. The results indicate that the large specific surface area
and abundant negative surface charges of IIGK@MnO2 make its surface rich in active adsorption
sites for Sr2+ adsorption. As expected, IIGK@MnO2 exhibited excellent adsorbing performance for
Sr2+. According to the adsorption results, the interaction between Sr2+ and IIGK@MnO2 can be fitted
with the Langmuir isotherm and pseudo-second-order equation. Moreover, leaching and desorption
experiments were conducted to assess the recycling capacity, demonstrating significant reusability
of IIGK@MnO2.

Keywords: peptide assembly; MnO2; Sr2+ removal

1. Introduction

Nuclear energy is widely used due to its ability to reduce greenhouse effects, high
energy density, and ease of storing nuclear fuel [1]. However, in nuclear disasters such
as Chernobyl and Fukushima, the release of large amounts of radioactive isotopes and
waste has had a catastrophic impact on ecosystems, causing significant damage. In terms
of radioactive safety, strontium (90Sr), cobalt (60Co), and cesium (137Cs) are considered the
main radioactive isotopes due to their relatively long half-lives, high solubility, and easy
transfer [2]. Among them, 90Sr is a carcinogen and hazardous pollutant that has chemical
properties similar to calcium and is easily absorbed by the human body [3]. Therefore,
the development of new materials for removing strontium ions (Sr2+) from aqueous solu-
tions has received great attention. At present, various methods have been developed to
remove radioactive toxic ions from aqueous solutions, including chemical precipitation,
membrane, solvent extraction, ion exchange, and adsorption [4–8]. Among them, the
adsorption method is the most used and highly efficient technology. Up to now, a large
number of nanomaterials, such as hydroxyapatite nanoparticles, metal sulfide, metallic
oxide, graphene oxide (GO), and MOFs, have been employed as adsorbents for removing
Sr2+ [9–13]. Attributed to their larger specific surface area and more active sites, MnO2
nanoparticles have been widely studied and applied as effective adsorbents for Sr2+ [14].
Moreover, MnO2 particles also exhibit selectivity for Sr2+ in the presence of competing ions,
including Na+, K+, Ca2+, and Mg2+ [15]. However, MnO2 nanoparticles have drawbacks
such as susceptibility to van der Waals forces, which may lead to aggregation and a decrease
in their adsorption performance [16]. Therefore, it is necessary to fix MnO2 nanoparticles
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on the carrier to improve their dispersion stability as well as adsorption performance and
reusability for Sr2+ removal.

Due to the presence of abundant functional groups such as hydroxyl groups, thiol
groups, and carboxyl groups as adsorption sites, along with diverse secondary structures, a
series of peptides has been studied for their binding to various metallic materials, including
metal oxides, metal sulfides, and metals [17,18]. Moreover, some specifically designed
peptides demonstrate a selective affinity for particular metal ions, which can serve as
effective metal-binding moieties in aqueous solutions and promote selective metal ion ad-
sorption [19]. For example, Mondal et al. confirmed the affinity of a tripeptide gel for metal
ions, including lead and cadmium [20]. Besides direct metal ion adsorption, the peptides
can be used to composite with other materials to achieve synergistic metal ion adsorption.
At present, various peptide sequences have been used for biomimetic synthesis of ceramics,
metal sulfides, metal oxides, and metal nanoparticles, and composite materials with low
dispersion, good crystallinity, diverse morphology, and excellent biological functions have
been constructed in mild water environments [21,22]. In addition, peptides have excel-
lent assembly performance and can form different functional structures through covalent
and noncovalent interactions (such as hydrophilicity and hydrophobicity, π-π stacking,
hydrogen bonding, and electrostatic interactions). These peptide assembly structures
can regulate the structure of peptide–inorganic nanoparticles by inducing the nucleation
and growth process of inorganic nanoparticles and selectively binding to certain crystal
planes. This makes peptides an excellent template for in situ loading and construction of
inorganic nanomaterials.

As mentioned in the above text, though MnO2 nanoparticles are good candidates for
Sr2+ absorption and removal, they easily experience severe agglomeration and poor dis-
persibility in aqueous solution, which influences the adsorption performance. To address
this issue, we chose the self-assembled nanofibrils of short peptide 2-naphthalenemethyl-
isoleucine-isoleucine-glycine-lysine (IIGK) (Figure 1) as templates to mediate the miner-
alization of MnO2 on their surface, which can greatly enhance the dispersibility of MnO2
nanoparticles. Compared with other methods for synthesizing MnO2, such as electrode-
position, demulsification, and hydrothermal methods, this method is environmentally
friendly, mild, and easy to operate. The physicochemical properties of the as-prepared
IIGK@MnO2 were systematically characterized first by using various techniques. Then,
experiments were performed to investigate the adsorption performance of the IIGK@MnO2
nanocomposites towards Sr2+. The results show that the IIGK@MnO2 nanocomposites
have a strong affinity and adsorption capacity for Sr2+, and a synergistic effect on the
adsorption of Sr2+ with IIGK@MnO2 can be concluded. This study demonstrated the merits
of IIGK@MnO2 as a promising adsorbent to remove Sr2+ from nuclear wastewater.

Figure 1. Molecular structure of the short peptide IIGK.
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2. Materials and Methods

2.1. Materials

Manganese chloride tetrahydrate (MnCl2·4H2O), potassium permanganate (KMnO4),
sodium nitrate (NaNO3), potassium nitrate (KNO3), strontium nitrate (Sr(NO3)2), sodium
hydroxide (NaOH), and potassium hydroxide (KNO3) were acquired from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All working solutions were prepared using
distilled water. The pH was adjusted using NaOH and HCl as needed and monitored with
a digital pH meter. All adsorption experiments were conducted at ambient temperature.

2.2. Preparation of IIGK@MnO2 Nanocomposite

First, 300 mg IIGK powder was dissolved in 250 mL ultrapure water, which was then
subjected to ultrasonic dispersion for approximately 10 min. Then, the mixture was left
to stand overnight, followed by adding another 225.6 mL ultrapure water. Subsequently,
9.6 mL KmnO4 (30 mM) aqueous solution and 9.6 mL MnCl2·4H2O (42 mM) aqueous
solution were added to the mixture, which was then stirred for 24 h. Finally, the samples
were centrifuged, washed three times with ultrapure water, and subsequently freeze-dried
to obtain IIGK@MnO2 powder for further use.

2.3. Characterization

The morphology of samples was characterized using a scanning electron microscope
(SEM, Hitachi S-4800, Tokyo, Japan) and transmission electron microscope (TEM, JOEL
JEM1400 Plus, Tokyo, Japan). The SEM equipped with an Oxford Instruments energy-
dispersive X-ray spectroscopy (EDS) system was used for analyzing elemental composition.
The thickness of materials was measured using atomic force microscopy (AFM, Santa
Babara Vecco Nanoscope Iva, Santa Barbara, CA, USA). The size and zeta potential of
samples were determined on a Zetasizer Nano (DLS, Malvern NANO ZS, Marvin City,
UK). The element analysis of the samples before and after Sr2+ adsorption was carried out
using X-ray photoelectron spectroscopy (XPS, Thermo Scientific Esclab 250Xi, Waltham,
MA, USA) with a monochromatic Al Kα X-ray source (15 KV). Fourier-transform infrared
spectroscopy (FT-IR, Thermo Scientific Nicolet iS5, Waltham, MA, USA) was performed to
investigate the interaction between MnO2 and IIGK. X-ray diffraction (XRD, PANalitical
X‘Pert PRO MPD, Almelo, The Netherland) was performed to study the crystal structure
of the samples using Cu-Kα radiation in the 2θ range of 10◦–80◦ at room temperature. N2
adsorption–desorption isotherm was conducted on the gas sorption analyzer at 373.15 K
(Malvern PANalitical Autosorb-6B, Marvin City, UK), and the specific area and the average
pore diameters were stimulated using the Brunauer-Emmett-Teller (BET) and Barrett–
Joyner–Halenda (BJH) method. Inductively coupled plasma optical emission spectroscopy
(ICP-OES, HORIBA JY 2000-2, Loos, Naples, FL, USA) was employed to determine the
concentration of residual metal ions in the solution.

2.4. Adsorption Performance of IIGK@MnO2

All adsorption experiments were carried out in 15 mL polyethylene centrifuge tubes.
After mixing 1 mg IIGK@MnO2 with 10 mL Sr2+ aqueous solution, the pH of the mixture
was adjusted to a suitable value. The mixture was left in a constant-temperature shaker
for a certain time, followed by centrifugation at 12,000 rpm for 20 min to extract the
supernatant. Finally, the residue Sr2+ concentration in the adsorbed solution was measured
using ICP-OES. The equilibrium adsorption amount (qe, mg/g) and removal rate (R, %) of
IIGK@MnO2 towards Sr2+ can be calculated by the following equations:

qe= (c0 − ce)× V
M

(1)

R =
c0 − ce

c0
× 100% (2)
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where c0 (mg/L) and ce (mg/L) are the initial and equilibrium concentrations of Sr2+ in the
solution, respectively. V (mL) represents the volume of the adsorbed solution, and M (g) is
the quantity of adsorbent.

2.5. Desorption of Strontium Ions from IIGK@MnO2

The desorption behavior of the IIGK@MnO2 was investigated by treating IIGK-MnO2-
Sr composites with 1 M HCl aqueous solution. The amount of Sr2+ desorbed from the
IIGK@MnO2, QD_Sr, was determined according to Equation (3), while the desorption
efficiency (De, %) was obtained from Equation (4).

QD_Sr =
CD × VD

MD
(3)

De =
QD_Sr

qe
× 100 (4)

where CD (mg/L) is the equilibrium desorption concentrations of Sr2+, VD (mL) represents
the volume of the eluent, and MD (g) is the weight of adsorbent after Sr2+ adsorption.

3. Results and Discussion

3.1. Synthesis and Characterization of IIGK@MnO2 Nanocomposite

In this work, the IIGK@MnO2 nanocomposite was synthesized by depositing MnO2
nanoparticles along peptide fibers using a green, simple, and easy-to-operate biomimetic
mineralization method. For comparison, pure manganese dioxide nanoparticles without
peptide involvement were also synthesized. The morphology of MnO2 nanoparticles and
IIGK@MnO2 nanocomposites was characterized using SEM, TEM, and AFM. As shown in
Figure 2a,b, the MnO2 nanoparticles generated without peptide show a disordered flower
shape with a diameter of 400–500 nm, while the IIGK@MnO2 nanocomposites took on elon-
gated structures with many MnO2 nanoparticles aligned in an axial direction (Figure 2c,d).
The TEM result (Figure 2e) shows more clearly the one-dimensional nanowire/nanosheet
composited structure. The results indicate that MnO2 is generated through biomimetic
mineralization using IIGK short peptides as templates. The inner core should be the IIGK
fibrils, while the outer layer sheets should be MnO2 nanostructures. The results demon-
strate clearly the template role of the peptide fibrils in mediating MnO2 mineralization. The
formation of fibrous IIGK@MnO2 nanocomposite can be confirmed with an AFM image
(Figure 2f).

The surface zeta potential of the one-dimensional fiber-like IIGK@MnO2 nanocompos-
ites at different pH was then measured, as shown in Figure 3a. It can be observed that the
isoelectric point of IIGK@MnO2 appears at pH 1.7. While the pH value increases from 0.9 to
10.5, the zeta potential of IIGK@MnO2 decreases gradually from 10 mV to −40 mV. Notably,
when the pH value is greater than 1.7, IIGK@MnO2 undergoes charge reversal, changing
from a positively charged surface to a negatively charged surface. Moreover, the excess
negative charges on the IIGK@MnO2 surface are beneficial for the subsequent adsorption
of Sr2+. The particle size distribution of MnO2 and IIGK@MnO2 was measured using the
dynamic light scattering measurement. As shown in Figure 3b, the size of IIGK-induced
IIGK@MnO2 nanocomposites is about 100–400 nm, while that of MnO2 produced in the
absence of peptide is above 1000 nm. This result indicates that the IIGK@MnO2 nanocom-
posites induced with IIGK have a higher dispersion stability in the solution and a larger
specific surface area, which is beneficial for the adsorption of Sr2+.

10



Nanomaterials 2024, 14, 52

 
Figure 2. (a,b) SEM images of MnO2, (c,d) SEM images of IIGK@MnO2, (e) TEM, and (f) AFM images
of IIGK@MnO2 nanocomposite.

In order to investigate the crystal structure, X-ray powder diffraction (XRD) was
employed to characterize IIGK@MnO2 and MnO2. The XRD patterns of the IIGK@MnO2
nanocomposites and MnO2 itself are shown in Figure 3c. For MnO2, the peaks are found
at 2θ = 22.8◦, 36.5◦, and 65.7◦. These crystalline microregions correspond to δ-standard
diffraction patterns (002), (111), and (311) of MnO2 (JCPDS 80-1098), respectively. The
same peaks were found in the XRD patterns of IIGK@MnO2, indicating that MnO2 was
successfully loaded on the IIGK fibril’s surface. Moreover, as indicated by the weak XRD
peaks, the IIGK@MnO2 nanocomposites show a low crystallinity level. The reason for
the poor crystallinity may be due to the fast reaction rate during the interaction between
KMnO4 and MnCl2, which leads to the rapid formation and precipitation of MnO2 [23].
This rapid process may have hindered the formation of an orderly atomic arrangement.
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Figure 3. (a) Zeta potential of IIGK@MnO2, (b) diameter distribution of MnO2 and IIGK@MnO2,
(c) XRD spectra of IIGK@MnO2 and MnO2, and (d) N2 adsorption–desorption isotherms of
IIGK@MnO2 and MnO2.

Subsequently, the surface area, pore size, as well as pore volume of the IIGK@MnO2
and MnO2 were determined using BET analysis and the BJH method. According to the
adsorption–desorption isotherms shown in Figure 3d, the surface area of IIGK@MnO2
is approximately 46.19 m2·g−1. In addition, the pore volume and average pore size of
IIGK@MnO2 are calculated to be 2.40 cm3·g−1 and 14.02 nm, respectively. The whole results
also indicate that the IIGK@MnO2 nanocomposite has suitable physical properties as an
adsorbent and is suitable for the adsorption of Sr2+ [24].

Furthermore, Fourier transform infrared spectroscopy (FTIR) was used to characterize
IIGK@MnO2 at a molecular level (Figure S1). The broad band at about 3421.6 cm−1

belongs to the stretching vibration of -OH, which may be attributed to the adsorption of a
small amount of water by IIGK@MnO2 and the presence of hydroxyl groups on the Mn
surface [25]. In addition, the characteristic absorption peaks at 1628.2 cm−1, 1383.7 cm−1,
and 1022.8 cm−1 can be attributed to the bending vibration of the hydroxyl group (Mn-OH)
directly connected to the Mn atom. The peak appearing at 500 cm−1 indicates the presence
of [MnO6] octahedra, which is caused by the stretching of Mn-O and Mn-O-Mn bonds in
the octahedral structure [26]. The elements’ valence states of IIGK@MnO2 were further
characterized using XPS spectroscopy. As shown in Figure 4a, the XPS spectrum of Mn
2p exhibits two peaks at 642.7 eV and 654.4 eV, corresponding to Mn 2p 3/2 and Mn 2p
1/2, respectively. The spin energy range of 11.7 eV indicates that the IIGK short peptide
fibers are mainly used as templates for the deposition of MnO2 [27]. In addition, the weak
peak appearing at 645.6 eV indicates the presence of a small amount of unreacted Mn2+

in the system. According to Chigane et al., the XPS spectrum of Mn 3s can split into two
weaker peaks, which are located at 84.6 eV and 89.5 eV, corresponding to Mn4+ and Mn3+,
respectively [28]. The difference in binding energy between these two peaks increases with
the decrease in the valence state of Mn. As shown in Figure 4b, a 4.9 eV difference can be
observed between the two peaks, indicating that Mn in IIGK@MnO2 is mainly composed of
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Mn4+, with a small amount of Mn3+ present. The O 1s peak exhibits three resolved peaks,
with binding energies concentrated at 530.1 eV, 531.4 eV, and 533.12 eV (Figure 4c). These
peaks are attributed to Mn-O-Mn, Mn-O, and O-H, respectively [29]. Figure 4d shows the
complete XPS spectrum of IIGK@MnO2, including Mn 3s, Mn 2p, C 1s, O 1s, and N 1s
signals, indicating the successful mineralization of MnO2.

Figure 4. XPS spectra of (a) Mn 2p, (b) Mn 3s, and (c) O 1s of IIGK@MnO2. (d) XPS full survey
spectra of IIGK@MnO2. The fitting data of spectra (a–c) are shown by different colors.

3.2. Sr2+ Adsorption Studies

Previous reports have indicated that MnO2 possesses excellent adsorbing performance
for Sr2+. Then, the performance of IIGK@MnO2 in adsorbing Sr2+ was studied. The ability
of IIGK@MnO2 to adsorb Sr2+ at different pH values was first evaluated. As shown in
Figure 5a, the adsorption efficiency of Sr2+ increases with the increase in pH value and
then tends to equilibrium. The low adsorption efficiency of IIGK@MnO2 for Sr2+ in acidic
pH environments may be caused by the competitive interaction between H+ and Sr2+. At
higher pH conditions, the concentration of H+ is lower; thus, there are more active sites
left on IIGK@MnO2 for the adsorption of Sr2+. In addition, under high pH conditions, the
surface of IIGK@MnO2 carries more negative charges, which has a stronger electrostatic
force on positively charged Sr2+, thereby improving the adsorption efficiency of Sr2+ [30].
Except for pH, temperature also affects the adsorption efficiency of IIGK@MnO2 for Sr2+.
As shown in Figure 5b, IIGK@MnO2 has the highest adsorption efficiency for Sr2+ at room
temperature. When the temperature rises above 40 ◦C, the adsorption efficiency sharply
decreases. This phenomenon may be due to the weakening of the interaction between
IIGK@MnO2 and Sr2+ at higher temperatures, resulting in the desorption of Sr2+ [31].
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Figure 5. Sr2+ removal efficiency of the IIGK@MnO2 nanocomposite at different (a) pH, (b) tempera-
ture, (c) contact time, (d) initial Sr2+ concentration, and (e) different adsorbent dosage.

The contact time between IIGK@MnO2 and Sr2+ would also affect the adsorption
efficiency. As shown in Figure 5c, the adsorption of Sr2+ by IIGK@MnO2 rapidly reaches
equilibrium at 6 h. The initial rapid adsorption may be attributed to the large number of
available adsorption sites exposed on the surface of IIGK@MnO2. Then, the adsorption
process reached equilibrium after 6 h, indicating that most of the available adsorption sites
were occupied. The whole adsorption process was assessed using both the pseudo-first-
order and pseudo-second-order kinetic models. The equations are as follows [32]:

lg(qe − qt) = lgqe − k1

2.303
(5)

t
qt

=
1

k2q2
e
+

1
qe

(6)
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where qe and qt represent the Sr2+ adsorption capacity (mg/g) at equilibrium or at time t
(adsorption time), respectively; k1 (min−1) and k2 (g/(mg·min)) represent the rate constants
for the pseudo-first-order and pseudo-second-order models. The fitted parameters are
summarized in Table 1. Comparing the R2 value of these models, the pseudo-second-order
model fits better than the pseudo-first-order model [33].

Table 1. Fitted parameters of pseudo-first-order and pseudo-second-order kinetic models.

Model Parameters Value

Pseudo-First-Order
qe (mg/g) 238.94
k1 (min−1) 0.489

R2 0.939

Pseudo-Second-Order
qe (mg/g) 252.542

k2 (g/mg·min) 0.003
R2 0.936

For adsorbents, the initial concentration of the adsorbed substance often affects the
adsorption rate and efficiency. Therefore, the effect of initial Sr2+ concentration on the
adsorption efficiency of IIGK@MnO2 was further studied. According to Figure 5d, the
adsorption efficiency of IIGK@MnO2 for Sr2+ shows a trend of first increasing and then
decreasing with the increase in initial Sr2+ concentration. The maximum adsorption effi-
ciency occurs when the Sr2+ concentration is 25 mg·L−1. When the initial Sr2+ concentration
reaches 40 mg·L−1, the adsorption efficiency sharply decreases. When the Sr2+ concentra-
tion increases to 60 mg·L−1, the adsorption efficiency tends to stabilize. The adsorption
isotherms of Sr2+ on IIGK@MnO2 were studied using Freundlich and Langmuir isotherm
models. The model is shown as follows [34]:

qe =
qmbCe

1+bCe
(7)

qe = K f C
1
n
e (8)

where qm (mg/g) represents the maximum adsorption capacity at the isotherm temperature,
b (L/mg) is the Langmuir constant associated with the free energy or net enthalpy of
adsorption, Ce (mg/L) and qe (mg/g) denote the concentration of the adsorbate in the
equilibrated solution and the amount adsorbed on the adsorbent, respectively, Kf and n
are equilibrium constants that provide information about the adsorption capacity and
intensity. Shown in Table 2 is the fitting effect of equilibrium data, and the Langmuir
isotherm model (R2 = 0.991) is better than that of the Freundlich model (R2 = 0.982).
Furthermore, the Sr2+ adsorption performance of the IIGK@MnO2 nanocomposite was
compared with that of other reported materials (Table 3). Compared to other adsorbents,
IIGK@MnO2 showed better performance in the aspects of higher adsorption capacity
(748.2 mg/g), which is beneficial for the treatment of nuclear wastewater. Therefore, the
adsorbent surface is considered homogeneous and monolayer in terms of adsorption
energy [35]. Compared with pure MnO2, IIGK@MnO2 composites exhibit significantly
stronger adsorption efficiency for Sr2+ (Figure 5e). As previously speculated, after combing
IIGK peptide with MnO2, the obtained IIGK@MnO2 composites contain more adsorption
active sites due to their high dispersion, large specific surface area, and high negative
charge, which is beneficial for the adsorption of Sr2+.
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Table 2. The parameters calculated from the Langmuir and Freundlich for Sr2+ adsorption by the
IIGK@MnO2 nanocomposite.

Models Parameters

Langmuir isotherm qm (mg/g) b (L/mg) R2

748.193 0.015 0.991

Freundlich isotherm
k 1/n R2

33.542 0.55 0.982

Table 3. Comparison of the adsorption performance of IIGK@MnO2 nanocomposite and other
adsorbents for removal of Sr2+.

Adsorbent
Maximum

Adsorption
Capacity (mg/g)

Optimal pH
Equilibrium
Time (min)

Reference

IIGK@MnO2 748.193 6 360 This study
bentonite 63.01 - - [36]
zeolite 4A 252.5 4–9 5 [37]
K2SbPO6 175.9 3 1440 [38]
SBA-15 17.67 10 100 [39]
A-ZrP 300 3–11 240 [40]
NaTS 80.0 5 0.083 [10]
SZ-6 61.4 10 50 [41]

MnO2 53.5 10 0.25 [24]

3.3. Desorption and Reusability Studies

When evaluating the economy and applicability of an adsorbent, the reusability
is an important indicator that plays a crucial role in the practical application of adsor-
bents. Herein, the adsorption/desorption process was repeated to assess the reusability
of IIGK@MnO2. Firstly, IIGK@MnO2 was used to adsorb Sr2+, and then the IGK@MnO2-
Sr2+ composite was treated with 1M HCl solution for Sr2+ desorption. The whole ad-
sorption/desorption process was repeated three times. As shown in Figure 6, when the
regeneration cycle is repeated three times, the adsorption efficiency of IIGK@MnO2 for Sr2+

is still higher than 64%, indicating that 1M HCl solution can effectively desorb Sr2+ from
IIGK@MnO2. Moreover, the adsorption capacity of IIGK@MnO2 for Sr2+ decreased with
the increase in cycling number, which may be due to H+ occupying some adsorption sites.
However, it can also be noted that the adsorption efficiency of IIGK@MnO2 for Sr2+ can still
reach over 60% at the end of three cycles, indicating that IIGK@MnO2 has good reusability.

Figure 6. Reusability of the IIGK@MnO2 nanocomposite during three cycles of Sr2+ adsorption and
desorption.
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3.4. Adsorption Mechanism of Sr2+ by the IIGK@MnO2 Nanocomposite

The adsorption mechanism of IIGK@MnO2 for Sr2+ was studied. Figure 7a shows
the morphology and distribution of various elements of IIGK@MnO2 after the adsorption
of Sr2+. After adsorbing Sr2+, there was no significant change in the morphology of
IIGK@MnO2. The mapping of IIGK@MnO2-Sr elements shows that the adsorbed Sr2+ is
evenly distributed on the surface of IIGK@MnO2, indicating that the adsorption sites on
IIGK@MnO2 are relatively uniform. XPS data confirmed the presence of strontium on
IIGK@MnO2 after adsorption (Figure 7b). The deconvolution peaks located at 133.5 eV and
135.4 eV belong to Sr 3d 5/2 and Sr 3d 3/2, respectively (Figure 7c) [10]. There is a shift in
binding energy in the high-resolution spectrum of O1s in Figure 7d. The binding energy of
the O1s-Mn-OH peak decreased from 531.4 eV to 531.0 eV, and the binding energy of the O
1s O-H peak decreased from 533.1 eV to 532.8 eV. This result indicates that oxygen atoms
interact with Sr2+ and play a dominant role in the Sr2+ adsorption process.

Figure 7. (a) TEM imagine and EDS element-mapping of IIGK@MnO2-Sr composite. (b) XPS full
survey spectra of the IIGK@MnO2-Sr nanocomposite. (c,d) XPS fine spectra of O 1s and Sr 3d of
the IIGK@MnO2-Sr nanocomposite. (e) Schematic diagram of the adsorption mechanism of Sr2+

by IIGK@MnO2.

From the above results, the mechanism of Sr2+ adsorption by IIGK@MnO2 can be
proposed, as schemed in Figure 7e. On the one hand, the peptide IIGK can bind with
Sr2+ through coordination or electrostatic interactions. On the other hand, the MnO2
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nanoparticles on the IIGK fibrils’ surface have many absorption sites, which can adsorb
Sr2+ by either coordination interaction or ion exchange reaction. Therefore, IIGK and MnO2
work synergistically to enhance the removal efficiency of the IIGK@MnO2 nanocomposites.

4. Conclusions

In this work, the IIGK@MnO2 nanocomposites were synthesized using environmen-
tally friendly and mild methods. Using the short peptide IIGK as a template leads to the
formation of a one-dimensional fibrous structure of IIGK@MnO2 nanocomposite, which
not only gives the mineralized IIGK@MnO2 complex a large specific surface area but also
makes the overall IIGK@MnO2 negatively charged. These unique properties are conducive
to the adsorption and removal of Sr2+ from wastewater. According to the adsorption
performance of IIGK@MnO2 towards Sr2+, it can be observed that the IIGK@MnO2 hybrid
adsorbents possess excellent Sr2+ adsorption effects in a large range of temperature and
pH values and show much higher Sr2+ adsorption efficiency than pure MnO2 nanoparti-
cles. In addition, IIGK@MnO2 also exhibits good reusability, achieving a Sr2+ adsorption
efficiency of over 60% after three cycles of adsorption–desorption processes. By analyzing
the element distribution and valence states of IIGK@MnO2-Sr after the adsorbing process,
the mechanism of Sr2+ adsorption was proposed. The interaction between N-H groups on
IIGK and oxygen atoms on MnO2 with Sr2+ may play an important role in the adsorption
of strontium ions. In conclusion, the designed IIGK@MnO2 nanocomposite in this work
exhibits excellent adsorption performance towards Sr2+ and will shed light on the construc-
tion of organic–inorganic hybrid adsorbents with multiple active adsorption sites and high
adsorption efficiency for adsorbing radioactive ions in wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano14010052/s1, Figure S1. FTIR spectra of IIGK@MnO2 and MnO2.
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Abstract: Intrinsic magnetic topological insulators (IMTIs) have a non-trivial band topology in
combination with magnetic order. This potentially leads to fascinating states of matter, such as
quantum anomalous Hall (QAH) insulators and axion insulators. One of the theoretically predicted
IMTIs is VBi2Te4, but experimental evidence of this material is lacking so far. Here, we report on our
attempts to synthesise VBi2Te4 by molecular beam epitaxy (MBE). X-ray diffraction reveals that in the
thermodynamic phase space reachable by MBE, there is no region where VBi2Te4 is stably synthesised.
Moreover, scanning transmission electron microscopy shows a clear phase separation to Bi2Te3 and
VTe2 instead of the formation of VBi2Te4. We suggest the phase instability to be due to either the
large lattice mismatch between VTe2 and Bi2Te3 or the unfavourable valence state of vanadium.

Keywords: molecular beam epitaxy; VBi2Te4; magnetic topological insulator; phase separation;
crystal growth

1. Introduction

Over the last decade, the introduction of magnetic order into 3D topological insulators
(TIs) has attracted considerable interest. The bandstructure of a TI is characterised by a
gapless Dirac cone at the surface, resulting in conducting surface states that are protected
by time-reversal symmetry [1]. Magnetism breaks the time-reversal symmetry via exchange
interaction and opens a gap in the conducting surface states [1–4]. This exchange gap can
give rise to interesting phases such as the quantum anomalous Hall (QAH) state [2,5–11]
and the axion insulating state [12–15].

To introduce magnetism into TIs, the following methods are currently used [16]: dop-
ing magnetic ions into the TI [6,7,11,17], bringing the TI in proximity with ferromagnetic
materials [10,16,18–20] and incorporating intrinsic magnetic moments in the crystal struc-
ture, which results in an intrinsic magnetic topological insulator (IMTI) [8,9,14,21,22]. All
three methods are successful in realising the QAH state; however, with the former two
methods the temperatures at which this state arises is very low in the light of applications.
It is interesting to compare the temperature at which the QAH effect is observed to the
Curie temperature (TC) of the materials. Remarkably, the temperatures for observing the
QAH effect are an order of magnitude smaller than TC [16]. The explanation for this
difference in temperature depends on the method used to introduce the magnetism. In the
magnetically doped system, the the high level of disorder caused by the random distribu-
tion of magnetic dopants may reduce the effective exchange gap [16], form a conducting
bulk or create regions without ferromagnetic ordering [11]. In the magnetic proximity
system, the sensitivity to the interface between the TI and the magnetic material is the main
problem [14].

These challenges are overcome in IMTIs because in these materials the magnetic
moment is intrinsically embedded in the unit cell. In 2019, Li et al. [9] theoretically
predicted a class of materials acting as IMTIs, called the MBT family (M = transition-metal
or rare-earth element, B = Bi or Sb and T = Te or Se). The materials in the MBT family
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have the same crystal structure, but their behaviour differs depending on the magnetic
element (transition-metal or rare-earth element, M) in the MBT structure. The unit cell of
the MBT family can be viewed as the unit cell of the well studied family of Bi2Te3 TIs, with
a structural intercalated layer containing a magnetic element. The addition of magnetism
within the unit cell results in periodic magnetic layers, which results in a large magnetic
exchange gap [9,21]. A representative material of the MBT family is MnBi2Te4, for which
the crystal structure is shown in Figure 1a. Like other materials in the MBT family, it
crystallises in the R3m space group with a rhombohedral structure. Each monolayer has
a triangular lattice with ABC stacking along the out-of-plane direction. A monolayer is
structured as a septuple layer (SL) with T-B-T-M-T-B-T stacking and a Van der Waals (VdW)
gap separates consecutive SLs. The Mn atoms introduce a magnetic moment of 5 μB per
atom with an out-of-plane easy axis [9]. The exchange coupling within a single SL (J||) is
ferromagnetic (FM), while the coupling between consecutive SLs (J⊥) is antiferromagnetic
(AFM) [9,23–25]. In these VdW materials, the J|| is much stronger than J⊥ [23,26].

Another potential member of the MBT family of IMTIs is the theoretically predicted
VBi2Te4 [9]. In contrast to MnBi2Te4, VBi2Te4 has a predicted in-plane easy axis (Figure 1b),
the V-atoms introduce a magnetic moment of 3 μB per atom [9,26] and a stronger J⊥ is
expected in VBi2Te4 leading to a higher TC [26]. The latter could potentially result in a
higher temperature at which topological phases such as QAH can be observed, opening
up possibilities for applications. However, to the best of our knowledge, no experimental
evidence of VBi2Te4 has been published so far.

In this work, we report on a structural MBE study to synthesise VBi2Te4. The crystal
structure of the films was analysed by X-ray diffraction (XRD), scanning transmission
electron microscopy (STEM) and energy dispersive diffraction (EDX), which are suitable
techniques to detect the presence of the SL structure of VBi2Te4. The surface morphology
of the films was characterised by reflective high energy electron diffraction (RHEED) and
atomic force microscopy (AFM). The analysis of the crystal structure indicates a phase
separation to Bi2Te3 and VTe2 instead of the SL structure of VBi2Te4. This observation
suggests VBi2Te4 to be unstable in the deposition conditions of MBE.

Figure 1. (a) MnBi2Te4 and (b) VBi2Te4 have a unit cell structured as SLs separated by a VdW gap.
The dashed boxes indicate the relative intercalated layers of MnTe and VTe in Bi2Te3. J|| is FM with
either an (a) out-of-plane or (b) in-plane easy axis. J⊥ is AFM. (c) Bi2Te3 structured in QLs separated
by a VdW gap. (d) VTe2.

2. Materials and Methods

The deposition of VBi2Te4 is performed on (0001)-Al2O3 substrates in an ultrahigh
vacuum Octoplus 300 MBE system from Dr. Eberl MBE Komponenten with a base pressure
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of 5.0 × 10−11 mbar. High-purity (6N) bismuth (Bi) and tellurium (Te) are evaporated
from standard Knudsen effusion cells and their fluxes are calibrated by a quartz crystal
monitor. The Bi- and Te-flux are kept constant during the depositions at φBi = 0.0027 Å/s and
φTe = 0.072 Å/s. φTe is set to a high flux to prevent Te vacancies. High-purity (5N) vanadium
(V) is evaporated from a custom high-temperature Knudsen effusion cell. The flux, φV,
is indicated by the heating temperature of the Knudsen cell and is varied from 1750 ◦C
to 1900 ◦C. The combination of the V-pocket size and the high evaporation temperature
result in a large flux instability measured with the quartz crystal monitor, and therefore the
pocket temperature will be kept as a reference for φV. An estimate for the flux variation
in this temperature range is from 0.001 Å/s to 0.0080 Å/s. The substrate temperature
Tsub was kept constant at 150 ◦C. Before the deposition of VBi2Te4, a buffer layer of Bi2Te3
was deposited of ≈1 nm. The samples discussed in this article are deposited using the
co-evaporation method, meaning all elemental beams are opened simultaneously during
the full deposition. In addition to these results, some attempts were made to use a beam-
shuttering method to interrupt the V- and Bi-beams during the deposition. First, Bi and
Te are opened to deposit a monolayer of Bi2Te3. Second, V and Te are opened to deposit a
monolayer of VTe on top of the Bi2Te3 layer. Third, an annealing step is applied during
which the VTe layer should diffuse into Bi2Te3 to form the SL of VBi2Te4. These three steps
were repeated to form a multilayered VBi2Te4 film. This method was previously used to
successfully deposit MnBi2Te4 by MBE [27], but for VBi2Te4 the beam-shuttered method
resulted in the same observations discussed here for the co-evaporation method showing
a phase separation to VTe2 and Bi2Te3. Right after deposition, a RHEED image of the
diffraction pattern is taken. From the RHEED image the in-plane lattice constant can be
deduced by comparing the diffraction pattern of the film to a known substrate.

The crystal structure of the films is measured with XRD, STEM and EDX. The XRD
measurements are performed with a Bruker D8 Discover system (Bruker, Billerica, MA,
USA) with a two-dimensional Eiger2 500K detector and a two-bounce channel-cut germa-
nium monochromator. Symmetric 2θ-ω scans were performed along the surface normal
direction. The STEM measurements are made with a Thermo Scientific Spectra 300 STEM
(Thermo Fisher Scientific, Waltham, MA, USA) with an electron beam voltage of 300 kV
and a high-angle annular dark-field (HAADF) detector.

3. Results

The crystal structure of the films is analysed with STEM, EDX and XRD. STEM is
performed on a sample deposited with φV = 1800 ◦C (Figure 2a). The image shows the
V-Bi-Te film and the Al2O3 substrate. These STEM results clearly indicate two regions by
looking at the contrast. These variations are caused by the Z-contrast related to the atomic
weight of the present elements. For a V-Bi-Te sample, the atomic weights are arranged as
mBi > mTe > mV. Therefore, the bright areas in Figure 2a are Bi-rich regions. These results
clearly indicate a phase separation between a Bi-compound and a non-Bi compound. EDX
(Figure 2b) shows a clear separation between a Bi/Te region and a V/Te region. Figure 2c
shows a detailed STEM scan of the sample. The atoms in the bright areas are structured as
a QL separated by a VdW-gap. This structure is consistent with Bi2Te3 (Figure 1c). In the
darker area the bright atoms form the typical Te octahedra of VTe2 which are separated
by a VdW gap as shown in Figure 1d. The in-plane lattice constant a is related to the
distance between the atoms in the x-direction, dx. Figure 2d shows the distribution of
dx as extracted from Figure 2c. This distribution indicates two clearly separated regions.
The in-plane lattice constants related to these two regions are calculated from the dx value
with maximum intensity as a = 2dx for both Bi2Te3 and VTe2. This calculation results in
the lattice constants a1 = 3.82 Å, corresponding to VTe2, and a2 = 4.65 Å, corresponding
to Bi2Te3.

Figure 2e presents the 2θ-ω scans of films deposited with different φV. The peaks in
the 2θ-ω scans can be identified as the (00l)-Bi2Te3 and (00l)-VTe2 peaks. The dotted arrow
at the (006)-Bi2Te3 peak indicates the dominance of Bi2Te3 at low φV, but the intensity of
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this phase decreases as φV increases. The dashed arrow at the (001)-VTe2 peak indicates the
dominance of VTe2 at high φV, but this phase disappears as φV decreases. VBi2Te4 is absent
in all 2θ-ω scans.

Figure 2. (a) STEM image of a V-Bi-Te sample. The image is taken with a HAADF detector at 300 keV.
A clear phase separation between bright and dark areas can be observed. (b) EDX scan of the V-Bi-Te
sample. A strong separation between V-regions and Bi-regions can be observed. (c) STEM image of
a smaller region on a V-Bi-Te sample. The bright areas (blue) show the QL structure of Bi2Te3 and
the dark areas (orange) the VTe2 structure. (d) Histogram of the atomic distance in the x-direction.
(e) 2θ-ω scans indicating (00l)-Bi2Te3 being dominant at low φV, while (00l)-VTe2 is dominant at high
φV. The arrows indicate the disappearance of the respective phases as a function of φV. * indicates
the Al2O3 substrate peak.

The surface of the films is analysed with RHEED and AFM. Figure 3a presents the in
situ RHEED pattern of a film deposited with φV = 1750 ◦C. The RHEED pattern consists of
a double streak pattern as indicated by the blue and white arrows. This doubled pattern
indicates the presence of two separate crystal phases at the surface. The in-plane lattice
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constants related to these streaks are a1 = 4.31 Å (white arrows) and a2 = 3.59 Å (blue arrows).
These values correspond well with the lattice constants of Bi2Te3 and VTe2, respectively.

The surface morphology is measured by AFM. Figure 3b shows the height distribution
as measured with AFM for films deposited with different φV. The insets show the surface
morphology of the films with φV = 1750 ◦C and φV = 1900 ◦C. At low φV, the morphology
shows strong island formation and the triangular crystals typically observed for Bi2Te3.
The results at high φV show a relative flat film without any sharp crystals. The height
distributions indicate a strong influence of the φV on the distribution spread. With an
increasing φV, the height variation becomes smaller, indicating a flatter surface.

Figure 3. (a) RHEED pattern for φV = 1750 ◦C showing a double streak pattern related to the
phases Bi2Te3 with a1 = 4.31 Å and VTe2 with a2 = 3.59 Å, indicated by the blue and white arrows,
respectively. (b) Height distribution at the surface as a function of the φV. The insets show the surface
morphology of the samples with φV = 1750 ◦C and φV = 1900 ◦C.

4. Discussion

VBi2Te4 is a SL structure requiring the embedding of VTe within the QL structure
of Bi2Te3. According to our results, the formation of VBi2Te4 is unstable with respect to
phase separated Bi2Te3 and VTe2 within the thermodynamic conditions of the MBE. The
instability of VBi2Te4 can have various causes.

First, a large in-plane lattice mismatch, Δa, between VTe2 and Bi2Te3 might prohibit
the formation of VBi2Te4 [28]. Our STEM results indicate Δa = 0.83 Å between the two
phases. The theoretically predicted lattice constant of VBi2Te4, a = 4.37 Å, is close to the
lattice constant of Bi2Te3, a = 4.65 Å. Therefore, the VTe2 lattice has to overcome Δa to form
VBi2Te4. Table 1 gives an overview of different materials structured as a SL with the relevant
lattice constants and whether the material was successfully observed in experiments. The
intercalated layer is presented as XTe or XTe2, depending on the experimental stability
of the phases. The experimentally successful materials match Δa < 0.6 Å, while the
experimentally unsuccessful materials match Δa > 0.5 Å. This difference can indicate a
limit to the maximum allowed Δa of 0.5 Å to 0.6 Å between the SL material and the
intercalated layer, possibly explaining the phase separation in VBi2Te4. However, this
observation does not match with the stability of PbBi2Te4 and SnBi2Te4 [29]. Therefore, the
lattice mismatch between the intercalated layer and Bi2Te3 does not completely explain the
instability of the SL structure in general, and another factor should be considered.

Second, the elemental valence states in the intercalated layer might prohibit the forma-
tion of the SL. In the SL, the preferred valence states are M(+2)Bi2(+3)Te4

(−2) (M = transition
metal or rare-earth element), which matches well with the valence states of an intercalated
layer structure of M(+2)Te(−2) [30]. However, when the stable compound of the intercalated
layer is structured as M(+4)Te2

(−2) the valence states of the intercalated layer and the SL
do not match. A mismatch between the preferred valence state of the intercalated layer and
the SL indicates the instability of the SL. Table 1 reflects this instability, showing that every
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experimentally observed intercalated layer bulk compound with a valence structure of
M(+2)Te(−2) also has a stable SL counterpart, but a valence structure of M(+4)Te2

(−2) does
not. This is in agreement with our study on VBi2Te4, because VTe2 is thermodynamically
more stable than VTe [31].

Furthermore, ref. [32] studied the preferred valence states of V, Cr, Mn and Fe in
Bi2Te3. In Te-rich conditions, only V3+ and Cr3+ can substitute neutrally for Bi+3 atoms
in Bi2Te3. In contrast, Mn and Fe mostly form Mn2+ and Fe2+, which create energetically
unfavourable states when mixed with Bi3+ [9,32]. This additionally shows the unfavourable
V2+ valence state. Therefore, Mn and Fe can more easily form a neutral SL structure with
respect to V and Cr.

Table 1. Overview of materials with a unit cell structured as a SL. The table presents whether the ma-
terial is successfully synthesised experimentally, the lattice constants found in the literature for these
materials (either experimental or theoretical values), the intercalated layer with the corresponding
lattice constant and the lattice mismatch between the SL and the intercalated layer. The intercalated
layer is presented as XTe or XTe2, depending on the experimental stability of the phases.

Material
Experimentally

Observed?
aSL [Å]

Intercalated
Layer

aint. [Å] Lattice
Structure

Δa [Å]

VBi2Te4 No 4.34–4.37
[9,26,33–35] VTe2 3.59 Hexagonal, P3m1 0.75–0.78

MnBi2Te4 Yes [8,21–23,27,36] 4.33 [36] MnTe 4.13 [37] Hexagonal,
P63/mmc 0.20

FeBi2Te4 Yes [38] 4.39 [9,38] FeTe 3.83 [38,39] Tetragonal,
P4/nmm 0.56

FeTe2 3.77 [40] Hexagonal, P3m1 0.63
EuBi2Te4 No 4.50 [9,33] EuTe 6.60 [41,42] Cubic, Fm3m 2.10

EuTe2 6.97 [43] Tetragonal,
I4/mcm 2.47

NiBi2Te4 Yes * 4.30 [9,33] NiTe2 3.86 [44] Hexagonal, P3m1 0.44
CrBi2Te4 No 4.32 [45] CrTe2 3.79 [46] Hexagonal, P3m1 0.53
TiBi2Te4 No 4.39 [9] TiTe2 3.78 [47] Hexagonal, P3m1 0.61

PbBi2Te4 Yes [48,49] 4.44 [49] PbTe 6.46 [50] Cubic, Fm3m 2.02
SnBi2Te4 Yes [51–53] 4.40 [51,53] SnTe 6.32 [50] Cubic, Fm3m 1.92

GeBi2Te4 Yes [54,55] 4.33 [54,55] GeTe 4.16 [50,56] Rhombohedral,
R3m 0.17

* Not observed as multilayered/bulk material. Ref. [57] observed the SL structure as an intercalated layer between
Bi2Te3 and Ni-doped Bi2Te3.

In conclusion, the influence of the φV during MBE depositions was investigated on the
synthesis of the VBi2Te4 phase. The resulting films do not show any indication of VBi2Te4
but rather a phase separation into Bi2Te3 and VTe2. These results show VBi2Te4 is unstable
within the deposition conditions of MBE.
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Abstract: Two-dimensional hexagonal boron nitride (hBN) has attracted tremendous attention over
the last few years, thanks to its stable structure and its outstanding properties, such as mechanical
strength, thermal conductivity, electrical insulation, and lubricant behavior. This work demonstrates
that hBN can also improve the rheological and mechanical properties of elastomer composites
when used to partially replace silica. In this work, commercially available pristine hBN (hBN-p) was
exfoliated and ball-mill treated in air for different durations (2.5, 5, and 10 h milling). Functionalization
occurred with the -NH and -OH groups (hBN-OH). The functional groups were detected using
Fourier-Transform Infrared pectroscopy (FT-IR) and were estimated to be up to about 7% through
thermogravimetric analysis. The presence of an increased amount of oxygen in hBN-OH was
confirmed using Scanning Electron Microscopy coupled with Energy-Dispersive X-ray Spectroscopy.
(SEM-EDS). The number of stacked layers, estimated using WAXD analysis, decreased to 8–9 in
hBN-OH (10 h milling) from about 130 in hBN-p. High-resolution transmission electron microscopy
(HR-TEM) and SEM-EDS revealed the increase in disorder in hBN-OH. hBN-p and hBN-OH were
used to partially replace silica by 15% and 30%, respectively, by volume, in elastomer composites
based on poly(styrene-co-butadiene) from solution anionic polymerization (S-SBR) and poly(1,4-cis-
isoprene) from Hevea Brasiliensis (natural rubber, NR) as the elastomers (volume (mm3) of composites
released by the instrument). The use of both hBNs in substitution of 30% of silica led to a lower Payne
effect, a higher dynamic rigidity, and an increase in E′ of up to about 15% at 70 ◦C, with similar/lower
hysteresis. Indeed, the composites with hBN-OH revealed a better balance of tan delta (higher at
low temperatures and lower at high temperatures) and better ultimate properties. The functional
groups reasonably promote the interaction of hBN with silica and with the silica’s coupling agent,
sulfur-based silane, and thus promoted the interaction with the elastomer chains. The volume of the
composite, measured using a high-pressure capillary viscometer, increased by about 500% and 400%
after one week of storage in the presence of hBN-p and hBN-OH. Hence, both hBNs improved the
processability and the shelf life of the composites. Composites obtained using hBN-OH had even filler
dispersion without the detachments of the filler from the elastomer matrix, as shown through TEM
micrographs. These results pave the way for substantial improvements in the important properties of
silica-based composites for tire compounds, used to reduce rolling resistance and thus the improve
environmental impacts.

Keywords: rubber compounds; 2D nanomaterials; h-BN functionalization; lower Payne effect

1. Introduction

Since the discovery of graphene [1] and the micromechanical isolation of single-layered
graphene (the scotch tape experiment) [2], research in the field of two-dimensional (2D)
nanomaterials has exponentially grown [3–8]. Their atomic thickness, their very high
area/volume ratio, their significant potential for applications in performing functional-
ization reactions, and their remarkable physical, electrical, and optical properties have
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captivated researchers from diverse domains; such domains include condensed matter
physics, materials science, chemistry, and nanotechnology. Research in these fields has
paved the way for a variety of applications, from the biomedical field [9] to gas sensing [10]
to the tailoring of friction and wear in machine elements [11–13].

Among all the studied 2D materials, boron nitride (BN) is an extremely versatile
material. BN is a ceramic material with an equal number of boron (B) and nitrogen (N)
atoms. Different allotropic forms can be described: cubic BN (cBN), wurstzite BN (wBN),
hexagonal boron nitride (h-BN), and turbostratic BN [14].

h-BN is the most stable allotropic form of BN and is a synthetic material. It is also
called graphitic boron nitride and white graphene [15], due to its similarity to the sp2

carbon allotrope homologue. h-BN is a layered material and is characterized by high
hardness, high mechanical strength, low roughness, good thermal stability, good thermal
conductivity, electrical insulation, lubricant properties, and good biocompatibility [16–23].
As a consequence, h-BN is the most widely used BN allotrope, and significant interest
in this material has been developing over recent years; there are many, varied potential
applications for it [24–35].

The 2030 Agenda for Sustainable Development incorporates sustainable transportation
into multiple Sustainable Development Goals [36]. The energy sector is the most significant
contributor to global greenhouse gas emissions (more than 70%); road transport is the
most impactful sector in this contribution, accounting for about 12%. Tires play a key role
in sustainable development. The worldwide tire market is expected produce 2.7 billion
units in 2025 [37]. The rolling resistance (RR), defined as “the energy consumed per unit
distance of travel as a tire rolls under load” [38], holds the primary responsibility for a tire’s
environmental impact during its use. Tire compounds must be designed in order to reduce
their hysteresis and thus the rolling resistance. Nowadays, in tire compounds, precipitated
silica [39,40] is the preferred filler for preparing materials with low hysteresis [39–41]. The
silanol groups on its surface allow reactions to occur with sulfur-containing silanes, which
act as coupling agents with the elastomer matrix through crosslinking reactions [42]. The
chemical bond between silica and the polymer chains plays a key role in reducing the
composite’s hysteresis. However, silica has many technical drawbacks. Some of them
arise from the high surface activity of silica, which promotes extensive supramolecular
interactions. Silica causes increases in the viscosity of the elastomer composite, and leads
to decreased processability and reduced storage time. The short storage time has a clear
impact on planning for the production and transportation of the composites; in turn, there
are consequences for the logistics. Ad hoc mixing equipment that is more expensive
than regular equipment must be used to ensure the efficient processing of silica-based
composites. The silane increases the adherence of the material to the metal parts of the
mixing machines. Moreover, silica is corrosive and abrasive. Hence, special treatments
of the metal surfaces and particular revision procedures must be performed. All these
technical problems are remarkable at the industrial scale, in the light of the great number of
tires on the market. Thus, it would be highly desirable to achieve improved (or at least the
same) dynamic mechanical properties for silica-based composites; this might be possible
through using a lower amount of silica; this would reduce—at least to some extent—the
mentioned technical drawbacks.

To this aim, an interesting potential approach is the partial replacement of silica with a
filler that is suitable for interrupting the 3D network and weakening the supramolecular
interaction. From this perspective, 2D nanomaterials are of great interest. Researchers have
recently reported on the use of 2D graphene nanoplatelets (GnP) in partial replacement of
silica, obtaining similar dynamic mechanical characteristics and better rheological proper-
ties in comparison with the original material [43]. Due to the poor compatibility of GnP
with silica, flaws were found in the elastomer composite and only the introduction of polar
groups on the GnP edges, through the functionalization with a pyrrole compound such as
2-(2,5-dimethyl-1H-pyrrol-1-yl)propane-1,3-diol (serinol pyrrole), allowed the researchers
to obtain a material with a homogenous, continuous structure. However, the functionaliza-
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tion method required polluting steps, with the use of an organic solvent such as acetone
and of high temperature (180 ◦C). hBN, as a 2D material, presents advantages with respect
to GnP: lower numbers of stacked layers could promote higher efficiency—the composite
ingredients and the chemical nature of hBN could favor its compatibility with silica and/or
its chemical modification.

In this work, elastomer composites based on poly(styrene-co-butadiene) from an-
ionic solution polymerization (solution styrene butadiene rubber, S-SBR) and poly(1,4-
cis-isoprene) from Hevea Brasiliensis (natural rubber, NR) were prepared, with precipi-
tated silica as the reinforcing filler. Bis(triethoxysilylpropyl)tetrasulfide (TESPT) was the
organosulfur compound that was used as the coupling agent for silica with elastomer
chains. Pristine hexagonal boron nitride (hBN-p) and the functionalized derivative were
used in partial replacement of silica at two different levels, 15% vol and 30% vol, while
maintaining the same total volume fraction of the filler. The functionalization of h-BN
was performed through a simple and environmentally friendly mechanical approach: ball
milling [44]. In previous studies, the functionalization of hBN has been performed with
various methods [45–55]. Mechanochemistry was applied using sonication [47,48] and
ball milling [49–51]. For the introduction of hydroxyl groups, hBN was treated with air
plasma [52], steam (Ar flow) at 850 ◦C and 1000 ◦C [53], and hot aqueous solution of
H2SO4/KMnO4 [54]. Ball milling was performed in the presence of water solutions of
either NaOH [49] or NaOH/KOH [50]. Sonication was carried out at room temperature in
the presence of H2O [47] or N-methylpyrroliperformed [48].

In this work, functionalization was used to enable the introduction of OH groups,
relying on the Lewis’ base character of hBN; hence, milder and scalable experimental
conditions were used, without the need for any chemical substance. Mechanical treatment
of hBN was performed through ball milling at a nominal room temperature in air; the
samples taken from the jar were washed with water. The functionalized hBN is referred
to in this paper as hBN-OH. hBN-p and hBN-OH, as taken from the milling jar and
after washing with water, were characterized through thermogravimetric analysis (TGA),
Fourier-transform infrared spectroscopy (FT-IR), wide-angle X-ray diffraction (WAXD), and
high-resolution transmission electron microscopy (HR-TEM). The elastomer composites
were prepared via melt blending in an internal mixer; they were additionally crosslinked
using a system based on sulfur and a sulphenamide, such as N-tert-butyl-2-benzothiazyl
sulfenamide (TBBS). They were characterized through studying the crosslinking reaction
and determining the dynamic mechanical properties in both the shear and the axial modes;
the tensile properties were also studied. Their structure was analyzed through TEM. The
composites were extruded from a high-pressure capillary viscometer (HKV) to investigate
their processability.

2. Materials and Methods

2.1. Materials
2.1.1. Chemicals

All reagents and solvents were purchased and used without further purification:
acetone was obtained from Sigma-Aldrich.

The following chemicals were used in the preparation of the elastomeric composites:
Bis(triethoxysilylpropyl)tetrasulfide (TESPT; Evonik Industries, Essen, Germany), ZnO
(Zincol Ossidi, Bellusco, MB, Italy), stearic acid (Sogis, Milan, Italy), 1,3-dimethyl butyl)-
N′-Phenyl-p-phenylenediamine (6PPD from Eastman Kingsport, TN, USA), sulfur (S from
Solfotecnica, Cotignola, Italy), and N-tert-butyl-2-benzothiazyl sulfenamide (TBBS from
Lanxess Chemical, Shangai, China).

2.1.2. Elastomeric Materials

Natural rubber (poly(1,4-cis-isoprene) from Hevea brasiliensis) was purchased from
EQR-E.Q. Rubber, BR-THAI, Eastern GR. Thailand—Chonburi, with the trade name SIR20.
The rubber has a Mooney viscosity (ML (1 + 4) 100 ◦C) of 73 MU. Solution styrene butadiene,
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not functionalized (SPRINTAN™ SLR 4630 from Trinseo, Milano, Italy), was employed.
The composition of the S-SBR was as follows: Stirene 25%, Butadiene 75% and 37.5 phr of
TDAE. The Butadiene fraction has a vinyl content of 63%. Other properties of S-SBR are
Tg-29C, not functionalized. Mooney viscosity (ML (1 + 4) 100 ◦C) of 55 MU.

2.1.3. Fillers

Hexagonal boron nitride industrial-grade A01 was kindly provided by Hoganas
(Hoganas, Sweden). Data from the technical data sheet are as follows: Boron (42.5–43.5%);
Oxigen 1.2% B2O2 (water soluble), H2O, and C less than 0.15% each, Cristallographic
Phases Hexagonal, high degree of crystallization. Specific surface area (NSA): 3.5–7.0 m2/g.
Tap density: 0.2–0.5 g/cm3.

Silica ZEOSIL 1165MPmicropearl silica was purchased from Solvay (Brussels, Belgium).
The main properties of the material, reported in the technical data sheet, were as follows:
loss on drying (2 h @ 105 ◦C) ≤ 8.0%; soluble salts (as Na2SO4) ≤ 2.0%; specific surface
area—140–180 m2/g.

The BET method was used to determine the surface area through the use of a MI-
CROACTIVE TRISTAR® II PLUS apparatus. Samples were evacuated at 200 ◦C for 2 h
and N2 adsorption isotherms were recorded at 77 K in a liquid nitrogen bath. The specific
surface area (SSA) was found to be 160 m2/g.

2.2. Preparation of Functionalized Boron Nitride (hBN-OH)

The white powder of hBN-p was treated using a planetary ball mill S100 from Retsch
(Haan, Germany); the zirconia grinding jar moved in a horizontal plane with a volume
of 0.3 L. The powder was previously kept closed in a PET jar in a room at 19 ◦C and a
relative humidity of 47%. The grinding jar was loaded with 7 ceramic balls with a diameter
of 15 mm. A measurement of 5 g of hBN-p was put into the jar at 19 ◦C and a relative
humidity of 47%, without any liquids. Once the jar was closed, it was made to rotate at
300 rpm at nominal room temperature in air. Milling was carried out for 2.5, 5, and 10 h.
When the jar was opened, the odor of ammonia was present; this was faint following 2.5 h
milling and strong following 10 h milling. Since the powder was grinded without liquids,
the process can be seen as a dry grinding process.

After milling, the powder was placed in a becher and washed with 300 mL of deionized
water and stirred for 4 h at 300 rpm. The mixture was then filtered on a Büchner funnel
with a sintered glass disc. The wet powder was finally dried in the air. A measure of 5 g of
the dark-grey powder was collected.

2.3. Preparation of Elastomeric Composites

Elastomeric nanocomposites were prepared, with S-SBR 4630 as the main rubber
(70 phr), and with NR (30 phr). Precipitated silica was the filler (50 phr). Partial replacement
of silica at 15% vol and 30% vol was performed with either pristine hBN or with hBN-OH
obtained through a 5 h ball-milling process followed by washing with water. Sulfur-based
crosslinking was performed using a typical recipe that was suitable for the crosslinking
of S-SBR. In particular, a relatively low amount of ZnO was used. The recipes of the
composites can be found in Table 1.

Table 1. Recipes of elastomer composites.

Recipes in phr
Silica 15-hBN-p 30-hBN-p 15-hBN-OH 30-hBN-OH

[phr] [phr] [phr] [phr] [phr]

S-SBR 4630 70 70 70 70 70
NR 30 30 30 30 30

Silica 50 42.5 35 42.5 35
hBN 0 7.5 15 0 0

BN-OH 0 0 0 7.5 15
Other ingredients: Silane TESPT 4, stearic acid 2, ZnO 2.5, 6PPD 2, sulfur 2, and TBBS 1.8.
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Mixing was performed as summarized in Figure 1.

Figure 1. Block scheme of the mixing procedure.

The composites were prepared using a Brabender® internal mixer with a 55 cc chamber
(Torque Rheometer Brabender® PL-2000 Plasti-Corder, from Brabender GmbH & Co. KG,
Duisburg, Germany). NR and S-SBR were fed into the mixer and masticated at 110 ◦C
and 60 rpm for 60 s. Then, silica, either hBN-p or hBN-OH, and the silane TESPT were
added and mixing was performed for 4 min. ZnO, 6PPD, and stearic acid were added,
and mixing was performed for 1 min. The composite was then discharged and was then
fed again to the mixer at 80 ◦C, performing mixing for 1 min, followed by the addition of
the vulcanizers. The compound was discharged after 2 min of mixing. The composites
were lastly homogenized, employing a two-roll mill at 50 ◦C. Each compound was passed
through the mill 5 times; the nip between the rolls was set to 1 cm, the rotation of the front
roll was set to 30 rpm, and the rotation of the back roll was set to 38 rpm.

2.4. Characterization Techniques
2.4.1. Thermogravimetric Analysis

TGA tests were performed through heating samples (10 mg) from 30 to 900 ◦C with a
heating rate of 10 ◦C/min in air (60 mL/min); these were carried out using a Mettler TGA
SDTA/851 instrument following the ISO9924-1 standard [56].

TGA was used to estimate the extent of functionalization, which was considered to be
the mass loss% in the T range from 150 ◦C to 900 ◦C.

2.4.2. Fourier-Transform Infrared (FT-IR)

FT-IR absorption spectra were recorded in transmission mode using a FT-IR Nicolet
Nexus spectrometer coupled with a ThermoElectron FT-IR Continuμm IR microscope
(Thermo Fisher Scientific, Waltham, MA, USA) (resolution: 4 cm−1; scans: 30). Attenuated
total reflectance ATR was carried out with a Si tip single bounce slide on an ATR accessory in
a spectral range between 4000 cm−1 and 700 cm−1. Analysis of FTIR spectra was conducted
using Origin Pro 2018

2.4.3. Wide-Angle X-ray Diffraction (WAXD)

WAXD was performed with a Bruker D8 Advance automatic diffractometer (Bruker,
Billerica, MA, USA)and nickel-filtered Cu-Kα radiation; wide-angle X-ray diffraction
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patterns were carried out in reflection. A range of 4.7◦ to 90◦ was used to record the
patterns because these angles were 2θ at the peak diffraction angles.

Spectra were developed using Origin Pro 2018.
Through the Bragg law (Equation (1)), the distance between crystallographic planes

was estimated.
dhkl =

n·λ
2 · sinθhkl

(1)

where n is an integer number, λ is the wavelength of the irradiating beam, and θhk� is the
diffraction angle.

The Scherrer equation, Equation (2), was used to calculate the Dhkl crystallite dimensions.

Dhkl = βhkl ·cos θhkl
(2)

where βhkl is the width at half height, θhkl is the diffraction angle, K is the Scherrer constant,
and λ is the wavelength of the irradiating beam.

The number of layers in a crystallite was calculated with Equation (3) by dividing the
crystallite size by the interlayer distance. In this manuscript, Equation (2) was applied to
the (002) reflection.

number o f layers =
Dhkl
dhkl

(3)

2.4.4. Crosslinking

Crosslinking was performed in a rubber process analyzer (Monsanto R.P.A. 2000,
Alpha Thechnologies, Milano, Italy). A measure of 5 g of rubber composite was weighed
and put in the rheometer. Measurements were carried out at a frequency of 1.7 Hz and
an oscillation angle of 6.98%. The sample, loaded at 50 ◦C, underwent a first strain sweep
(0.2–25% strain) to cancel the thermo-mechanical history of the rubber composite; it was
then maintained at 50 ◦C for 10 min and then underwent another strain sweep at 50 ◦C to
measure the dynamic mechanical properties at low deformations of the uncured sample.
The crosslinking reaction was then carried out at 170 ◦C for 20 min. A torque–time curve
was obtained. The minimum achievable torque (ML), the maximum achievable torque
(MH), the time required to have a torque equal to ML + 1 (tS1), and the time required to
reach 90% of the maximum torque (t90) were measured.

2.4.5. Dynamic Mechanical Analysis in the Shear Mode—Strain Sweep Test

Samples for the strain sweep test were prepared as shown in the infographic in
Figure S1 in the Supplementary Materials. The uncured composites were taken from the
internal mixer and were processed on a two-roll mill as described in Section 2.3 and were
then placed in the rheometer.

The shear dynamic mechanical characteristics of the rubber compounds were evalu-
ated by performing strain sweep tests in a rubber process analyzer (Monsanto R.P.A. 2000
Alpha Thechnologies, Milano, Italy). As reported in Section 2.4.3, the crude sample was
subjected to a first strain sweep and held at 50 ◦C for ten minutes, followed by another
strain sweep at 50 ◦C. Data from the second strain sweep were collected and are reported
in the text below to discuss the behavior of the uncured samples. The crosslinking was
then carried out as reported in Section 2.4.4; the shear dynamic mechanical properties of
the cured samples were then assessed after 20 min at 50 ◦C using a 0.2–25% strain sweep at
a frequency of 1 Hz. The minimum strain was 0.2%, as it was the minimum required strain
value to obtain reliable data from the RPA instrument. Shear storage and loss moduli (G′,
G′′), and subsequently Tan δ, were the measured characteristics.

2.4.6. Dynamic Mechanical Analysis in the Axial Mode

Samples were prepared as shown in the infographic in Figure S1. After the processing
on the two-roll mill, described in Section 2.3, the elastomeric compound was rolled up to
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obtain a long cylinder. This cylinder was then cut into smaller cylinders and vulcanized (at
170 ◦C for 20 min) to produce cylindrical test pieces with dimensions of 25 mm in length
and 12 mm in diameter. An Instron dynamic device, set to the traction–compression mode,
was employed to perform the dynamic mechanical measurements; this was maintained
at the predetermined temperatures (10, 23, and 70 ◦C) throughout the entire experiment.
The cylinder was preloaded to a 25% longitudinal deformation with respect to the original
length. The compression was subjected to a dynamic sinusoidal strain in compression with
an amplitude of around 3.5% regarding the length under pre-load, at a frequency of 100 Hz.
The values of dynamic storage modulus (E′), loss modulus (E′′), and loss factor (tan δ) were
calculated as the ratio between E′′ and E′.

2.4.7. Tensile Test

Standard dumbbells made from vulcanized compound plates measuring 10 cm by
10 cm by 1 mm were used to perform the tensile tests at room temperature with a Zwick
Roell Z010 (Genova, Italy) and an optical extensometer. Measurements were performed
at 1 mm/min. Stresses at different elongations (σ50, σ100, and σ300), stress at break (σB),
elongation at break (εB), and the energy required to break were measured according to
Standard ISO 37/UNI 6065 [57].

2.4.8. High-Pressure Capillary Viscosimeter (HKV)

HKV measurements were performed through a high-pressure capillary viscosime-
ter, type “Rheo-Vulkameter 78.90” (Göttfert Werkstoff-Prüfmaschinen GmbH, Buchen,
Germany). The crude compound material was extruded using a 20 mm capillary with a
2 mm diameter at a pressure of 130 bar. The mold temperature was 100 ◦C. To obtain the
correct experimental conditions, a preheating step of 180 s and an injection step of 60 s
were carried out.

2.4.9. High-Resolution Transmission Electron Microscopy

hBN samples: TEM and HRTEM analyses were performed with a Philips CM 200
(Eindhoven, the Netherlands) field emission gun microscope operating at an accelerating
voltage of 200 kV. A few drops of a 1 mg/mL ethyl acetate dispersion were deposited on a
200-mesh lacey carbon-coated copper grid and air-dried for several hours before analysis.

The samples were prepared with a dispersion of 1 mg/mL in ethyl acetate then
sonicated to homogenize the dispersion.

Rubber nanocomposites: TEM characterizations were performed with a TEM, LIBRA®

120, Zeiss, Oberkochen (Baden-Württemberg, Germany), with an acceleration voltage of
120 kV. Layers of vulcanized rubber were cut of a thickness of approximately 100 nm
under liquid nitrogen, using a diamond cutter mounted on a Leica Ultramicrotome UC6,
(Leica Microsystem, Wetzlar, Germany) equipped with a stereo microscope MZ6 and a FC6
cutting system.

2.4.10. Scanning Electron Microscope Coupled with Energy-Dispersive X-ray Spectroscopy
(SEM-EDS)

The SEM-EDS investigation was carried out using a Zeiss EVO 50 EP SEM (Zeis Vision
Care, Castiglione Olana, Italy) coupled with an EDS spectrometer (Bruker Quantax 200
6/30, Bruker, Billerica, MA, USA). hBN powders were applied on aluminum stubs with the
aid of a conductive carbon bioadhesive. The samples were subsequently coated with gold
using an Ewards S150B sputter coater (Perkin Elmer, Milan, Italy) and evaluated.

3. Results and Discussion

3.1. Preparation of hBN Samples

Pristine hBN was commercially available. The functionalization of hBN-p was at-
tempted through ball-milling the hBN-p powder, as described in the experimental section.
In brief, the powder was treated in air in a planetary ball mill at nominal room temperature
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and for different durations: 2.5, 5, and 10 h. All the collected powders were washed with
water and filtered. The wet powder was dried for 48 h in air and then for 8 h in oven
at 90 ◦C, under atmospheric pressure. Samples taken from the ball-milling jar—these
are named, for the sake of simplicity, as hBN-OH in the paper—were characterized as
such (hBN-OHas); then, they were washed with water (hBN-OHw). Characterization was
performed through means of TGA, FT-IR, WAXD, and HR-TEM.

In Figure 2, a schematic representation of the procedure for the preparation of the
hBN-OH samples is shown.

Figure 2. Block diagram describing the preparation of the hBN-OH samples as taken from the
ball-milling jar (hBN-OHas) and after washing with water (hBN-OHw).

3.2. Characterization of hBN Samples

FT-IR analysis: The presence of functional groups on hBN samples, after ball milling
and then after washing with water, was investigated through FT-IR vibrational spectroscopy.
For the sake of clarity, the spectra of hBN-OHas and hBN-OHw, milled for 2.5, 5, and 10 h,
were organized in two different figures: Figures 3 and 4, respectively. The proposed
assignment of the main peaks of spectra of Figures 3 and 4 is reported in Tables 2 and 3,
which show the relative abundances (%) of the bands.

Figure 3. FT-IR spectra of hBN-OHas, milled for 2.5 (a), 5 (b), and 10 (c) h; hBN-p (d). (A) Spectra are
displayed with normalized intensity. CO2 absorption bands are labeled. (B) Spectra are displayed
after baseline correction and after normalization of the scale.

Table 2. Values of the wavenumbers corresponding to the absorption peaks of the most intense IR
transitions for spectra in Figure 3. The relative abundance (%) is also reported.

Experimental
Wavenumber (cm−1)

Vibrational
Assignment

Relative Abundance per Sample (%)

hBN-Ohas Milled
for 2.5 h

hBN-Ohas Milled
for 5 h

hBN-Ohas

Milled for 10 h
hBN-p

3470 N-H stretching 2 3 5 0
3250 O-H stretching 2 3 4 0
2450 B-H stretching 1 1 1 1
1380 BN in-plane 100 100 100 100
780 BN out-of-plane 13 12 9 9
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Figure 4. FT-IR spectra of hBN-OHw, milled for 2.5 (a), 5 (b), and 10 (c) h; hBN-p (d). (A) Spectra are
displayed with normalized intensity. CO2 absorption bands are labeled. (B) Spectra are displayed
after baseline correction and after normalization of the scale.

Table 3. Values of the wavenumbers corresponding to the absorption peaks of the most intense IR
transitions for spectra in Figure 4. The relative abundance (%) is also reported.

Experimental
Wavenumber (cm−1)

Vibrational
Assignment

Relative Abundance per Sample (%)

hBN-Ohw

Milled for 2.5 h
hBN-Ohw

Milled for 5 h
hBN-Ohw

Milled for 10 h
hBN-p

3470 N-H stretching 1 2 6 0
3250 O-H stretching 1 2 6 0
2450 B-H stretching 1 1 1 1
1380 BN in-plane 100 100 100 100
780 BN out-of-plane 13 12 9 9

The IR spectra of all the hBN samples are characterized through two common strong
features at 1380 cm−1 and 780 cm−1, assigned to the conventional BN in-plane and out-of-
plane vibrations, and to the signal due to the B-H stretching vibration, at 2450 cm−1. These
bands are typical of boron nitride samples [58,59].

In the spectra of the hBN-OHas (Figure 3) and hBN-OHw (Figure 4), new weak ab-
sorptions are detectable, at 3470 cm−1 and at 3250 cm−1, for the samples milled for 5 (b)
and 10 (c) h. They were attributed to N-H stretching and to O-H stretching, respectively.
The intensity of the bands increases with the milling time. It can also be observed that
the relative intensity of the bands assigned to the OH stretching and to the NH stretching
is different in the hBN-OHas (Figure 3) and hBN-OHw (Figure 4) samples. The washed
samples show a greater intensity of the -OH bands: this is clear through a comparison of
the bands before and after the treatment and after the normalization of all spectra on the
intensity of the band due to the B-N in-plane signal at 1380 cm−1.

Thermogravimetric analysis: TGA analyses were performed on the hBN samples milled
for 5 h and 10 h, in the 30–900 ◦C temperature range, with a heating rate of 10 ◦C/min under
air. Data of mass losses, obtained from TGA analysis, are in Table 4. The thermographs are
shown in Figure S2 in the Supplementary Materials.

A three-step decomposition profile can be observed. The first mass loss below 150 ◦C
can be attributed to the loss of a low molecular mass substance: in this case, water. The sec-
ond and third step, between 150 ◦C and 900 ◦C, can be attributed to defects in the polycyclic
system and to the decomposition of nitrogen- and oxygen-containing functional groups.
The residue at temperatures higher than 900 ◦C is due to the inorganic hBN. The amount of
mass loss in the 150–900 ◦C temperature range was found to increase with the ball-milling
time, as should be expected; the mechanical treatment creates defective structures which are
high-energy sites—these are suitable for functionalization. By assuming a high reactivity of
the defective sites, the mass loss in the 150–900 ◦C range could be tentatively attributed
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to the thermal degradation of the functional groups. A greater amount of the mass loss
in the 150–900 ◦C temperature range is accompanied by a greater amount of mass loss at
T < 150 ◦C, which was attributed to water. By taking the whole amount of mass loss in the
150–900 ◦C temperature range, there is not an appreciable difference between the hBN-OHas
and hBN-OHw samples; this might indicate that the ball-milling treatment could lead to
the modification of hBN without the washing treatment. The mass loss was in a range from
3 to 4% for 5 h milling and in a range from 6% to 7% for 10 h milling. However, a different
distribution of mass losses, at T < 500 ◦C and >500 ◦C, can be observed. Considering this
finding in the light of the above-reported IR results, which revealed a greater amount of
OH groups in the washed samples, one could assume that the mass loss in the 150–500 ◦C
temperature range is prevailingly due to OH, as the functional groups. However, further
investigations are needed to elucidate this point.

Table 4. Mass losses (mass %) for pristine of exfoliated hBN samples before (hBN-OHas) and after
washing (hBN-OHw) from TGA analysis.

Sample
Milling
Time (h)

Temperature Range

T < 150 ◦C 150 ◦C < T < 500 ◦C 500 ◦C < T < 900 ◦C T > 900 ◦C + Residue

hBN-p = 0 0 1.5 98.5

hBN-OHas 5 1.9 2.7 1.3 96.5
hBN-OHw 5 2.5 2.52 1 93.5

hBN-OHas 10 6.8 4.5 1.6 87.2
hBN-OHw 10 6.7 6.4 0.8 86.1

The amounts of functional groups were estimated on the basis of the mass loss in the 150 ◦C–900 ◦C T range.

WAXD analysis: Organization at the solid state of the hBN-OH samples, before and after
washing, was investigated by performing WAXD analysis. WAXD patterns of the powders of
the ball-milled samples which were milled for 2.5, 5, and 10 h are shown in Figure 5.

Figure 5. WAXD patterns: hBN-OHas, milled for 2.5 (a), 5 (c), and 10 (e) h; hBN-OHw, milled for
2.5 (b), 5 (d), and 10 (f) h; hBN-p (g).
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In hBN, the crystalline order in the orthogonal direction to the structural layers in the
hBN samples is detected through two (00�) reflections: 002 at 26.8◦ (interlayer distance of
0.310 nm) and 004 at 55.12◦. The in-plane order is shown by 100 and 110 reflections, at 41.8◦
and 76.1◦, respectively [60].

The diffraction peaks at 2θ values of 26.8◦ (002), 41.8◦ (100), 43.91◦ (101), 50.20◦ (102),
55.12◦ (004), 76.1◦ (110), and 82.30◦ (112) were observed in all the patterns. The interlayer
distance, the dimension of the crystallites, and the number of stacked layers were calculated
by applying the Bragg’s Law and the Scherrer equation, as explained in the experimental
part. In brief, the perpendicular length of the crystallite (D⊥) was obtained using the (002)
reflection, while the in-plane length (D//) was determined from the (100) reflection. The
dimensional anisotropic factor of the material is given by the relation D///D⊥. Data are
given in Table 5.

Table 5. Structural parameters derived from Bragg’s Law and Scherrer equation a.

Sample Milling Time (h) d002 (nm) D⊥ (nm) D// (nm) D///D⊥ Layers

hBN-p 0.31 41.53 44.56 1.07 132

hBN-OHas 2.5 0.31 12.82 16.80 1.31 41
hBN-OHw 2.5 0.31 18.81 26.22 1.39 60

hBN-OHas 5 0.31 11.27 19.01 1.68 36
hBN-OHw 5 0.32 15.01 21.61 2.32 40

hBN-OHas 10 0.32 2.61 3.11 1.19 8
hBN-OHw 10 0.32 2.90 3.27 1.13 9

a Equations (1)–(3) are reported in Section 2.

The (002) reflection was found in all the spectra and indications of intercalation of
low-molar-mass chemicals do not arise from the analysis of the spectra. This could lead
to the assumption that the functionalization occurred in peripheral positions, mainly on
the edges.

The milling led to a reduction in the dimension of the crystallites in an orthogonal
direction to the structural layers. Similar values were obtained after 2.5 and 5 h milling
and a further remarkable reduction was observed after 10 h milling. As a consequence,
the number of stacked layers was reduced. The sample milled for 10 h was indeed a
few layers hBN, with a number of stacked layers lower than 10. Washing with water
appears to promote a minor re-stacking. This can be explained with the adopted procedure,
particularly the filtration, which enables the parallel placement and the overlapping of
the layers.

The milling also led to a reduction in the dimension of the crystallites inside the basal
plane, particularly after 10 h milling.

Transmission electron microscopy: The morphology of the hBN samples was studied
through HR-TEM. Water suspensions of pristine hBN and exfoliated hBN samples (hBN-
OH), with 1 mg/1 mL as the concentration, were prepared and poured on the grid. Mi-
crographs were taken at lower and higher magnification levels and are shown in Figure 6:
hBN-p in Figure 6a and hBN-OHas in Figure 6b.

In the low-magnification image of thBNp, the hBN layers appear to have more similar
dimensions; however, the lateral sizes for both hBN-p and hBN-OHas appear to be similar,
in the range from 500 to 700 nm.

Scanning Electron Microscopy Coupled with Energy-Dispersive X-ray Spectroscopy
(SEM-EDS)

The morphology of hBN samples was further investigated through SEM-EDS. The
powders of both hBN-p and hBN-OHw10h samples were laid on aluminum stubs with the
use of a conductive carbon bioadhesive. The samples were then coated in gold by a sputter
coater and analyzed.
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Figure 6. Micrographs of pristine hBN (a) and hBN-OHas5h (b).

The elemental spectroscopy was evaluated at different points, as shown in Figure 7
for hBN-p and Figure 8 for hBN-OHw10h. The EDS maps for hBN-p and hBN-OHw10h are
shown in Figures 9 and 10, respectively.

Figure 7. SEM image and EDS spectra of hBN-p.
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Figure 8. SEM image and EDS spectra of hBN-OHw10h.

Figure 9. SEM colored image and elemental imaging of hBN pristine.
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Figure 10. SEM colored image and elemental imaging of hBN-OHw10h.

The morphology of the sample appears to be modified, as hBN-p results in a well-
distributed flake-like appearance, while hBN-OHw10h is shown to have a very coarse and
compact structure.

The EDS maps and spectra, however, confirm the increased presence of oxygen in the
hBN-OHw10h sample with respect to the pristine powder. This result confirms the FTIR
evidence of increased intensities of bands related to OH groups.

3.3. On the Functionalization of hBN with OH Groups

The experimental results reported above reveal that the milling treatment led to hBN
samples with lower thermal stability, with the presence of -NH- and -OH functional groups.
It can be reasonably commented that the mechanical treatment generates high-energy
sites, which are able to react with the molecules present in the headspace of the jar. The
formation of amino-functional groups may be a result of a reduction process. The amount
of OH groups was found to increase with the milling time (see spectra b and c in Figure 3)
and by washing the samples with H2O. The OH groups could be due to the reaction of
the weak nucleophile/base H2O with boron, which acts as an acid in a Lewis acid-base
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reaction. An extensive milling (10 h time) led also to a more extended rupture of the hBN
structure, as suggested by the remarkable ammonia smell felt at the opening of the jar.
The functionalization of hBN achieved in the present work occurred in milder and easier
experimental conditions with respect to those reported in the literature [45,55].

It is indeed worth emphasizing that both the functional groups promote the interac-
tion of hBN with silica and, in the case of OH, could also form a chemical bond. These
comments must be considered as working hypotheses. Research is in progress to elucidate
the mechanism of the hBN functionalization. The results of this will be reported in a
future manuscript.

3.4. Elastomer Composites Containing Silica, hBN-p, and hBN-OH

Elastomer composites were prepared, with S-SBR and NR as the rubber matrix and
silica as the nanostructured filler. The reason for selecting S-SBR was the high vinyl content
of the butadiene fraction, which allows a high reactivity with the sulfur-based crosslinking
system and silane TESPT, and the coupling agent of silica with the elastomer chains. The
combination of S-SBR and NR is suitable for tire tread composites. A minor amount of
silica was replaced with either hBN-p or hBN-OH: 15% and 30% by volume, maintaining
the same total volume of the filler. A sample of hBN-OH was selected: the one milled for
5 h and then washed. It will be indicated as hBN-OH in the text below. As shown above
by FT-IR and TGA analyses, 5 h milling allowed the introduction of a low yet appreciable
amount of OH groups and did not remarkably alter the structure of the hBN layers, which
maintained an order in the basal planes and lateral sizes that were similar to the one
of pristine hBN. The sulfur-based crosslinking and the static and dynamic mechanical
properties are discussed next.

3.4.1. Sulfur-Based Crosslinking

Sulfur-based crosslinking was performed at 170 ◦C for 10 min in a rubber process
analyzer, as described in detail in the Experimental Section, obtaining torque vs. time
curves. The minimum torque (ML), the maximum torque (MH), the time required to have a
torque equal to ML + 1 (tS1), i.e., the induction time of crosslinking, and the time required
to reach 90% of the maximum torque (t90), i.e., the optimum time of crosslinking, were
measured. The data are shown in Table 6. The corresponding curves are shown in Figure
S3 in the Supplementary Materials.

Table 6. Vulcanization data of S-SBR 4630-based compounds.

Silica 15-hBN-p 30-hBN-p 15-hBN-OH 30-hBN-OH

ML [dNm] 3.8 2.5 1.9 3.4 3.1
MH [dNm] 21.1 18.1 16.5 19.4 18.6

MH-ML [dNm] 17.3 15.5 14.5 16.0 15.5
tS1 [min] 3.1 3.4 3.4 3.2 3.4
t90 [min] 7.8 8.5 8.2 7.5 7.7

curing rate
[dNM/min] 3.7 3.1 3.1 3.8 3.7

The curing rate was calculated by using the formula in Equation (4).

Curing rate =
MH − ML
T90 − TS1

(4)

ML values are assumed as an index of the viscosity of the composites. The replacement
of silica with hBN led to the reduction in ML, greater for a greater amount of silica replaced.
Remarkably lower ML values were obtained with hBN-p, whereas the difference with
the silica-based composites was slight in the case of hBN-OH. In the introduction, it was
reported that a 2D nanomaterial such as hBN, which does not have a structure as silica [5],
was supposed to interrupt the 3D network of silica and to weaken the supramolecular
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interactions among the functional groups on the silica surface. It seems that this was
achieved particularly with hBN-p, which has a lower compatibility with silica than hBN-
OH, which bears edge -NH- and -OH groups. It is worth adding that hBN-OH has a
lower number of stacked layers than hBN-p; hence, it can give rise to a more extended
interaction with silica. The (MH−L) values were lower for the composites with hBN and
slight differences were obtained in the presence of either hBN-p or hBN-OH. This finding
led the researchers to suppose that the MH difference was mainly due to the different
extents of the filler networks.

The replacement of silica did not have a remarkable effect on the induction time of
crosslinking, and did not have an effect on the optimum time or on the curing rate when
hBN-OH was used; in contrast, longer t90 and a lower curing rate were obtained with hBN-p.
By taking into account the fact that the kinetics of curing are determined through measuring
the torque, these findings could be explained by the ability of hBN-OH to interact with
silica and to contribute to the formation of a network during the crosslinking reaction.

3.4.2. Dynamic Mechanical Properties in the Shear Mode

Dynamic mechanical properties in the shear mode were determined through strain
sweep experiments at 50 ◦C by following the procedure described in the Experimental
Section, with the strain amplitude in the range from 0.2% to 25%. The storage modulus (G′)
and the loss modulus (G′′) were measured and their ratio G′′/G′ (=Tan δ was elaborated.
Data of G′

γmin, G′
γmax, ΔG′, ΔG′/G′

γmin, G′′
max, and tanδmax are presented in Table S1

in the Supplementary Materials. The curves of the G′ vs. strain and the Tan delta vs.
strain are shown in Figures 11 and 12, respectively. The curve of the G′′ vs. strain and
the curve of the G′′ vs. G′ are shown in Figure S4 and in Figure S5, respectively, in the
Supplementary Materials.

Figure 11. G′ vs. strain for composites of Table 1.

G′ at minimum strain is an index of the presence of the filler network. A filler network
is formed by the interaction of filler particles, either directly or mediated by polymer
chains. The reduction in G′ with the strain amplitude, i.e., the nonlinearity of the storage
modulus, is known as Payne effect [61–63]; this is due to the disruption of the filler network.
Parameter ΔG′

G′
γmin

is a normalized index of the Payne effect.
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Figure 12. Tan delta vs. strain for composites of Table 1.

The replacement of silica with hBN, both pristine and functionalized, had effects—
which consistently increased with the extent of the replacement—on the low-strain dynamic
mechanical properties of the composites.

hBN-p in place of silica led to remarkably lower values of G′
γmin, G′

γmax,, ΔG′/G′
γmin,

G′′
max, and Tan delta. These findings arise from a lower extent of the filler network and

indicate a lower Payne effect and a lower dissipation of energy. They suggest the powerful
effect of hBN-p for disrupting and preventing the formation of a silica-based filler network.
However, to account for these results, the lamellar structure of hBN and the procedure
used for preparing the specimen to be analyzed—shown in Figure S1 in the Supplementary
Materials—should be taken into account. The uncured composites, taken from the internal
mixer, were processed on a two-roll mill and were then placed in the rheometer. The hBN
layers are reasonably arranged parallel to the plate of the rheometer. In this configuration,
the layered 2D nanofiller can express its lubricant effect, which is well documented in the
literature [64–66]. This behavior has also been reported for nanosized graphite nanoplatelets
(GnP) [43]. The anisotropy of nanocomposites based on 1D and 2D nanofillers, such as GnP
and carbon nanotubes, has been documented in the literature [67,68].

With hBN-OH in place of silica, analogous effects were observed. However, with re-
spect to hBN-p, higher values of G′ were observed at both the minimum and the maximum
strain; higher values of G′

γmax, ΔG′/G′
γmin, G′′

max, and Tan delta were also observed here.
These findings appear to be in line with the observations from the crosslinking experiments:
hBN-OH has a better interaction with silica; the extent of the filler network is lower with
respect to the composite, with silica as the only filler, but it is larger than that in the presence
of hBN-p. Moreover, the interaction with silica could hinder, to some extent, the parallel
placement of the layers commented on above.

3.4.3. Dynamic Mechanical Properties from Axial Compression Tests

Dynamic mechanical properties were determined in the axial mode by applying the
sinusoidal stress in compression, with a pre-strain of −25%, to remove the filler network or—
at least—to reduce it significantly. Details of the procedure are provided in the Experimental
Section. Data of E′, E′′, and Tan δ, measured at 10 ◦C, 23 ◦C, and 70 ◦C, respectively,
are provided in Table 7; the dependences of E′ and Tan δ on temperature are shown in
Figure 13a and Figure 13b, respectively. The dependence of E′′ on the temperature is shown
in Figure S6 in the Supplementary Materials.
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Table 7. Axial dynamic mechanical properties of S-SBR 4630 compounds measured in compression.

T [◦C] Silica 15-hBN-p 30-hBN-p 15-hBN-OH 30-hBN-OH

E′ [MPa] 10 7.6 8.0 8.8 8.3 8.2
23 6.6 6.9 7.5 7.1 7.0
70 5.2 5.6 6.0 5.5 5.4

E′′ [MPa] 10 3.8 3.8 4.1 4.0 4.1
23 2.3 2.3 2.4 2.5 2.5
70 0.6 0.6 0.5 0.6 0.6

Tanδ 10 0.49 0.48 0.47 0.49 0.50
23 0.35 0.33 0.33 0.35 0.35
70 0.12 0.10 0.09 0.11 0.11

ΔE′ (E′@10 ◦C–
E′@70 ◦C)

(MPa)
2.4 2.4 2.8 2.7 2.8

(a)

(b)

Figure 13. Axial dynamic mechanical properties of S-SBR 4630 compounds measured in compression:
(a) storage modulus vs. temperature; (b) tan delta vs. temperature.

An increase in E′ was obtained at all the temperatures, with both hBN-p and hBN-OH
in the place of silica. The values of E’ increased with the hBN-p content and the difference
with respect to the silica composite was about 15% for 30% replacement at 70 ◦C. On the
contrary, the E’ values were very similar in both the composites with hBN-OH. These
results could be—to some extent—unexpected. In fact, it was mentioned above that hBN-p
should have a poor interaction with silica, whereas hBN-OH should establish interactions
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and even chemical bonds through the functional groups. However, these data could be
explained by taking the procedure into consideration (procedure shown in Figure S1 in the
Supplementary Materials); this procedure was used for the preparation of the specimens to
be analyzed. As explained above, the uncured composite from the mixer was processed
on the two-roll mill. To measure the axial dynamic mechanical properties, small cylinders
were then prepared by rolling up the rubber sheet obtained from the two-roll mill. The
applied sinusoidal stress was found to be parallel to the longest direction of the cylinder.
Platelets lay along such a direction and experienced the applied stress. The increase in the
dynamic rigidity measured in the axial mode, in the presence of the reduction in the shear
moduli, could thus be explained with the anisotropy of the nanocomposites [65,66]. The
results obtained with hBN-OH could be explained better with the more successful hBN-
OH/silica interaction, which could also lead to a less parallel orientation of the hBN-OH
layers. Dwelling upon the tan delta values of the composites with hBN-OH, they are in line
or even higher at low temperatures and lower at high temperatures. This is an indication of
the interaction between the filler network formed by silica and hBN-OH and the polymer
chains, through the sulfur-based silane (TESPT), which acts as coupling agent.

3.4.4. Tensile Properties

Tensile properties were measured at a nominal room temperature through quasi-static
measurements. The values of the stresses at different elongations, stresses, and energies at
break are shown in Table 8; the curves of stress vs. strain are shown in Figure 14.

Table 8. Tensile properties of composites of Table 1.

Silica 15-hBN-p 30-hBN-p 15-hBN-OH 30-hBN-OH

σ50% [MPa] 1.6 ± 0.02 1.8 ± 0.03 2.1 ± 0.05 1.7 ± 0.03 1.7 ± 0.013
σ100% [MPa] 2.9 ± 0.01 3.2 ± 0.06 3.5 ± 0.1 3.3 ± 0.07 3.1 ± 0.05
σ300% [MPa] 7.9 ± 0.21 7.5 ± 0.13 7.6 ± 0.36 8.4 ± 0.34 6.9 ± 0.23
σbreak [MPa] 18.7 ± 0.65 17.8 ± 1.59 16.6 ± 1.61 16.8 ± 2.60 18.4 ± 1.28
εbreak [%] 361.3 ± 9.62 359.1 ± 23.24 343.2 ± 20.24 325.9 ± 22.86 401.9 ± 21.67

Energy break [MJ/m3] 28.2 ± 1.80 26.8 ± 3.54 24.4 ± 3.54 23.2 ± 3.84 31.5 ± 3.38

Figure 14. Tensile curves of S-SBR 4630 compounds obtained through stress–strain experiments.

The partial replacement of silica with hBN, either pristine or functionalized, brought
about an increase in the stresses at low elongations, up to 100%. In the case of hBN-p, the
values at 300% elongation and the ultimate properties are substantially in line with those of
the reference composite for 15% replacement, whereas they are lower in the presence of
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a greater amount of hBN. These findings, in particular the higher rigidity at low strains,
are typical of a nanofiller with high aspect ratio and have been observed also in the case of
nanofillers such as carbon nanotubes and sepiolite [68,69]. Similar behavior is shown by 15-
hBN-OH, whereas the composite with 30% hBN shows better ultimate properties. Without
stretching too far into making comments that are not supported by experimental data, one
could hypothesize a positive role played by the tight interaction of the silica/hBN-OH
system with the elastomer chains.

3.4.5. High-Pressure Capillary Viscometer (HKV)

The poor rheological properties of silica-based composites were mentioned in the
Introduction. The investigation of the rheological properties of the composites shown
Table 1 (i.e., the investigation of the effect of hBN, both pristine and functionalized) was
performed through high-pressure capillary viscometer (HKV) tests; the methods of these
are described in Section 2 The experiments were carried out on the composite with silica
as the only filler and on composites with a replacement of 30% in volume of silica, with
hBN-p and hBN-OH. Data were collected immediately after the compounding, at t = 0,
and after 7 days of storage. Results are reported in Figure 15, Figure 15a, and Figure 15b,
respectively. In the graphs, the volume (mm3) of composites released by the instrument
was plotted versus time.

(a)

(b)

Figure 15. Measurement in mm3 of composites released by the high-pressure capillary viscometer vs.
time: (a) immediately after compounding, (t = 0); (b) after 7 days (t = 7).
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At t = 0, the 30% hBN-p-based composite exhibits the best processability: the largest
volume of material flows per unit of time. The lowest amount of extruded composite
was obtained with the composite with only silica as the filler, whereas the 30% hBN-OH
compound had an intermediate behavior.

After 7 days storage, the curves of the different composites showed the same relative
placement, and those of the hBN-p- and hBN-OH-based compounds appear closer to each
other. The two composites with hBN show remarkably better processability in comparison
with the composite with only silica as the filler: the amount of composite extruded from the
viscometer, with respect to the silica-based composite, was about 500% more with hBN-p
and about 400% more with hBN-OH.

Hence, hBN-p and hBN-OH provide substantially improved rheological behavior
of the silica-based elastomer composite, both immediately after compounding and after
7 days of storage. The much better processability after 7 days indicates that the shelf life of
the silica-based composites can be improved by adding either hBN-p or hBN-OH. These
findings are reasonably a consequence of the lower extent of the filler network. The better
results obtained with hBN-p could be explained with the poorer interaction with silica.

3.4.6. Transmission Electron Microscopy Analyses (TEM) of Rubber Composites

Transmission electron microscopy (TEM) analysis was performed with the aim of
investigating the filler dispersion on the vulcanized composites of Table 1, hence with
silica as the only filler and with the silica/hBN-p and silica/hBN-OH as the hybrid filler
systems. TEM micrographs are shown in Figure 16. Fifteen low-magnification micrographs
and fifteen high-magnification micrographs were taken for each composite; representative
images were selected. Low-magnification micrographs, where the TEM grid is visible, were
taken to allow the observation of a larger area of sample, thus making a first evaluation of
filler dispersion possible, although these are still related to a restricted sample area. Red
arrows highlight sample flaws in the selected micrographs.

The micrographs of the composites with 15% silica replacement are shown in Figure 16b
(hBN-p) and Figure 16d (hBN-OH); those of the composites with 30% silica replacement
are shown in Figure 16c (hBN-p) and Figure 16e (hBN-OH).

Micrographs at high magnification of composites with hBN-p reveal the presence of
flaws; more specifically, they show detachments of the elastomer matrix from the filler, at
both levels of hBN-p content: 15% (Figure 16B) and 30% (Figure 16C). On the contrary,
no large flaws are visible in the high-magnification micrographs of the composites with
hBN-OH, both at 15% (Figure 16D) and 30% (Figure 16E) content.

The low-magnification micrograph of the 15% hBN-OH composite (Figure 16d) shows
a level of homogeneity that is very close to the one of the reference silica composite
(Figure 16a). The low-magnification micrograph of the 30% hBN-OH composite (Figure 16e)
highlights a good sample homogeneity, with the presence of a few aggregates.

In general, samples containing hBN-p are characterized by micrographs with large
agglomerates that induce points of detachment between the filler and the rubber matrix.
Such large agglomerates, with a lamellar structure, can be attributed to hBN and led the
researchers to hypothesize the presence of poor hBN-p dispersion. When hBN-OH is
employed, a higher homogeneity is observable in both the low- and high-magnification
micrographs. A limited number of hBN aggregates is visible with little or no rubber–
filler detachments.

Overall, hBN-OH appears more homogeneously dispersed in the TEM micrographs,
leading the researchers to hypothesize the presence of a generally higher level of dispersion
of hBN-OH with respect to hBN-p in the considered elastomer composites, at both levels of
silica replacement. The best filler dispersion in the presence of hBN seems to be achieved
with a 15% replacement of silica with hBN-OH.

The OH groups in hBN-OH appear to favor the compatibilization and the dispersion
of hBN-OH. The chemical modification of h-BN could promote the interaction with silica
and with silica’s coupling agent, the sulfur-based silane, either directly or mediated by
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silica. Thus, alongside an improved interaction with silica, the interaction with the rubber
matrix could be favored.

(A) (a)

(B) (b)

(C) (c)

Figure 16. Cont.
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(D) (d)

(E) (e)

Figure 16. Micrographs of the following composites: silica (A,a), 15hBN-p (B,b), 30-hBN-p (C,c),
15-hBN-OH (D,d), 30-hBN-OH (E,e), at higher magnifications (A–E) and at lower magnifications (a–e).

4. Conclusions

This work demonstrates that a 2D nanomaterial such as hBN, which has attracted
enormous interest over recent years for numerous applications in various fields, can also
substantially improve the properties of a silica-based elastomer composite when used in
the place of a minor amount of silica. hBN-p was a commercially available type and was
exfoliated and functionalized using an ecofriendly mechanical treatment—ball milling—
without any chemical substance. -NH- and -OH functional groups were introduced on
hBN, as shown in the FT-IR spectra. The defective sites created by the milling were able to
react with the molecules present in the headspace of the jar as well as with the water used
for washing the samples. TGA revealed the lower thermal stability of the milled samples
and the maximum number of functional groups was estimated to be about 6% by mass.
The functional groups were in the peripheral positions, mainly on the edges, as suggested
by the by X-ray analyses, which revealed the persistence of the (002) reflection and the
absence of (00l) reflections at lower 2theta angles. The mechanical treatment allowed the
researchers to prepare a few layers of hBN-OH. With 5 h as the milling time, the lateral
size of the layers was substantially unaltered with respect to hBN-p, as revealed through
HR-TEM, and the order in the basal planes was still detected, as shown by WAXD.

Silica-based elastomer composites were prepared with both hBN-p and hBN-OH,
milled for 5 h, in place of 15% and 30% by volume of silica. The processability of the
composite was drastically improved, particularly after one week storage at room tempera-
ture. The composite extruded using a high-pressure capillary viscometer was increased,
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with respect to the reference silica composite, by about 500% and 400% using hBN-p and
hBN-OH, respectively. Both hBNs, used in the place of silica, promoted a lower Payne
effect, a higher dynamic rigidity and similar or lower hysteresis. The results suggest that
hBN-p has a more significant ability to disrupt the silica-based network. However, homoge-
nous composites without evidence of flaws in HR-TEM micrographs and with the best
dependence on temperature of tan delta were obtained with h-BN-OH, which appears to
be the best candidate for the development of elastomer composites for use on a very large
scale, such as in tire tread compounds.

The simple and ecofriendly preparation of hBN-OH appears to be an appropriate
solution for scaling up the whole technology.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano14010030/s1, Figure S1: Procedures for the preparation of
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Figure S2: TGA thermograms under air of hBN-OHas5h (a); hBN-OHw5h (b); hBN-OHas10h (c) and
hBN-OHw10h; (d). Pristine hBN (e); Figure S3: Crosslinking curves of composites of Table 1; Table
S1: Shear dynamic-mechanical properties from strain sweep experiments of composites of Table 1;
Figure S4: G′′ vs. strain for composites of Table 1; Figure S5: G plot for for composites of Table 1;
Figure S6: E′′ vs. Temperature for for composites of Table 1.
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43. Friščić, T.; Mottillo, C.; Titi, H.M. Mechanochemistry for synthesis. Angew. Chem. 2020, 132, 1030–1041. [CrossRef]
44. Weng, Q.; Wang, X.; Wang, X.; Bando, Y.; Golberg, D. Functionalized hexagonal boron nitride nanomaterials: Emerging properties

and applications. Chem. Soc. Rev. 2016, 45, 3989–4012. [CrossRef]
45. Zhang, K.; Feng, Y.; Wang, F.; Yang, Z.; Wang, J. Two dimensional hexagonal boron nitride (2D-hBN): Synthesis, properties and

applications. J. Mater. Chem. C 2017, 5, 11992–12022. [CrossRef]
46. Lin, Y.; Williams, T.V.; Xu, T.-B.; Cao, W.; Elsayed-Ali, H.E.; Connell, J.W. Aqueous dispersions of few-layered and monolayered

hexagonal boron nitride nanosheets from sonication-assisted hydrolysis: Critical role of water. J. Phys. Chem. C 2011, 115,
2679–2685. [CrossRef]

47. Sainsbury, T.; Satti, A.; May, P.; Wang, Z.; McGovern, I.; Gun’ko, Y.K.; Coleman, J. Oxygen radical functionalization of boron
nitride nanosheets. J. Am. Chem. Soc. 2012, 134, 18758–18771. [CrossRef] [PubMed]

48. Lee, D.; Lee, B.; Park, K.H.; Ryu, H.J.; Jeon, S.; Hong, S.H. Scalable exfoliation process for highly soluble boron nitride nanoplatelets
by hydroxide-assisted ball milling. Nano Lett. 2015, 15, 1238–1244. [CrossRef] [PubMed]

49. Ma, Z.-S.; Ding, H.-L.; Liu, Z.; Cheng, Z.-L. Preparation and tribological properties of hydrothermally exfoliated ultrathin
hexagonal boron nitride nanosheets (BNNSs) in mixed NaOH/KOH solution. J. Alloy. Compd. 2019, 784, 807–815. [CrossRef]

50. Yan, W.; Chen, X.; Lim, J.S.K.; Chen, H.; Gill, V.; Lambourne, A.; Hu, X. Epoxy-assisted ball milling of boron nitride towards
thermally conductive impregnable composites. Compos. Part A Appl. Sci. Manuf. 2022, 156, 106868. [CrossRef]

51. Pakdel, A.; Bando, Y.; Golberg, D. Plasma-assisted interface engineering of boron nitride nanostructure films. ACS Nano 2014, 8,
10631–10639. [CrossRef]

52. Xiao, F.; Naficy, S.; Casillas, G.; Khan, M.H.; Katkus, T.; Jiang, L.; Liu, H.; Li, H.; Huang, Z. Edge-hydroxylated boron nitride
nanosheets as an effective additive to improve the thermal response of hydrogels. Adv. Mater. 2015, 27, 7196–7203. [CrossRef]

53. Bhimanapati, G.R.; Kozuch, D.; Robinson, J.A. Large-scale synthesis and functionalization of hexagonal boron nitride nanosheets.
Nanoscale 2014, 6, 11671–11675. [CrossRef]

54. Cui, Z.; Oyer, A.J.; Glover, A.J.; Schniepp, H.C.; Adamson, D.H. Large scale thermal exfoliation and functionalization of boron
nitride. Small 2014, 10, 2352–2355. [CrossRef]

55. Shen, T.; Liu, S.; Yan, W.; Wang, J. Highly efficient preparation of hexagonal boron nitride by direct microwave heating for dye
removal. J. Mater. Sci. 2019, 54, 8852–8859. [CrossRef]

56. ISO9924-1 Standard. Available online: https://www.iso.org/standard/84139.html (accessed on 14 December 2023).
57. Standard ISO 37/UNI 6065. Available online: https://www.eurolab.net/it/testler/malzeme-testleri/iso-37-kaucuk-vulkanize-

veya-termoplastik-cekme-gerilimi-uzama-ozelliklerinin-tayini/ (accessed on 14 December 2023).
58. Yadav, V.; Kulshrestha, V. Boron nitride: A promising material for proton exchange membranes for energy applications. Nanoscale

2019, 11, 12755–12773. [CrossRef] [PubMed]
59. Kostoglou, N.; Polychronopoulou, K.; Rebholz, C. Thermal and chemical stability of hexagonal boron nitride (h-BN) nanoplatelets.

Vacuum 2015, 112, 42–45. [CrossRef]
60. Ramier, J.; Gauthier, C.; Chazeau, L.; Stelandre, L.; Guy, L. Payne effect in silica-filled styrene–butadiene rubber: Influence of

surface treatment. J. Polym. Sci. Part B Polym. Phys. 2007, 45, 286–298. [CrossRef]
61. Chazeau, L.; Brown, J.D.; Yanyo, L.C.; Sternstein, S.S. Modulus recovery kinetics and other insights into the Payne effect for filled

elastomers. Polym. Compos. 2000, 21, 202–222. [CrossRef]
62. Hentschke, R. The Payne effect revisited. Express Polym. Lett. 2017, 11, 278–292. [CrossRef]
63. Çelik, O.N.; Ay, N.; Göncü, Y. Effect of nano hexagonal boron nitride lubricant additives on the friction and wear properties of

AISI 4140 steel. Part. Sci. Technol. 2013, 31, 501–506. [CrossRef]
64. Van Sang, L.; Yano, A.; Osaka, A.I.; Sugimura, N.; Washizu, H. Smoothed particle hydrodynamics and discrete element method

coupling for influence of hexagonal boron nitride lubricant particle on friction of elastic coarse-grained micronscale iron. J. Tribol.
2021, 144, 01190.

65. Samanta, S.; Sahoo, R.R. Covalently linked hexagonal boron nitride-graphene oxide nanocomposites as high-performance
oil-dispersible lubricant additives. ACS Appl. Nano Mater. 2020, 3, 10941–10953. [CrossRef]

66. Agnelli, S.; Pandini, S.; Serafini, A.; Musto, S.; Galimberti, M. Anisotropic nonlinear mechanical behavior in carbon nan-
otubes/poly (1, 4-cis-isoprene) nanocomposites. Macromolecules 2016, 49, 8686–8696. [CrossRef]

67. Agnelli, S.; Pandini, S.; Torricelli, F.; Romele, P.; Serafini, A.; Barbera, V.; Galimberti, M. Anisotropic properties of elastomeric
nanocomposites based on natural rubber and sp2 carbon allotropes. Express Polym. Lett. 2018, 12, 713–730. [CrossRef]

55



Nanomaterials 2024, 14, 30

68. Bokobza, L.; Chauvin, J.-P. Reinforcement of natural rubber: Use of in situ generated silicas and nanofibres of sepiolite. Polymer
2005, 46, 4144–4151. [CrossRef]

69. Locatelli, D.; Pavlovic, N.; Barbera, V.; Giannini, L.; Galimberti, M. Sepiolite as reinforcing Filler for Rubber Composites: From the
chemical Compatibilization to the commercial Exploitation. KGK Kautsch. Gummi Kunststoffe 2020, 73, 26–35.

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.

56



Citation: Pacella, A.; Ballirano, P.; Di

Carlo, M.C.; Fantauzzi, M.; Rossi, A.;

Nardi, E.; Viti, C.; Arrizza, L.;

Campopiano, A.; Cannizzaro, A.;

et al. Dissolution Reaction and

Surface Modification of UICC

Amosite in Mimicked Gamble’s

Solution: A Step towards Filling the

Gap between Asbestos Toxicity and

Its Crystal Chemical Features.

Nanomaterials 2023, 13, 2933. https://

doi.org/10.3390/nano13222933

Academic Editor: Meiwen Cao

Received: 4 October 2023

Revised: 2 November 2023

Accepted: 10 November 2023

Published: 12 November 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

Dissolution Reaction and Surface Modification of UICC
Amosite in Mimicked Gamble’s Solution: A Step towards
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Abstract: This study focuses on the dissolution process and surface characterization of amosite
fibres following interaction with a mimicked Gamble’s solution at a pH of 4.5 and T = 37 ◦C, up
to 720 h. To achieve this, a multi-analytical approach was adopted, and the results were compared
to those previously obtained on a sample of asbestos tremolite and UICC crocidolite, which were
investigated under the same experimental conditions. Combining surface chemical data obtained by
XPS with cation release quantified by ICP-OES, an incongruent behaviour of the fibre dissolution was
highlighted for amosite fibres, similarly to asbestos tremolite and UICC crocidolite. In particular, a
preferential release of Mg and Ca from the amphibole structure was observed, in agreement with their
Madelung site energies. Notably, no Fe release from amosite fibres was detected in our experimental
conditions (pH of 4.5 and atmospheric pO2), despite the occurrence of Fe(II) at the M(4) site of the
amphibole structure, where cations are expected to be rapidly leached out during mineral dissolution.
Moreover, the oxidation of both the Fe centres initially present on the fibre surface and those promoted
from the bulk, because of the erosion of the outmost layers, was observed. Since biodurability (i.e.,
the resistance to dissolution) is one of the most important toxicity parameters, the knowledge of the
surface alteration of asbestos possibly occurring in vivo may help to understand the mechanisms at
the basis of its long-term toxicity.
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1. Introduction

The term asbestos refers to a group including five fibrous amphiboles (amosite, i.e., the
fibrous variety of cummingtonite-grunerite; tremolite; actinolite; crocidolite, i.e., the fibrous
variety of riebeckite; and anthophyllite) and one fibrous serpentine mineral (chrysotile) [1].
Since the industrial age, asbestos has been intensively used in many products, mostly
including building materials, friction pads, and heat-resistant fabrics, due to its physical
and chemical properties, such as high mechanical strength, thermal insulation, and resis-
tance to high temperature [2]. The global asbestos industry experienced rapid expansion
during the 1960s and 1970s [3], and approximately 210 million tons of asbestos fibres were
extracted worldwide between 1900 and 2015 [4]. However, after World War II, an increasing
number of scientific studies revealed that the inhalation of asbestos can cause malignant
mesothelioma, lung diseases like carcinoma, asbestosis, and others [5]. Accordingly, in
1989, the International Agency for Research on Cancer (IARC) classified asbestos as Group
1 “substances carcinogenic to humans” [6]. Today, asbestos use is banned in more than 50
countries (International Ban Asbestos Secretariat, 2019) [7].

Today, the toxicity of inhaled asbestos is considered the result of a complex multistep
process governed by the interplay of all the physical/chemical and structural characteristics
of fibres, including morphology, chemical composition, surface reactivity, and biodurabil-
ity/biopersistence [8–16]. Among these factors, Fenton active iron ions exposed on the fibre
surface are considered to play a primary role by yielding HO• radicals, which have a high
potency to damage DNA, proteins, and lipids, and hence to induce carcinogenicity [17–20].
Because of this complexity, there are still open issues and disputes about the molecular
mechanism/s at the basis of the toxicity and carcinogenicity of mineral fibres [21].

Recently, surface reactivity studies on fibrous amphiboles (crocidolite and tremolite)
carried out by some of the current authors highlighted that the HO• production is related
to specific surface Fe sites rather than the total Fe content of the minerals [22–24]. More-
over, it was established that due to leaching under physiological conditions, the surface
modifications of the fibres may change the radical yield of amphibole asbestos depending
on fibre crystal chemistry, surface area, and leaching solution [22,23].

Hence, the knowledge of the fibre alteration occurring in simulated biological fluids is
the prerequisite step to understand how fibres may react with their biological surrounding.
Notably, this piece of information may help to shed new light on the mechanisms of
asbestos-induced toxicity.

This work focuses on the surface modifications of amosite fibres during incubation
in a mimicked Gamble’s solution (MGS) at pH 4.5, up to one month. Leached fibres were
studied by using a multi-analytical approach: field-emission scanning electron microscopy
(FE-SEM) was used to characterize the fibre morphology and inductively coupled plasma
optical emission spectrometry (ICP-OES) was employed to measure the cation release into
the leaching solution. The analytical approach based on X-ray photoelectron spectroscopy
(XPS), exploited for characterizing the other asbestos fibres, was here adapted to monitoring
possible changes of surface chemistry, and includes the Fe speciation of the amosite. Powder
X-ray diffraction (PXRD) and high-resolution transmission electron microscopy (HR-TEM)
were used to observe possible nanostructural modification of the fibres. The results are
discussed comparing them with those obtained on asbestos tremolite and crocidolite
previously investigated under the same experimental conditions [25].

2. Materials and Methods

2.1. Materials

A sample of amosite (fibrous grunerite) standard sample from Penge mine (South
Africa), supplied by the Union International for Cancer Control (UICC), was investi-
gated in this work. The detailed crystal chemical and structural characterization of
the sample is reported in Ballirano et al. [26]. The corresponding empirical formula is:
A(Na0.02)Σ0.02

B(Fe2+
1.54Mn0.29Na0.10Ca0.07)Σ2.00

C(Fe2+
2.92Mg1.93Fe3+

0.15)Σ5.00
T(Si7.93Al0.07)Σ8.00

O22.00
W(OH2.00)Σ2.00.
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Rietveld refinement results evidenced that Fe2+ is allocated in the octahedral layer
following the site preferences M(1) ≈ M(3) > M(2), whereas Mg is preferentially ordered at
M(2). A quantitative phase analysis indicated about 10 wt.% of accessory phases including
quartz (ca. 4 wt.%), ankerite (ca. 1 wt.%), and traces of stilpnomelane and biotite/annite.
The surface area of the samples, measured by nitrogen physisorption (BET), resulted to be
4.5 m2 × g−1.

2.2. Dissolution in MGS

Dissolution experiments were carried out under static conditions in the same experi-
mental conditions used for UICC crocidolite and fibrous tremolite [25]. Briefly, samples
were incubated (20 mg) in MGS (40 mL) at pH 4.5 and kept at 37 ◦C for up to 1 month with
gentle shaking. Aliquots of the suspension were filtered on nitrocellulose filter membranes
(porosity of 0.22 μm) and analysed by ICP-OES using a Perkin–Elmer Optima 2000 DV
ICP-OES spectrometer (Perkin–Elmer, Norwalk, CT, USA). To remove any residues of the
solution, the fibres deposited on filters were rinsed with ultrapure deionized water and
then stored under argon prior to the SEM, TEM, XRPD, and XPS investigations.

2.3. FE-SEM Investigation

SEM images were acquired by using FESEM Thermo Fischer Apreo 2 S LoVac (Brno-
Černovice, Czech Republic). Samples were mounted on a stub with conductive carbon tape,
and a 5 nm of chromium film was deposited on the sample surface to make it conductive
during measurements.

2.4. HR-TEM Investigation

A TEM analysis was performed using a JEOL JEM-2010 (Tokyo, Japan) microscope op-
erating at 200 kV, equipped with a LaB6 source, an Energy Dispersive System (EDS) (Oxford
ISIS, Oxford, UK) for microanalysis, and an Olympus Tengra CCD camera (2 k × 2 k × 14 bit)
for image acquisition. Aliquots of the samples (pristine amosite and 1 month in MGS
incubated amosite) were pipetted on 200-mesh Cu grids supported with holey carbon film,
then carbon-coated to increase conductivity.

2.5. Powder X-ray Diffraction (PXRD)

X-ray powder diffraction data were collected on a D8 Advance (Bruker AXS, Karl-
sruhe, Germany) running in θ/θ transmission mode using a capillary as a sample holder.
The sample incubated for 1 month in MGS (A-720 h) was loaded in a 0.5 mm diameter
borosilicate glass capillary. The instrument is equipped with an incident beam focussing
graded multilayer Göbel mirror and a PSD VÅntec-1. The diffraction pattern was measured
in step-scan mode, using CuKα, in the 6–145◦ 2θ angular range, 0.022◦ 2θ step size, and 20 s
counting time. Data were evaluated by the Rietveld method using Topas V6 (Bruker AXS,
Billerica, MA, USA, 2016), which uses the fundamental parameters approach (FPA) [27] for
describing the peak shape. Preliminary scrutiny of the pattern indicated the persistence
of the same phases at the minor/trace level reported in Ballirano et al. [26], and the same
computational procedure was applied. Quartz, ankerite, and garnet were included in the
Rietveld refinement. Differently, the main reflections of stilpnomelane and biotite/annite
were approximated by two peaks not related to any structure, whose position, intensity,
and breadth were also refined following the same procedure described by Pacella et al. [25].
Only scale factors, cell parameters, and peak shapes were refined for quartz, ankerite, and
garnet. The structure of amosite was refined keeping all displacement parameters fixed
to reference data [28], and no restraints on bond distances and angles were imposed. Site
scattering (s.s.) at M(1), M(2), M(3), and M(4) was optimized. Neither split M(4′) site nor
A-type sites were observed in agreement with Ballirano et al. [26]. The refinement was
performed using the normalized symmetrized spherical harmonics functions, reported by
Järvinen [29], for describing the anisotropic peak broadening of the diffraction pattern. Ab-
sorption correction was performed using the equation of Sabine et al. [30] for a cylindrical
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sample, and the presence of preferred orientation was modelled using normalized sym-
metrized spherical harmonics functions (fourth order, eight refinable parameters) following
the approach of Ballirano [31]. The results of the quantitative phase analysis (QPA) are
reported in Table 1. Statistical indicators of the refinement and cell parameters of A-720 h
are listed in Table S1, whereas a magnified view (5–80◦ 2θ) of the Rietveld plots is shown in
Figure S1. The CIF file of A-720 h is deposited as supporting material at the journal’s site.

Table 1. QPA of the UICC amosite samples. Data of pristine samples taken from Ballirano et al. [26].

Phases Pristine A-720 h

Amosite 94.87(8) 95.74(8)
Quartz 3.79(5) 3.86(7)

Ankerite 0.76(4)
Garnet 0.58(4) 0.40(4)

Stilpnomelane traces traces
Biotite/annite traces traces

Hydrated sulphates - traces

2.6. XPS Investigation

An XPS investigation was carried out by using a Theta Probe X-ray photoelectron
spectrometer (Thermo Fisher Scientific, Waltham MA, USA) equipped with a flood gun
neutralizer for charge compensation. All spectra were acquired using Al Kα1,2 source
(hν = 1486.6 eV) and a 400 μm spot size. The analyser operated in the fixed analyser
transmission (FAT) mode, with pass energy (PE) set at 200 eV and at 100 eV for the survey
spectra and for the high-resolution spectra, respectively. The linearity of the binding energy
scale was checked by periodic calibration following ISO 15472:2010 [32]. The binding energy
scale was referred to the signal at 285.0 eV of adventitious aliphatic carbon. More details
on the curve fitting of the spectra are reported in our previous works [33]. The surface fibre
composition was reported in atomic percentages, and it was calculated correcting the peak
area for Scofield’s photoionization cross-sections [34], the asymmetry function [35], the
transmission function correction, and the attenuation length [33]. Data are reported as the
average values of three different analysed areas, with standard deviation in brackets.

3. Results

3.1. Morphological Investigation

The FE-SEM images show that amosite fibres, similarly to crocidolite fibres [25], are
straight and rigid, and are arranged in bundles of variable dimensions of ca. 1–5 μm × 20–1000 μm
(diameter × length) with split ends (Figure 1a). Images at high magnification (Figure 1b)
show single fibrils of nanometric diameter (ca. 150–300 nm) with a partially irregular
surface, indicating the possible occurrence of an amorphous layer due to weathering
processes [25]. Moreover, after immersion in MGS for up to 1 month (sample A-720 h), in
rare cases, some effects of the dissolution are evident on the fibres, their surface being more
lobate and irregular with respect to that of the starting material (Figure 1c).

The TEM observations reveal similar nanostructures for pristine and A-720 h sam-
ples. In both samples, fibre size and aspect ratio are highly variable, with a maximum
diameter of 500–600 nm (e.g., Figure 2a,c, for pristine and A-720 h samples, respectively).
High-magnification images reveal the constant occurrence of an ultrathin amorphous film,
approximately 10–30 nm wide, surrounding the amosite fibres (Figure 2b,d). The amor-
phous film also occurs at fibre terminations. The only remarkable difference between
pristine amosite and A-720 h treated fibres is an average increase in the amorphous film
thickness at fibre termination in the treated sample (up to 25 nm), where rare irregular,
wavy lattice fringes may occur, and suggesting possible precipitation of smectite-like layers.
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Figure 1. FE-SEM images of amosite fibres: (a) pristine amosite showing straight and rigid morphol-
ogy arranged in bundles; (b) high magnification image showing pristine fibrils with nanometric
diameter (ca. 150–300 nm); (c) high magnification image of fibres after incubation in MGS for up to
1 month showing an irregular surface due to dissolution process.

Figure 2. Bright-field TEM images of pristine amosite (a,b) and amosite after 1 month of incuba-
tion (c,d) at variable magnification. Lattice fringes in (b,d) correspond to (020) with d-spacings
of 9.05–9.20 Å. Double-arrowed white lines highlight the thin amorphous film surrounding both
pristine and treated amosite fibres.

3.2. Structural Analysis

The cell parameters and volume of the A-720 h sample are very close to those of
the pristine one (Table S1). The QPA results testify the complete dissolution of ankerite
observed in the pristine sample. Moreover, the presence of an extra reflection at ca. 18◦
2θ, already observed for other amphiboles (UICC crocidolite and tremolite: [25]) upon
dissolution experiments in MGS at acidic conditions, was assigned to newly precipitated
hydrated sulphates. Relevant bond distances of A-720 h are reported in Table S2, where
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they are compared to those of the pristine sample [26]. The differences are marginal and
testify the absence of significant structural variations at the bulk level. The same applies to
the site scattering (s.s.) of the cation sites (Table S3) and the site partition at the B and C
sites (Table S4). Cation partition was calculated assuming that all Mn is allocated at M(4).

Comparison with the pristine sample possibly indicates only a minor oxidation of Fe2+

at C sites. The <<M(1), M(2), M(3)–O>> is of 2.111 Å as compared to 2.114 Å of the pristine
sample [26]. The C group sites preference of Fe2+ follow the same M(1) ≈ M(3) > M(2),
with Mg preferentially ordered at M(2), of the pristine sample, in agreement with the
reference data of Hirschmann et al. [36]. An indirect Fe2+/Fe3+ partition was performed
by comparing the <rM> mean cationic radii calculated from both the refined <M(1,2,3)–O>
bond distances and from the proposed site partition (Table S4). The results confirm the
unusual preferential allocation of Fe3+ at M(1) (0.15 apfu) and M(3) (0.09) observed in
the pristine sample, plus minor Fe3+ at M(2) (0.03 apfu) for a total of 0.27 Fe3+ apfu to be
compared to 0.15 Fe3+ apfu of the untreated sample.

3.3. Dissolution Process

The results of the ICP-OES analyses after fibre incubation in the MGS are shown
in Figure 3 and Table S5. Si and Mg release shows a parallel trend, both increasing
with incubation time, from 57(1) mg/kg up to 2169(62), and from 394(3) mg/kg up to
985(36) mg/kg, respectively (Figure 3).

Figure 3. Released cations from the UICC amosite sample during incubation in MGS at pH 4.5 for up
to 1 month (720 h).

Ca and Fe release mainly occurs in the first stages of dissolution (48 and 24 h of
incubation, respectively). The observed release of Fe and Ca may be attributed to the
dissolution of ankerite [calcium, iron carbonate: CaFe(CO3)2] in the hand sample, in
agreement with the QPA results showing the absence of this accessory phase in the sample
incubated for up to 1 month in MGS (Table 1). It must be pointed out that the concentration
of released Ca is higher than that expected from the dissolution of only ankerite: considering
the dissolution of ca. 0.76 wt.% of ankerite, the concentration of Ca and Fe should be roughly
1500 and 1200 mg/kg, respectively. Thus, due to the occurrence of the small content of Ca in
the amosite structure, Ca leaching from the fibres cannot be ruled out. Moreover, the small
amount of Fe detected in the solution (up to 720 mg/kg) indicates the possible formation
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of Fe-bearing secondary phases (hydrated sulphates), as revealed by PXRD data reported
in Table 1). This hypothesis is further supported by the absence of Fe in the solution for
longer incubation times (1 month).

3.4. Surface Chemistry

The XPS survey spectra of the amosite samples after suspension in MGS are reported
in Figure S2 and show the presence of Si, O, Fe, Mg, Ca, and Na, together with C, due to the
presence of the adventitious carbon caused by the contact with the laboratory atmosphere
and aqueous solutions. Specifically, no S and Cl signals that might be due to the incubating
solution were found on the fibre surface. The binding energy of the principal photoelectron
lines are shown in Table S6. The high-resolution spectra were processed to gain data on the
chemical state of the elements.

Si 2p peaks were fitted with a doublet due to spin orbit coupling. The energy separation
between the 2p3/2 and 2p1/2 components and their area ratio were constrained to 0.8 and 2:1,
respectively. The binding energy of Si 2p3/2 was found to be in the range 102.5 (0.1)–102.7
(0.1) for the considered samples (Table S6) and agrees with that reported in our previous
investigations [33]. The oxygen O 1s peak resulted to be multicomponent with a signal due
to oxygen in oxides in the range 530.0–530.2 eV; the component due to bridging oxygen
is at 532.2 eV, and the components assigned to non-bridging oxygen in silicates and -OH
are found at about 531.2 eV [33]. The quantitative surface composition of both pristine
and MGS-incubated fibres is reported in Table 2. Compared to the bulk composition, an
enrichment in Mg and Si with respect to Fe is evident on the surface of pristine fibres
(Table 2), likely due to weathering processes, as we already observed for UICC crocidolite
fibres [25]. It must be pointed out that, owing to their very low amount in the hand sample,
the contribution of accessory phases to the XPS measurements may be considered negligible.

Table 2. Surface quantitative composition (at%) of both pristine and amosite samples after incubation
in MGS. Average values and standard deviation (in parentheses) over three measurements are
reported. The composition of the bulk obtained by chemical analysis is reported for comparison.

Sample O Si Mg Fe Na Ca

Bulk 62.1 20.5 5.0 11.9 0.3 0.2
Pristine 57.8 (0.4) 28.4 (0.5) 7.3 (0.2) 5.9 (0.3) n.d. 0.6 (0.2)
A-1 h 62.1 (0.7) 24.7 (0.8) 6.0 (0.8) 4.9 (0.1) 2.0 (0.3) 0.3 (0.1)
A-24 h 62.4 (0.6) 24.8 (0.7) 5.5 (0.2) 5.35 (0.05) 1.8 (0.3) 0.15 (0.03)
A-48 h 63.1 (0.5) 24.5 (0.2) 4.6 (0.4) 5.9 (0.1) 1.9 (0.4) n.d.

A-168 h 63.6 (0.6) 23.4 (0.4) 5.3 (0.3) 6.1 (0.2) 1.5 (0.2) n.d.
A-720 h 63.7 (0.2) 24.4 (0.7) 4.5 (0.4) 6.2 (0.2) 1.1 (0.1) n.d.

The Fe 2p3/2 high-resolution spectra of the samples are shown in Figure S3. Following
Fantauzzi et al. [33], the signals were resolved in three components assigned to: (i) Fe(II)
bound to oxygen with its satellite, at about 709.0 eV; (ii) Fe(III) bound to oxygen found
at 710.6 eV; and (iii) FeOOH at 711.7 eV. The percentage of each component is shown in
Table 3. Significant variations of the Fe components were observed only in the first hour of
sample incubation in MGS. In particular, the intensity of the Fe(II)-O signal decreases from
ca. 70% of the total peak area in the pristine sample down to ca. 60%, at the expense of the
Fe(III)-O signal, which increases from ca. 3% up to ca. 18%. Moreover, the signals remain
almost constant up to the end of the experiment.
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Table 3. Relative intensities of Fe 2p3/2 components (area%) in UICC amosite samples (A). Results of
Pacella et al. [25] obtained for UICC crocidolite (C) and asbestos tremolite (T) investigated under the
same experimental conditions are reported for comparison.

A: UICC Amosite
(This Work)

B: UICC Crocidolite
(Pacella et al. [25])

C: Tremolite
(Pacella et al. [25])

Sample Fe(II)-O Fe(III)-O Fe-OOH Sample Fe(II)-O Fe(III)-O Fe-OOH Sample Fe(II)-O Fe(III)-O Fe-OOH

Pristine 71(3) 3(1) 26(4) Pristine 29 10 61 Pristine 21(1) 19(1) 60(1)
A-1 h 59(3) 18(4) 23(2) T-1 h 11(2) 5(1) 84(3) C-1 h 24(1) 20.8(0.2) 55.3(0.2)
A-24 h 65(1) 12(1) 23(1) T-24 h 13(1) 2(1) 85(1) C-24 h 25(1) 23(1) 53(2)
A-48 h 59(3) 15(2) 26(4) T-48 h 19(1) 3(1) 78(2) C-48 h 30.5(0.2) 20.6(0.9) 49(1)

A-168 h 56(1) 18.0(0.1) 26(1) T-168 h 13(1) 10(2) 77(3) C-168 h 28.9(0.1) 23(3) 48(3)
A-720 h 59(5) 15(3) 26(2) T-720 h 15(2) 8(2) 77(2) C-720 h 29(2) 18(1) 53(1)

4. Discussion

Cation release as a function of the sample incubation time is reported in Figure 3 and
Table S5. It must be pointed out that the observed release of Fe and (at least a fraction of) Ca
was ascribed to the dissolution of a small amount of ankerite, a carbonate mineral soluble
at acidic pH, occurring in the hand sample (Table 1).

Comparing the Si/Mg ratio of the leached cations (based on nanomoles) at the various
sampling times with that retrieved from the surface chemical analysis (Figure 4), a prefer-
ential Mg release from the amosite fibres is evident, especially in the first 48 h, as already
observed for the dissolution of asbestos tremolite and UICC crocidolite samples [25]. Ac-
cordingly, the incongruent behaviour of the dissolution process was also highlighted by the
XPS results (Tables 2 and 4) showing a depletion of Mg and Ca on the surface of the leached
fibres, in agreement with their Madelung site energies in the amphibole structure [37,38].

Figure 4. Dissolution of amosite fibres in MGS at pH 4.5 in the range 0–720 h: Si/Mg ratio (as
nmol/mg) in the solution at each sampling time as compared to that arising from XPS analysis of the
pristine sample. Dotted line shows the Si/Mg ratio on the fibre surface, retrieved from XPS analysis.

Table 4. Silicon/cation ratios on the surface of the amosite fibres as a function of the incubation time.

Sample Si/Mg Si/Fe Si/O

Pristine 3.9(0.2) 4.8(0.3) 0.49(0.01)
A-1 h 4.1(0.7) 5.0(0.3) 0.40(0.02)
A-24 h 4.5(0.3) 4.6(0.2) 0.40(0.02)
A-48 h 5.3(0.5) 4.2(0.1) 0.39(0.01)

A-168 h 4.4(0.3) 3.8(0.2) 0.37(0.01)
A-720 h 5.4(0.6) 3.9(0.2) 0.38(0.01)
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Notably, the selective removal of cations from the amphibole structure, leading to
surface amorphization, was highlighted by Germine et al. [39] on fibrous tremolite samples
following in vivo alteration. Later, Germine et al. [40] found that the neo-formed surface
layer is not completely amorphous but is composed of sub-nanometer silica-rich particles
with the potential to penetrate deeply into DNA interiors. The Fe enrichment on the fibre
surface (Table 4) indicates no Fe leaching from the amosite fibres in the adopted experimen-
tal conditions (pH of 4.5 and atmospheric pO2), despite significant Fe(II) occurrence at the
M(4) site [26], where cations are expected to be rapidly leached out during amphibole dis-
solution on the basis of its Madelung site energy [37,38,41]. Moreover, the Na enrichment
on the sample surface during incubation is likely due its adsorption on the fibre surface
from the MGS solution (Table 4).

Concerning Fe speciation, pristine fibres show a more oxidized surface with respect
to the bulk (Fe(II)/Fetot ratios are 97% for the bulk and 71% for the surface), with Fe(III)
mainly present as FeOOH (26% of the total surface Fe content). For the MGS incubated
samples (Table 3), the intensity of the Fe(II)-O component decreases in the first hour of
incubation, from about 71% to ca. 59% of the total Fe, and is coupled with a parallel
increase in the Fe(III)-O component (from ca. 3% to ca. 15% of the total Fe). Moreover,
the increase in the Fe(III)-O component on the surface is in agreement with the increased
oxygen content observed in the same interval of time (Table 4). The depletion of Fe(II)
centres on the surface indicates that for amosite fibres the Fe oxidation is faster than
the fibre dissolution in the first hour of incubation, similarly to what was observed for
samples of fibrous tremolite [25]. However, for amosite fibres, the Fe(II) reduction is less
marked, being only ca. 17% of the total surface Fe(II), whereas for tremolite it is much more
pronounced [ca. 62% of the total surface Fe(II) present in the pristine sample is oxidized
in the same interval of time]. Moreover, in the asbestos tremolite sample, the oxidation
converted Fe(II) into FeOOH (Table 3), very likely located in the outer part of the sample
surface [33]. This might be attributed to the slow dissolution rate of the investigated fibres,
affected by both their crystal chemical features and low surface area (ca. 2.7 m2 × g−1

for Maryland tremolite, see Pacella et al. [25]). Notably, the observed trend is opposite
to that of UICC crocidolite, which shows an increase in the Fe(II) component coupled
with a decrease in the FeOOH component (Table 3). This is a consequence of the fast fibre
dissolution that removes the outer layer and promotes the exposure of new Fe sites from
the bulk, especially in the form of Fe(II) of which the bulk is enriched with respect to the
surface. Considering that for amosite fibres the FeOOH component keeps constant with
incubation time, the moderate conversion of Fe(II)-O to Fe(III)-O observed in the first hour
of incubation (Table 3) may be interpreted as the result of both the oxidation of the Fe centres
initially present on the fibre surface and those emerging from the bulk following mineral
dissolution. Those interpretations are supported by the Rietveld structural analysis that
indicates a minor oxidation of Fe(II) of the bulk. Notably, for amosite (ca. 4.5 m2 × g−1),
the lower surface area with respect to that of crocidolite (ca. 8.7 m2 × g−1) likely hinders
a sustained occurrence of Fe(II) centres on the fibre surface (Table 3). This agrees with
previous results obtained on two fibrous tremolite samples with largely different surface
areas revealing that both the processes of dissolution and surface modification are slower
for the sample with the lowest surface area [23]. Moreover, starting from 24 h of sample
incubation, an equilibrium between Fe oxidation rate and fibre dissolution kinetics is
established (Table 3). To make a comparison of the biodurability among these amphibole
asbestos samples, the dissolution rate of amosite fibres normalized to their surface area was
quantified, according to Pacella et al. [25], using the Si release in the unsaturated region
(0–48 h). The value obtained was dSi/dt = 0.002 μmol × h−1 × m−2 (R2 = 0.99), in between
that retrieved from UICC crocidolite and asbestos tremolite (dSi/dt = 0.007 μmol × h−1

× m−2 and 0.0004 μmol × h−1 × m−2, respectively). This result unequivocally confirms
previous findings postulating: (i) a quicker dissolution for Fe-rich silicates with respect to
their isostructural, iron-free analogues [37,42]; (ii) asbestos tremolite durability is among
the highest compared to any other amphibole asbestos [43–48].
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5. Conclusions

In this work, the dissolution process in MGS at acidic pH (ca. 4.5), and the following
chemical and structural surface alterations of UICC amosite fibres, were investigated by
a well-tested multi-analytical approach. The results obtained were compared with those
previously acquired, under the same experimental conditions, on asbestos tremolite and
UICC crocidolite samples.

Despite a similar dissolution process (i.e., incongruent dissolution with preferential
release of Mg and Ca leading to surface amorphization, and absence of Fe release), differ-
ences in biodurability among the samples were highlighted. In particular, the release of
Si based on an equivalent surface area showed that amosite fibres have an intermediate
biodurability between that of crocidolite (lowest biodurability) and asbestos tremolite
(highest biodurability). Moreover, for both amosite and asbestos tremolite samples, the
transformation of bulk Fe(II) centres to surface ions is overwhelmed by the Fe oxidation
rate in the first stages of dissolution. Accordingly, a depletion of surface Fe(II) is observed
for the leached samples with respect to the pristine ones.

The results of our group showed that the alteration of the fibre surface following
dissolution may induce the occurrence of under-coordinated Fe ions, which primarily
contribute to the overall fibre reactivity. On this basis, the fibre dissolution kinetics can
drive the extent of surface alteration that in turn modulates the fibre chemical reactivity
and, possibly, its ability to interact with the biological environment in vivo (i.e., radical
generation by Fenton reaction, protein adsorption, etc.). Since biodurability is assumed
to be a relevant toxicity parameter, the knowledge of the surface alteration fibres possibly
occurring in lung fluids is of primary importance to assess the mechanisms underlying the
observed long-term toxicity of asbestos. To provide a much more detailed picture of the
possible surface modifications occurring in vivo, other works focusing on the treatment of
fibres with real fluids present in the lungs are in progress.
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Abstract: Molybdenum disulfide (MoS2) is a layered transition metal-sulfur compound semiconduc-
tor that shows promising prospects for applications in optoelectronics and integrated circuits because
of its low preparation cost, good stability and excellent physicochemical, biological and mechanical
properties. MoS2 with high quality, large size and outstanding performance can be prepared via
chemical vapor deposition (CVD). However, its preparation process is complex, and the area of
MoS2 obtained is difficult to control. Machine learning (ML), as a powerful tool, has been widely
applied in materials science. Based on this, in this paper, a ML Gaussian regression model was
constructed to explore the growth mechanism of MoS2 material prepared with the CVD method. The
parameters of the regression model were evaluated by combining the four indicators of goodness of
fit (r2), mean squared error (MSE), Pearson correlation coefficient (p) and p-value (p_val) of Pearson’s
correlation coefficient. After comprehensive comparison, it was found that the performance of the
model was optimal when the number of iterations was 15. Additionally, feature importance analysis
was conducted on the growth parameters using the established model. The results showed that the
carrier gas flow rate (Fr), molybdenum sulfur ratio (R) and reaction temperature (T) had a crucial
impact on the CVD growth of MoS2 materials. The optimal model was used to predict the size of
molybdenum disulfide synthesis under 185,900 experimental conditions in the simulation dataset so
as to select the optimal range for the synthesis of large-size molybdenum disulfide. Furthermore, the
model prediction results were verified through literature and experimental results. It was found that
the relative error between the prediction results and the literature and experimental results was small.
These findings provide an effective solution to the preparation of MoS2 materials with a reduction in
the time and cost of trial and error.

Keywords: machine learning; Gaussian regression model; CVD; MoS2; area prediction

1. Introduction

MoS2 is a typical layered transition metal-sulfur compound. Single-layer MoS2 is a
sandwich structure with S-Mo-S overlapping, which has a good band gap structure [1].
Under certain external conditions, it will transit from an indirect to direct bandgap semi-
conductor, exhibiting strong photoluminescence when confined in a 2D monolayer [2]. It is
expected to be a candidate for next-generation application in the field of nanoelectronics
devices, which has aroused the interest of many researchers. As early as 2011, B. Radisavl-
jevic and A. Radenovic et al. reported that semiconductors made of single-layer MoS2 thin
films can be used to manufacture electronic chips with smaller volume, better performance
and higher efficiency [3]. In recent years, the preparation of large-area, high-quality MoS2
thin films has become the focus of research, and its application areas have been constantly
expanding, with typical representatives being next-generation nanoelectronics [4,5], biosen-
sors [6], solar cells [7,8], etc. However, the area of MoS2 has an extremely important impact
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on the characteristics of the prepared devices. For example, a new single heterojunction
solar cell structure based on n-type MoS2 and WS2 was prepared with its photovoltaic
characteristics being greatly affected by the area of MoS2 and WS2 [9]. At present, the
common method for preparing MoS2 is chemical vapor deposition (CVD). CVD, a method
of reacting chemical gases or vapors on the surface of a matrix to synthesize coatings
or nanomaterials, is the most widely used technology in the semiconductor industry for
depositing a variety of materials, including a wide range of insulating materials, most metal
materials and metal alloy materials. In theory, it is simple: after the introduction of two or
more gaseous raw materials into a reaction chamber, they chemically react with each other
to form a new material, which is deposited on the wafer surface. The single layer of MoS2
generated on the substrate often has a certain triangular shape, and the reaction needs to
be carried out under high-temperature conditions. If the reaction time is too long, certain
sulfur, molybdenum and their compounds will be deposited on the generated MoS2, which
will have a considerable impact on the area of the generated MoS2. Lee et al. obtained
a continuous MoS2 film with a size of up to 2 mm through the vulcanization of MoO3,
but the film was not a uniform monolayer [10]. Hence, the preparation of large-area and
high-quality MoS2 thin films remains a challenge.

With the deepening of computer science research, an increasing number of machine
learning algorithms, such as support vector machines, naive Bayes, artificial neural net-
works, decision trees, etc., are being widely used. In chemical synthesis, James M. Tour et al.
used the parameters of mass, capacitance, voltage, pretreatment and duration and then
applied an ensemble of models to predict the yield of graphene, an extremely important
material in wastewater treatment [11]. Chen et al. successfully achieved the two-step
hydrothermal synthesis of VO2 under the guidance of machine learning and evaluated the
performance of the machine learning model. The RF model had the best performance, with
a prediction accuracy of 87.27% [12]. Chen et al. realized the controllable synthesis of mul-
ticolor discs with the assistance of machine learning, providing new ideas for the rational
design and improvement of optical disc performance in the future [13]. Our research group
successfully achieved controllable preparation of MoS2 using an extreme gradient boosting
(XGBoost) model with an average prediction accuracy of over 88% and an AUC value of
up to 0.91. The multilayer perceptron (MLP) model, with an average prediction accuracy of
75% and an AUC value of 0.8, was used to successfully realize the controllable preparation
of MoS2 materials [14]. Machine learning can largely compensate for the shortcomings of
cumbersome experimental steps, long experimental time and high cost in the traditional
material research process. However, further exploration is needed to prepare MoS2 films
with larger areas for better applications.

Therefore, a Gaussian regression model was constructed using machine learning via
the collection of 200 sets of experimental data obtained in the laboratory and literature.
Furthermore, the best model parameters were found to optimize the synthesis conditions
and predict the experimental results by changing the iteration number of the model cross
validation, thus providing theoretical support for the MoS2 preparation of a given area.

2. Methods

Machine learning reveals the potential relationship between synthesized feature data
through training and learning models and then fits the experiments to select the optimal
experimental synthesis conditions. The research of machine learning in materials mainly
includes, as shown in Figure 1, data acquisition and processing, feature engineering, model
building, simulation data analysis and verification [15]. MoS2 is prepared by adding
precursors (molybdenum and sulfur sources) and controlling the macroscopic parameters
of the reaction (such as reaction temperature, the ratio of the two molybdenum trioxide and
sulfur element precursors, carrier gas flow rate, reaction time, etc.). For the purposes of this
paper, the larger the side-length size of the synthesized triangle MoS2 is, the larger its area.
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Figure 1. Machine learning-assisted CVD synthesis of a large-area MoS2 workflow diagram.

2.1. Data Acquisition and Processing

To form a dataset, 200 sets of experimental conditions for CVD synthesis of MoS2 were
collected from the literature and laboratory (see Table S1 from the Supporting Information).
The molybdenum-to-sulfur ratio, carrier gas flow rate, reaction temperature, reaction
time and side-length dimensions of the synthesized triangular MoS2 were recorded. Due
to the different selection of samples, the collected data were preprocessed to remove
some duplicate experimental conditions and results. Subsequently, 200 sets of data in the
dataset were statistically analyzed, with the scatterplots of each characteristic variable and
experimental results being shown in Figure 2. The 200 sets of experimental condition data
in our dataset originated from different laboratories, and there might have been a few subtle
differences in the experimental conditions. In our study, apart from the four characteristic
parameters selected, other parameters were not the main factors affecting the experimental
results. Rather, the other parameters were idealized and considered consistent during the
experiment process.

The triangular MoS2 edge lengths synthesized with CVD in the dataset ranged from
0.5 μm to 300 μm. Among them, those greater than 30 μm were defined as delimiting a
large area [16,17] and accounted for 48% of the total. The area size of MoS2 corresponds to
different experimental conditions, and there is an urgent need for a machine learning model
that can predict the generation area of MoS2 based on the input of experimental conditions.
In this study, the Gaussian regression model was used to fit the influence of each feature
parameter on the experimental results to predict the area size of the obtained MoS2.
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Figure 2. Scatter plots of each feature parameter and size in the dataset. (a) Molybdenum sulfur ratio,
(b) carrier gas flow rate, (c) reaction temperature, (d) reaction time.

2.2. Feature Engineering

In order to reduce model computation time and make the fitting effect of the regression
model better, it is necessary to select the feature data that are a completely decisive factor
for the synthesized area of MoS2. Four characteristic parameters, including the ratio of
two precursors (molybdenum trioxide and sulfur, R), carrier gas flow rate (Fr), reaction
temperature (T) and reaction time (Rt) were selected during the establishment of the model.
The characteristics of the dataset for describing the potential relationship between the size
of MoS2 and the selected characteristic values are shown in Table 1; the distribution of each
feature parameter data in the dataset is described through means and standard deviations.
In machine learning, the Pearson correlation coefficient is a statistical data test used to reflect
the degree of similarity between two variables. It can be used to determine whether the
relationship between the extracted feature descriptors and categories is positive, negative
or noncorrelated. The correlation among the four selected feature parameters is shown in
Figure 3. Among them, the molybdenum-to-sulfur ratio was positively correlated with
the reaction temperature and reaction time. In addition, the reaction time and the carrier
gas velocity were also positively correlated. Among all the correlation coefficients, the
maximum value was 0.21, indicating that the independence of the different variables was
good and that there would be little influence exerted between them.
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Table 1. Characteristics of the MoS2 dataset prepared with CVD.

Notation Feature Unit Mean Standard Deviation

R(Mo:S) Molybdenum-to-sulfur ratio 0.12 0.18
Fr Gas flow rate sccm 105.10 120.70
T Reaction temperature K 1045.36 82.41
Rt Reaction time min 22.39 33.15

Figure 3. Pearson matrix heat map of the four characteristic parameters in CVD synthesis of MoS2.

There are many experimental variables in the preparation of MoS2. In addition to
the above four characteristic parameters, there were other parameters that needed to be
considered in the actual CVD preparation of the MoS2 experiment, such as the heating rate
during the reaction, potential addition of NaCl, boat configuration, and the pressure in the
quartz tube. In the reaction process, NaCl can be added in order to promote the formation
of a monolayer of molybdenum disulfide film and the increase of film area. Studies have
shown that mixing metal oxides with salts can generate droplets or metal chloride oxides,
which increase the mass flux and vapor pressure of the Mo source as well as the reaction
and nucleation rate [18]. However, it does not affect the resulting molybdenum disulfide
film. The boat configuration has a certain influence on the uniformity of the molybdenum
disulfide film. It has been also found that the heating rate of the reaction is closely related
to the pressure in the quartz boat during the reaction. If these two parameters are trained
in learning, the reliability of the model will be reduced, which will affect the model
evaluation index and prediction results. The environmental conditions of the laboratory,
mainly those related to temperature and humidity, can also have a certain impact on the
experimental results,. However, in the process of preparing molybdenum disulfide with
CVD method, the whole experiment was carried out in a CVD furnace, and the synthesis
of molybdenum disulfide was less affected by laboratory environmental conditions. Due to
the large amount of literature exploring the influence of the four characteristic quantities
on the prepared thin film area, no other characteristic parameters were selected to describe
this experiment. Although these feature parameters were not selected to explore their
impact on the experimental results, controlling the consistency of other variables during
the experimental process could reduce the impact of the experimental results.
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The molybdenum source commonly used for preparing MoS2 is molybdenum trioxide
powder, and the sulfur source is sulfur powder. The schematic diagram of the experimental
boat is shown in Figure 4. The positions of the precursor molybdenum source and sulfur
source are at the center of the quartz boat, and the substrate material is SiO2. The carrier
gas is the inert gas argon. The cooling method is natural cooling. By fixing the above
parameters to reduce the parameters in the training process of the model, we could shorten
the training time of machine learning.

Figure 4. Schematic diagram of the MoS2 experimental vessel prepared via CVD.

2.3. Model Establishment

Gaussian process regression (GP_R) is a regression model based on the Gaussian
process. This model obtains a Gaussian distribution function by fitting the data to obtain ac-
curate prediction results [19]. Gaussian process (GP) is a commonly used stochastic process
model. In the field of machine learning, GP is a machine learning method developed on the
basis of the Gaussian stochastic process and Bayesian learning theory. It is strictly anchored
in statistical learning theory and has a good adaptability in dealing with complex problems,
such as high dimensions, small samples, nonlinearity, etc. The Gaussian regression model
has greater flexibility and prediction accuracy than does traditional regression, and it can
adapt to different data distributions and model complexity with more accurate prediction
results than can traditional regression (linear or quadratic). Therefore, the Gaussian regres-
sion model was deemed highly suitable for the data set collected. GP has also become a
research hot spot in the field of machine learning and been successfully applied in many
fields [20–24].

There is a complex correlation between the experimental results and the selected
feature parameters, but the number of datasets obtained was relatively small. Hence, cross-
validation was conducted on the established regression model to verify its performance [25].
The principle of this process is to divide the dataset into two parts: a training set and a test
set. The model was trained through the training set, and the performance of the model
was verified using the testing set. During the model training process, GridSearchCV, only
applicable to small datasets, was used to automatically adjust the relevant parameters.
This method is highly suitable for our dataset although it is more time-consuming [26,27].
Cross-validation can effectively evaluate model performance and avoid overfitting and
underfitting problems. In terms of model performance evaluation, four indicators were
selected to obtain the conditions for the best model, including goodness of fit (r2), mean
squared error (MSE), Pearson correlation coefficient and p-value of Pearson correlation
coefficient [28]. Among these, goodness of fit (r2) and mean-squared error (MSE) were
used to evaluate the model training process. Pearson correlation coefficient and p-value
of Pearson correlation coefficient were used to determine the correlation between feature
parameters. Goodness of fit reflects the extent to which the model fits the data, with values
ranging from 0 to 1: the closer to 1, the better the model fits the data. r2 equal to 1 indicates
that the model fits the data perfectly, while r2 equal to 0 indicates that the model is unable
to explain the variance of the data. Mean squared error (MSE) reflects the gap between the
predicted and actual values of the model: the smaller the value, the better the prediction
performance of the model. Pearson correlation coefficient is an indicator used to measure
the degree of linear correlation between two variables, with values ranging from −1 to 1:

74



Nanomaterials 2023, 13, 2283

the closer to 1, the higher the positive correlation between the two variables; the closer to
−1, the greater the negative correlation between the two independent variables; the closer
to 0, the less linear the relationship between the two variables. The p-value of Pearson
correlation coefficient is used to test whether the linear correlation between two variables
is significant: the smaller the value, the more significant the linear correlation between the
two variables.

3. Results and Discussion

3.1. Model Results and Analysis

In the established Gaussian regression model, a group of model conditions with the
best evaluation index was selected to predict the area of MoS2. Two performance indicators
under six different iterations were processed and statistically analyzed, and the mean
values of each evaluation indicator were obtained, as shown in Figure 5. Usually, the
increase of the number of iterations in cross-validation will continuously improve the
performance of the model, but setting the value of the number of iterations too large often
leads to the overfitting of the model. Research indicates that r2 continues to increase in
iterations from 5 to 15 and then begins to decrease as the number of iterations continues
to increase [29–31]. Moreover, when the number of iterations is 15, the MSE reaches its
minimum value, indicating that the model has good prediction performance. In summary,
it can be concluded that the optimal number of iterations is 15.

Figure 5. The curves of the evaluation indicators (r2, MSE) in the Gaussian regression model with
increasing iterations.

3.2. Optimization of Synthesis Conditions

Synthesis conditions play a crucial role in the preparation of molybdenum disulfide
via CVD. However, in practical experiments, there are always cases where the reaction is
incomplete, the reactants do not react sufficiently, or the concentration of the reactants is
impure. The amount of reactants needed for the experiment is always more than the theoret-
ical amount. Therefore, in the actual experiment, the experimenter should select the dosage
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ratio of the two precursors most suitable for the preparation of molybdenum disulfide with
CVD according to the experimental conditions. In addition to this, the reaction temperature
(T) affects the growth rate of molybdenum disulfide. The temperature affects the rate of
gasification of precursor S and the reaction rate of preparing molybdenum disulfide with
CVD. Therefore, the reaction temperature should be considered. If the reaction temperature
is too high, a series of problems will occur. Firstly, the evaporation rate of precursor S source
is accelerated, which will lead to insufficient reaction of the molybdenum source. Secondly,
it can also cause excessive internal pressure in the quartz tube and require a long time
during the natural cooling process. Thirdly, this will have a certain impact on the service
life of the experimental device. If the reaction temperature is too low, the evaporation of
the S source and the flow rate of the carrier gas will decrease, which will result in a lower
growth rate of molybdenum disulfide and a longer reaction time. Therefore, whether in the
preparation of molybdenum disulfide with CVD in actual experiments or the conclusion
obtained through machine learning model training data, the reasonable selection of carrier
gas flow, molybdenum-to-sulfur ratio and reaction temperature during the reaction process
is of great significance to the formation of molybdenum disulfide. Additionally, it can
be stated that machine learning plays an important role in the analysis and selection of
characteristic parameters in the preparation of molybdenum disulfide with controllable
area in CVD.

In order to optimize the synthesized feature parameters, the SHAP (SHapley Additive
exPlanations) library in the XGBoost model was used to extract the feature importance from
the four selected feature parameters. SHAP is an explanatory technique used to explain
the effect of each feature parameter on the output in the model [32]. Feature importance
analysis provides an estimate of the predictive power of all the features used to train an ML
model. It can be seen from Figure 6 that the characteristic parameter that has the greatest
impact on the film area is the flow rate of the carrier gas (Fr), followed by the molybdenum
sulfur ratio (R), with the reaction time (Rt) having the smallest impact.

Figure 6. The importance of the features extracted from the SHAP library, which was learned from a
sample of 200 datasets, with Fr and R being the two most important features.
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With reference to a large number of literatures, a large area of MoS2 was defined as a
triangle with a size range greater than 30 μm, and further statistical analysis was conducted
on the predicted area to determine the optimal experimental conditions. This model
was used to predict the MoS2 size of a dataset composed of 185,900 virtual experimental
conditions data, 159,352 of which were located in a large area, accounting for 85.72%. Based
on the prediction results, the corresponding molybdenum-to-sulfur ratio, carrier gas flow
rate, reaction temperature and reaction time could be optimized. Therefore, the preparation
conditions for large area MoS2 were be optimized, as shown in Table 2.

Table 2. Optimization range of growth conditions for MoS2 generated with CVD.

Growth Parameter Min Max

Molybdenum-to-sulfur ratio, R (Mo:S) 0.02 1
Gas flow rate, Fr (sccm) 25 200

Reaction temperature, T (K) 850 1200
Reaction time, Rt (min) 8 75

3.3. Model Verification

The area of MoS2 predicted with machine learning might have contained a degree of
deviation, so the model needed to be verified. Firstly, four sets of experimental conditions
and results that were not used for model training were found from different literature
sources. The model was validated using the prediction results of the model under the
corresponding conditions, as shown in Table 3. The results from the literature were com-
pared with the predicted results of the model. It was found that the relative errors were
3.19%, 4.40%, 0.68% and 0.67%, respectively. In addition, the experiments were conducted
to further verify the reliability of the model. The SEM images of MoS2 prepared under
experimental conditions of R = 0.128, Fr = 175 sccm, T = 800 °C and Rt = 30 min, with a
measured edge length of 43.571 μm, are shown in Figure 7a. Under this condition, the
predicted edge length of the model was 42.302 μm. The relative error between the experi-
ment and prediction was 2.91%. The SEM images of MoS2 prepared under experimental
conditions of R = 0.01, Fr = 100 sccm, T = 800 °C and Rt = 15 min, with a measured edge
length of 35.869 μm, are shown in Figure 7b. The predicted edge length of the model
was 37.975 μm. The relative error was 5.87%. In summary, both literature validation and
experimental validation showed that the relative error did not exceed 6%, indicating high
reliability of the predicted results. These results prove that the trained machine learning
model can assist in the preparation of large-area molybdenum disulfide. To a certain extent,
it provides practical guidance for the growth of molybdenum disulfide in combination
with different growth parameters.

Table 3. Validation of the model with experimental conditions and results from the literature.

No. R(Mo:S) Fr(sccm) T(K) Rt (min)
Size from

Literature (μm)
Predicted Size

(μm)
Literature Source

1 0.05 50 1098.15 10 40.639 41.935 Senkić A et al. [33]
2 0.50 200 1123.15 15 39.252 40.980 Saenz G A L et al. [34]
3 0.02 10 923.15 10 37.975 38.235 Zhang X et al. [35]
4 0.02 50 1073.15 15 25.104 24.935 Yang S Y et al. [36]
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Figure 7. SEM images of MoS2 prepared with CVD under different experimental conditions.
(a) R = 0.128, Fr = 175 sccm, T = 800 °C, Rt = 30 min. (b) R = 0.01, Fr = 100 sccm, T = 800 °C,
Rt = 15 min.

4. Conclusions

In this study, machine learning was used to examine the preparation of large-area
MoS2 materials via the Gaussian regression model. First, the model was applied to extract
the feature importance in the dataset. Then, under the optimal model with 15 iterations,
size prediction was performed on the simulated data that included 189,000 data sets.
Furthermore, the growth conditions were optimized, and the optimal range of each growth
condition was obtained. Finally, the model was validated. The results showed that the
model could be used to predict the area obtained under experimental conditions in the
literature, and the maximum difference between the literature results and the predicted
results with a max relative error was 4.40%. Meanwhile, experimental verification was
conducted on the predicted area of the model, with a max relative error of 5.87%. These
results also indicate that machine learning has significant advantages in assisting in the
preparation of large-area MoS2 materials and provide an important foundation for the
subsequent preparation of large area two-dimensional materials.
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Abstract: This work presents the synthesis of amine and ferrihydrite functionalized graphene oxide
for the removal of fluoride from water. The synthesis of the graphene oxide and the modified with
amine groups is developed by following the modified Hummer’s method. Fourier transform infrared
spectrometry, X-ray, Raman spectroscopy, thermogravimetric analysis, surface charge distribution,
specific surface area and porosity, adsorption isotherms, and the van’t Hoff equation are used for
the characterization of the synthesized materials. Results show that the addition of amines with
ferrihydrite generates wrinkles on the surface layers, suggesting a successful incorporation of nitrogen
onto the graphene oxide; and as a consequence, the adsorption capacity per unit area of the materials
is increased.

Keywords: fluoride adsorption; graphene oxide composites; nitrogen groups; advanced materials

1. Introduction

The pollution of water bodies around the world represents an issue, mainly due to
the presence of hazardous arsenic and fluoride [1–7]. This is especially hazardous for uses
such as water drinking and irrigation in agriculture. Particularly, the presence of fluoride in
groundwater is controlled by the mass exchange with the media and mineral composition
of the soil [1,8,9].

The presence of fluoride in drinking water within the permissible limits, stablished
by the World Health Organization (WHO), i.e., concentrations lower than 1.5 mg L−1, can
be beneficial for bone formation [10]. However, in concentrations higher than 1.5 mg L−1,
fluoride represents a threat to human health because it reduces the adsorption of cal-
cium and phosphorous, causing dental fluorosis, neural degeneration, and brain damage,
among other disorders [11–15]. Thus, there is a need to develop water treatment systems
capable of efficiently remove this constituent from groundwater. Some treatments com-
monly used are precipitation/coagulation [1,13,14,16,17], electrocoagulation [14,18,19]), ion
exchange [20,21], membrane processes [22,23], and adsorption processes [22,24,25]. Among
these methodologies, adsorption technology is widely used for fluoride removal because
its ease of operation, low cost, and high efficiency. Some adsorbents employed are based
on innocuous metal oxides such as iron, zinc, aluminum, manganese, and carbon-based
materials [12,13,15,18,25–27].

Graphene-based adsorbents are novel materials that have attracted much interest
in recent years. The diversity of surface oxygenated groups in graphene oxide (GO)
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makes them ideal for the attraction of adsorbates and the insertion of reactive functional
groups [13,20,28,29]. Most of fluoride adsorption occurs through complexation reactions
and electrostatic interactions [30]. Thus, if acid groups are present in the GO surface, the
adsorption occurs between the metallic complexes in solution and dissociated groups,
by electrostatic attraction (such as van der Waals forces) and/or ligand interchanges [31].
In order to improve the adsorptive capacities, different researchers focused on surface
modifications for the incorporation of functional groups and other materials, such as metal
oxides [3,13–15,29,32–35]. Particularly, iron oxides are widely used to modify the surface
of the GO in order to increase the fluoride removal [12,15,29,33]. The efficiency of iron-
oxides for removing fluoride depends on physical properties such as crystalline structure,
morphology, specific surface area, and particle size. These properties can be modified in
the synthesis process [33]. Huang et al. [22] reported that the defluorination mechanism
involves the following two categories

MOx + xH2O → M(OH)2x (1)

M(OH)2x + yF− → M(OH)2x−yFy + yOH− (2)

MOH + HF → MOHHF (3)

MOHHF → MF + H2O (4)

where M represents metals such as Zr, Mg, Fe, Al, etc.
The first category follows Equations (1) and (2), where hydrogen bonds hydroxy and

fluoride ions. The second category follows Equations (3) and (4), where the Fe-doped
species are typically hard Lewis acids and possess strong interactions with hard bases of
fluoride due to a hydroxy transition. From the above reactions, it is observed that hydroxyl
groups play a significant role during fluoride adsorption. Also, the incorporation of
nitrogen in the GO surface is an interesting form of surface modification, with the potential
of improving during chemical interactions with iron complexes composite formation.

Among nitrogen-based surface modifiers of GO, surfactants improve the adsorption
capacity by increasing the surface charge and thus, favoring the electrostatic attraction of
inorganic compounds contained in water [20,36–38]. Some authors reported that cationic
surfactants with ammonium compounds increase the positive zeta potential of the adsor-
bent, whereas anionic surfactants favor the surface negative charge [39]. Arcibar et al. [40],
reported that nitrogen incorporation into the GO matrix has the potential of improving
the surface area of composites with iron oxyhydroxides, which is a consequence of a bet-
ter distribution of iron hexaaquo complexes during nucleation. This effect improves the
performance of the composites during the adsorption of surrogates of chemical warfare
agents [40]. Also, Mahmudov et al. [41] reported that activated carbon can be functional-
ized with quaternary ammonium salts, improving the adsorption capacity of perchlorate.

Some composites including graphene oxides functionalized with ferric oxyhydroxide
materials have been synthesized, such as composites of magnetic graphene nanoplaquets
coated with nanoparticles of FeO-Fe2O3, graphene oxides with reduced Fe3O4 dispersible
in water [42], and metal-organic frameworks (MOFs) [43]. The presence of nitrogenated
groups has a basic character that promotes electrostatic attraction among the acid groups.
This changes the thermodynamic environment, producing new materials characterized by
a better dispersion of functional surface groups.

Another potential solution is Capacitive Deionization (CDI), a water desalination
technology that has been the focus of recent studies due to its high ion selectivity, efficient
water recovery, and low energy consumption. However, its industrial application has
yet to be realized due to several limitations, including restricted electrosorption capacity,
slow electrosorption rate, and poor cycling stability [44]. The photo-electric capacitive
deionization (PECDI) technologies are presented as a novel variant of the CDI technologies,
which takes advantage of photo-enhancement of ionic transport kinetics, which is enabled
by the edge-enhanced vertical graphenes, obtaining higher adsorption capacities as well as
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faster responses. However, this technology is still under investigation and its full potential
and limitations are still to be understood [45].

To the best knowledge of the authors, only some materials based on graphene oxides
as a matrix for ferric oxyhydroxides that has not been functionalized with amine groups
have been studied [13,33]. The present work focuses on GO modified with nitrogen and
ferrihydrite composites for the removal of fluoride from aqueous solutions. We study the
impregnation of GO with nitrogen compounds, i.e., amines with different pKa prior to
iron nucleation. The goal is to determine if the addition of nitrogen moieties with different
chemistry can improve the nucleation of iron during ferrihydrite formation and in this way,
obtain advanced adsorbent materials.

2. Materials and Methods

2.1. Reagents

Graphite powder (99%) and sodium fluoride (NaF) (purity: 99.95%) were obtained
from Sigma Aldrich. All chemical reactants were of analytical grade, such as sulfuric acid
(H2SO4), nitric acid (HNO3), potassium permanganate (KMnO4), potassium hydroxide
(KOH), sodium hydroxide (NaOH), hydrogen peroxide (H2O2, 30%), carbonyldiamine
(CH4N2O), diphenylamine (C12H11N), ethylene glycol (C2H6O2), ferric nitrate nonahydrate
(Fe(NO3)3·9H2O), deionized water and TISAB II.

2.2. Experimental Set-Up

The synthesis of the GO composites functionalized with ferrihydrite/amine groups
was developed in three steps:

Step 1: GO synthesis. The synthesis of the GO was carried out according to the
modified Hummer’s method [46], where 10 g of graphite powder was mixed with 230 mL
of H2SO4 (98%). The mixture was stirred for 2 h into a cold bath. After this, 30 g of KMnO4
were added to the mixture and it was stirred for 180 min and kept at a temperature below
20 ◦C until it reached 2 ◦C. Then, the mixture was aged at room temperature for 30 min.
After that, 250 mL of deionized water was added slowly under a cold bath and stirred for
15 min. Subsequently, 1.4 L of deionized water was added, followed by 100 mL of H2O2 at
30%. The mixture was aged 12 h at room temperature. This mixture was washed several
times with deionized water to obtain a pH of 3.03 approximately. Then, the mixture was
centrifuged at 5000 rpm for 30 min, and the graphite oxide obtained was cooled to −20 ◦C
for 15 days. Finally, the graphite oxide obtained was sonicated for 2 h to exfoliate it and
obtain graphene oxide.

Step 2: Addition of amine groups. The addition of amine groups was developed
following two methodologies. The former is carried out by modification with carbonyl
diamine (urea) and the latter with diphenylamine. For both methods, 198 mL of deionized
water was added to 1.2 g of GO, and the mixture was sonicated by 2 h in order to disperse
GO into water. Then, either 3.6 g of carbonyl diamine or 3.6 g of diphenylamine were
dissolved in 210 mL of ethylene glycol, added to the GO dispersion, and stirred at 140 rpm
and 80 ◦C for 24 h. Finally, both modified mixtures were centrifuged at 400 rpm for 40 min,
washed with water-ethylene glycol (1:1), and centrifuged several times until a pH of 7
was reached in the residual solution. These mixtures were filtered (Watman, 40) and dried
at 80 ◦C for 15 h. The resultant materials were named GOU and GODA because of the
addition of amine groups through the carbonyl diamine and diphenylamine, respectively.

Step 3: GOU and GODA decorated with ferrihydrite (FH) (Fe5HO8· 4H2O). First, 1 g
of GOU (GODA) was dispersed into 165 mL of deionized water by sonication for 2 h. Then,
39.13 g of Fe(NO3)3 9H2O was added to the GOU (GODA) dispersion, 800 mL of deionized
water was added, the mixture was stirred at 100 rpm, and then 0.1 M of KOH was dropped
carefully until a pH of 7.6–8 is reached. After that, the mixture was centrifuged at 4500 rpm
for 10 min. The product was dispersed in water and centrifuged several times in order to
remove all unreacted residues. Finally, the products were dried in a convection oven at
60 ◦C for 24 h, and the resulting materials were named GOUFH and GODAFH.
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3. Characterization

3.1. Fourier Transform Infrared Spectrometry

The Fourier transform infrared spectrometry (FT-IR) was obtained in a Thermo Scien-
tific NICOLET IS10 in attenuated total reflectance (ATR) mode in order to characterize the
functional groups. The spectrum was generated in the range of wave numbers between
4000 and 550 cm−1 with 32 scans and 4 cm−1 of resolution.

3.2. X-ray

The X-ray diffraction (XRD) was carried out in a Philips X’pert spectrometer with
a 0.02◦ step at 30 mA and 40 kV between anglles of 10◦ and 90◦. The X-ray analysis is
developed with a κ − α X-ray like excitation source of 1486.6 eV. The analysis was developed
in the range of 292–288 eV, and the spectra data is deconvoluted.

3.3. Raman Spectra Microscopy

The Raman spectra microscopy was carried out in a RENISHAW (In-Via), using a
laser wavelength of 514 nm as excitation source, and a laser spot of 1 μm with a power
at the sample below 10 mW. The exfoliation of graphitic oxide into GO monolayers was
carried out through a SONIC VCX 750 model (20 kHz, 750 W) in a direct immersion oven
of titanium.

3.4. Thermogravimetric Analysis

The thermogravimetric analysis (TGA) of the sample was carried out with a ther-
mogravimetric differential scanning calorimetry analysis (TGA; NETZSCH, STA449F3),
from room temperature to 800 ◦C, with a temperature increasing rate of 10 ◦C min −1 and
25 mL min−1 of air as heat carrier.

3.5. Surface Charge Distribution

The distribution of surface charge was obtained by adding 100 mg of the compound
to 50 mL of NaCl 0.1 M electrolyte solution. The suspension was bubbled with N2 by 2 h.
Then, 0.1 M HCl was added to the suspension. After that, the suspension was titrated
with NaOH in a 916 Ti-touch (Metrohom). Finally, the distribution of surface charge was
obtained by determining the characterization of the surface of activated carbons in terms of
their acidity constant contributions.

3.6. Specific Surface Area and Porosity

The specific surface area and porosity of the compounds were measured in a Mi-
cromeritics TriStar II Plus 2.03 equipment by N2 adsorption at −196 ◦C, before the sample
was degassed at 60 ◦C and a vacuum of 10−4 atm, for 2 h. The calculation of the specific
surface area and pore volume was developed using the Brunauer-Emmet-Teller (BET) and
Barret-Joiner-Halenda (BJH) relations, respectively.

3.7. Scanning Electron Microscopy

Materials were observed by Scanning Electron Microscopy (SEM) in a Helios mi-
croscope (FEI 600 NANOLAB) at an acceleration voltage of 8 keV, using secondary and
backscattered electrons. Before the analysis, the samples were grinded in an agate mortar,
then they were suspended in isopropanol. Finally, the samples were mounted in a SEM-pin.

3.8. Adsorption Isotherms

Step 1. The adsorption experimental study for the removal of fluoride ions was carried
out at 25 ◦C and a pH of 4. First, 0.025 g of each synthesized material (GO, GOFH, GODA,
GOU, GODAFH, GOUFH) as adsorbent was placed into an Erlenmeyer flask. Then, 20 mL
of a fluoride solution at different initial concentration was added (0–10 m L−1). The flask
with the mixture was stirred at 160 rpm. The pH was adjusted with 0.1 M NaOH and HCl.
Finally, the mixture was centrifugated at 4000 rpm for 15 min and the solution was collected
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and analyzed by a fluoride ion selective electrode (Orion Star A214 Thermo Scientific). The
adsorption capacity was adjusted using both, the Langmuir and Freundlich models. From
these results, the better adsorbent was selected for further characterization.

Step 2. For the selected material, the adsorption experimental studies for the removal
of fluoride ions were carried out at 25, 35, and 45 ◦C, and a pH of 4, 6, and 8. First,
0.025 g of the adsorbent was placed into an Erlenmeyer flask. Then 20 mL of a fluoride
solution at different initial concentrations (0–10 mg L−1) was added. These mixtures were
shaken at 160 rpm, at different temperatures, and at different pHs. The pH was adjusted
during the experiment with 0.1 M NaOH and HCl until the equilibrium was reached.
Then, the mixtures were separated by centrifugation at 4000 rpm, for 15 min. Finally, the
clear solutions were collected, and the fluoride residual concentration was analyzed. The
adsorption capacity was adjusted to the Langmuir and Freundlich models.

The Langmuir model implies a monolayer capacity and is given as

qe =
qLbCe

1 + bCe
(5)

where qe is the equilibrium adsorption capacity, Ce is the equilibrium solute concentration,
qL is related to the maximum adsorption capacity, and b is related to the bonding energy
of adsorption.

The Freundlich model, which represents heterogeneous adsorption, is given as

qe = KFC1/n
e (6)

where KF is the adsorption equilibrium constant representative of the adsorption capacity,
Ce is the equilibrium adsorption capacity, and n is the adsorption intensity.

3.9. The Van’t Hoff Equation

Considering the relations between the Gibbs free energy and the equilibrium constant
(ΔG0 = ΔH0 − TΔS0 and ΔG0 = −RT ln Kd), the van’t Hoff equation is given as

ln Kd = −ΔH0

R

(
1
T

)
+

ΔS0

R
(7)

where T is the temperature in absolute units, R is the ideal gas constant and Kd is the
equilibrium constant. The adsorption constant was determined from the data coming from
the isotherm by the identification Kd = b, and in consequence Kd is dimensionless and
its numerical value is equal to b [47]. The absolute value of ΔG0 is associated to specific
interactions. For instance, ΔG0 around 4 kJ/mol is associated to a hydrophobic force
whereas a value ranging from 4 to 10 kJ/mol is associated to Van der Waals forces.

4. Results and Discussion

4.1. Fourier Transform Infrared Spectrometry

Base material: The infrared curve for the synthesized GO contains a region between
3000–3600 cm−1 where a wide band is present, which corresponds to both adsorbed water
and also bulk hydroxil groups. This water accumulation increases the inter-planar distances,
producing a structure modification, and through exfoliation in the synthesis process for the
GO material, it generates imperfections in the hexagonal lattice, such as vacancies. These
imperfections generate an anchorage of the epoxy functional groups between the basal
planes and carboxylic acid in the edge of the sheets [48,49].

Modified materials: A modification of the GO surface suggests the reduction of these
functional groups, favoring the formation of bonds with the nitrogenated groups as well
as the oxygen surface groups of iron. In the same way, it is possible to identify in GO the
presence of carbonyl (C=O) at ∼1730 cm−1, carboxyle (COOH) at ∼2360 cm−1, epoxide
at ∼1201 cm−1, and C−O groups at ∼1034 cm−1. The above-mentioned groups obtained
in the GO fix its hydrophilic properties. These bands are in agreement with those of the
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materials reported in the technical literature [46]. As is observed the bands at 1150 cm−1

and 1600 cm−1 reveal the presence of urea whereas the amine group can be attributed to
the band at 3400 cm−1.

The composites named GOFH, GODAFH, and GOUFH, prevailed in three regions
which are shown in Figure 1. In the spectrum, it is observed the bands at ∼3150 cm−1

which represent the stretching of O−H bonds characterized by a wide band, are related
to structural hydroxide and adsorbed H2O. Also, the bands between 1650 and 1300 cm−1

belong to symmetric and asymmetric stretching of the C−O and the deformation of water
at ∼1630 cm−1. In addition, the stretching of Fe−O is shown in the bands at 980, 890, 617,
and 565 cm−1. However, the lower crystallinity of the ferrihydrite is a factor that affects the
infrared spectrum, decreasing the resolution of the signals [50,51].

=

-

- - -
-

-

%

Figure 1. FT-IR of the FH (black), GOFH (green), GOUFH (blue), GODAFH (red), and GO
(gray) materials.

Kuang et al. [33] synthesized GO impregnated with goethite and akageneite for the
remotion of fluoride. They found that the synthesized materials have characteristic signals
at ∼3300 cm−1 due to the stretching of structural hydroxile groups, at ∼1628 cm−1 due
to C=O groups, at ∼1620 cm−1 due to vibrations of C=C bounds, at ∼1380 cm−1 due to
carboxile groups, and at ∼1032 cm−1 due to the stretching of C−O. Also, the composite
material GO/Goethite, shows a signal at ∼3340 cm−1 related to the stretching of hydroxile
group of the goethite, confirming the presence of Fe−O with signals at 847 and 671 cm−1.
For the composite material GO/Akageneite the FT-IR shows signals at 588 and 466 cm−1.
These signals are in agreement with the signals shown in Figure 1, related with oxygenated
groups for the GO and some signals related to stretching of Fe−O bounds in the range of
400–600 cm−1.

4.2. X-ray Analysis

Figure 2 shows the X-ray diffractogram of the oxidized material synthesized by the
modified Hummers method. In the GO, it is observed a characterized signal at an angle
of 7◦ (2θ), which is related to the distance between layers of GO, and indicates the posi-
tive oxidation of graphene. An absence of a pronounced peak at 26.5◦ is also observed,
suggesting that all the graphite has been converted into GO. This peak is observed for the
modified materials only. The results obtained in the DRX analysis are in agreement with
those reported in previous works and exhibit the transformation of graphite to graphene
oxide [52,53].
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Figure 2. X-ray of the (a) GO where the insert shows the graphene oxide reported in [54] and (b) for
the GOFH (orange line) and GOUFH (red line) materials.

It is also observed that the ferrihydrite diffractogram shows noise related to its lower
degree of crystallinity. The most defined bands at 35 and 63 can be attributed to 2-line
ferrihydrite. These results are in agreement with the reported in the literature [55,56]. In
general, it is observed an amorphous compound with wide peaks related to both, a lower
degree of crystallinity and a small size of crystals (see Figure 2). The identity of the ternary
composite was confirmed in similar patterns for both GOFH and GOUFH materials, with
the two characteristic bands centered at 35◦ and 63◦. The small difference in the peaks
observed at 23, 30, and 40◦ could be related to the presence of urea [57]. However, these
differences are too small to be analyzed.

4.3. Raman Analysis

Raman spectroscopy is a non-destructive test useful to analyze the structure of ma-
terials with carbon content. The Raman analysis was carried out for the characterization
of the graphene oxides synthesized in the present work, i.e., GO, GOUFH, and GODAFH,
and is shown in Figure 3. The Raman test shows a characteristic peak at 1336, 1292, and
1331 cm−1 for the GO, GOUFH, and GODAFH materials, respectively. This band is known
as the D band, which is an indicator of the presence of imperfections in the graphite crys-
talline structure, such as order, bound angle, vacancies, and lattice defects. Also, the bands
observed at 1574 and 1567 cm−1 in GO and GODAFH materials, respectively, correspond
to a dispersion of first order in the E2g modes. Both sets of bands have a similar intensity
due to the strong oxidation produced by the modified Hummers method, which induces a
structural disorder. Additionally, the small peaks at 2627 and 2673 cm−1 for the GOUFH
and GOUFG materials are related to the resonance of the D band, which is absent in the
GODAFH material. The double resonant modes in the Raman dispersion at the 2322 cm−1
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band for the GOUFH are still a matter of discussion; however, some authors [58–60] men-
tion that these bands are related to a process of two phonons of the D and D’ type. This
process involves the contribution of optic phonons (D) and acoustic longitudinal phonons
(D’), which are usually known as G” (or D+D’) modes.

( - )

()

Figure 3. Raman spectroscopy of the GO (blue), GODAFH (red), and GOUFH (black).

4.4. Thermogravimetric Analysis

Figure 4 shows the TGA termograms of the GOUFH material. Figure 4a shows three
weight loss stages. It is observed that the lower weight loss of 7.04% occurs from 32 ◦C
to 100 ◦C, is related to either desorption or evaporation of water from dehydroxylation
of hydrous mixed oxide and GO of the composite. This is in agreement with the results
reported in the literature [15,16]. The weight loss of 13.08% from 100 to 400 ◦C is related to
the decomposition of nitrogen groups in the GOUFH material. In addition, it is observed a
weight loss of 2.81% from 400 to 500 ◦C. Thus, a total weight loss of 23.83% was observed.
The high temperature required for the decomposition of the GOUFH, indicates that after
the functionalization with amine groups, its thermal stability is increased.

To determine the nature of the DTGA profile, the rate of change of the weight loss with
respect to time is considered, as is shown in Figure 4b. It is observed that the DT spectrum
has two endothermic peaks at just before 48 ◦C and 395 ◦C, and two exothermic bands at
around 222 ◦C and 310 ◦C.
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Figure 4. TGA spectra of GOUFH material (a) weight loss and (b) rate of change of the weight loss,
the red line corresponds to the precursor materials and the black line to the GOUGFH material.

As is observed in Figure 4 the GO materials have lower thermal stability since it is
completely degraded at temperatures of 190 ◦C whereas the modified material degrades at
higher temperatures.

4.5. XPS Analysis

The functional groups on the adsorbent surface of GOUFH and GO were analyzed by
the XPS technique. Figure 5a shows the XPS spectra for the GOUFH, which is the material
with the best F− adsorption capacity. In the deconvoluted spectra, C1s is observed because
the spectrum of the sample contains three peaks at 284.2, 285.4, and 288.2 eV, corresponding
to the carbonyl, epoxide/ether, and carboxyl functional groups, respectively. These results
confirmed the presence of GO with a considerable oxidation degree [61]. A section of the
XPS not deconvoluted is shown in the insert of Figure 5a. It is observed a peak of low
intensity at 400 eV, is characteristic of N1s [62]. This N1s peak is related to the amine groups
added during the modification of the GO surface. These results indicate that the GOUFH
maintains its functionality even after the composite formation.

Figure 5b shows that the O1s region could be deconvoluted into three overlapped
peaks at 531, 530, and 529 eV, corresponding to Fe(OH)3, Fe(OH)O, and iron oxides in the
lattice structure, respectively. These results are in agreement with those reported in the
literature [16,33]. In addition, the GOUFH shows the formation and growth of iron oxide
on its surface, as expected.

Figure 5c displays the C1s XPS spectra for the graphene oxide (GO) sample, which
consists of three peaks at 283.3, 284.4, and 287.0 eV. These peaks correspond to the C−C,
C−O, and C=O functional groups, respectively. Despite GO has the potential to exhibit
six possible C1s components like graphene, the XPS spectrum of graphene oxide typically
presents two main peaks, in contrast to the single peak displayed by graphene, as depicted
in Figure 5a,c. These observations confirm the formation of GO [61,63,64].

Figure 5d exhibits the O1s XPS spectra for the graphene oxide (GO) sample, containing
three peaks at 531.8, 532.4, and 532.9 eV. These peaks correlate with the C−OH, C−O, and
C−C functional groups, respectively (3). It’s significant to note that the O1s XPS spectra
for the GOUFH material (Figure 5b) demonstrate lower binding energy than the O1s XPS
spectra for the OG sample, as indicated in Figure 5c (dashed line, non-normalized curve).
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Figure 5. XPS spectra of the GOUFH material (a) C1s and (b) O1s, and for the precursor (c) C1s and
(d) O1s.

4.6. Surface Charge Distribution

The charge distribution of the synthesized materials is shown in Figure 6 through
the pHPZC for the GODA, GOU, GODAFH, and GOUFH materials. As it is observed, the
GODA and GOU materials have a pHPZC of 5.8 and 7.2, respectively, whereas the GODAFH
and GOUFH materials have a pHPZC of 8.5 and 8.3, respectively. The difference between
the first materials (GODA and GOU) with respect to the second materials (GODAFH and
GOUFH) is due to the addition of ferric oxyhydroxides groups, which affect the surface
charge density. Also, the surface charge of the GODAFH and GOUFH materials depends of
the pH, because at a pH < pHPZC, the adsorbent materials have a positive surface charge,
whereas at a pH > pHPZC, the adsorbent materials have a negative surface charge. Thus at
a pH < pHPZC, the surface of the GODAFH and GOUFH materials is more suitable for the
electrostatic attraction of F−. This mechanism has already been described in the technical
literature [33,65]. As is known, the charge distribution on the surface of the materials is
related to the dissociation and deprotonation of surface groups. Thus, if the pHPZC of the
GODAFH and GOUFH materials is higher than the pHPZC of ferrihydrite, the nucleation,
and condensation of iron complexes on the GO surface are linked to a higher amount of
hydroxyl groups of an acidic nature.

The pHPZC obtained for each synthesized material was lower than 3 for the GO and
around 9 for the FH material and around 8.6, 7.2, 5.8, 8.5, and 8.3 for the GOFH, GODA,
GOU, GODAFH, and GOUFH respectively. As is known, the modification of GO with
nitrogenated groups affects the surface charge of the adsorbent material [20,39]. Thus, the
difference in the pHPZC between the GOUFH and the GODAFH is related to the fact that
the GOUFH is synthesized with a primary amine, where its basic character promotes a
bigger electrostatic attraction with the cation acid groups, i.e., the hydroxyl groups of the
ferric oxyhydroxides. On the other hand, the GODAFH material was synthesized with a
secondary amine, which limits the electrostatic attraction with the acidic hydroxyl groups
of the ferric oxyhydroxide. This is reflected in the specific surface area i.e., the GOUFH
shows a bigger specific surface area than the GODAFH.
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Figure 6. Charge distribution of the synthesized materials.

4.7. BET Analysis

The specific surface area is determined from the nitrogen adsorption isotherms, shown
in Figure 7. The GO shows a specific surface area of 4 m2 g−1 which is less than the surface
area reported in the literature of 20–40 m2 g−1 [46,66]. This discrepancy is due to the
stiffness and beds of the laminar structure, which affects the laminar spacing of the GO, not
allowing the nitrogen molecule to go into the laminar structure. On the other hand, after
the modification of the GO surface with amine groups, the specific surface area obtained is
4 and 5 m2 g−1 for the GOU and GODA materials, respectively. It is observed that these
values did not represent a significant change with respect to that of GO.
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Figure 7. Nitrogen adsorption isotherms of the synthesized materials, The blue line represents the
adsorption process, while the red dashed line indicates the adsorption-desorption process.
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The composites modified with ferric oxy-hydroxides show a significative increase
in the specific surface area, i.e., 247, 226, and 239 m2 g−1 for the GOFH, GODAFH, and
GOUFH materials, respectively. This increase in the specific surface area indicates a
successful growth of iron oxides on the surface of the GO since iron oxyhydroxides are
known to have a large surface when in an amorphous structure. This growth depends on
different synthesis factors, such as the flow rate at which the ferric solution is added to
the GO and the stirring rate. Also, these specific surface areas are in agreement with the
values reported in the literature [67]. Table 1 shows the specific surface area and pore size
distribution of the materials. It is observed that the GOUFH has a bigger specific surface
area than the GODAFH. In the same manner, the pore diameter of the GOUFH is bigger
than that of the GODAFH, suggesting a higher adsorption capacity for the GOUFH. This
result is also in agreement with the reported in the technical literature [68].

Table 1. Specific surface area and pore size distribution.

Material Specific Surface Area Volume Pore Diameter
(m2 g−1) (cm3 g−1) (nm)

GO 4 0.015 5.594
GODA 4 0.012 5.826
GOU 5 0.012 5.668

GOFH 247 0.185 3.207
GODAFH 226 0.185 3.303
GOUFH 239 0.183 3.155

The pore size distribution of the synthesized materials is shown in Figure 8. This
distribution is obtained using the Barrett–Joyner–Halenda (BJH) method, assuming that
the pore filling due to condensation represents a well-defined interface in the pores. Both
materials, GOUFH and GODAFH, show the maximum pore volume with pore diameters
around 3.155 and 3.303 nm respectively. That is, narrow mesopores are present, which
is in agreement with the reported in the literature, i.e., iron oxides have an average pore
diameter between 3 and 4 nm [69]. Also, the GODAFH shows the highest pore volume,
which has a shoulder at a pore width of 4 nm.
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Figure 8. Pore size distribution obtained with the BJH method for the GOUFH (blue line) and the
GODAFH (black line) materials.

4.8. SEM Analysis

SEM images of the materials are shown in Figure 9. It is observed that the GO
morphology displays the distinctive sheet-like of graphene, which is corrugated by the
effect of the oxygen groups. Interestingly, the GOU seems to have a more corrugated and
folded surface. According to the GO model described by Szabó et al. [70], the corrugated
carbon network has a ribbon-like arrangement linked by a periodically cleaved ribbon of
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cyclohexane chairs. The slight tilting angle between the boundaries of the regions explains
the wrinkling of the layers.

Figure 9. SEM images of the materials.

The successful incorporation of nitrogen, i.e., amines, on the GO allows an electrostatic
attraction of OH-NH groups, causing a slight change in the torsion angle, and increasing
the wrinkles on its surface. The GODAFH and GOUFH materials show the characteristic
particles of ferrihydrite without a particular morphology. A fluffy cluster of particles
seemed to be the result of the agglomeration of nanoparticles for the GODAFH material.

4.9. Adsorption Isotherms

Adsorption isotherms were developed to determine the fluoride adsorption capacity of
the synthesized materials. Figure 10 shows the characterization of the interactions between
F− and the adsorbent materials, i.e., GO, GOU, GODA, GOFH, GOUFH, and GODAFH.
The parameters used for the Langmuir and Freundlich models are given in Table 2. It is
observed that the regression coefficient of the Freundlich model is bigger than that of the
Langmuir model. This suggests an uneven distribution of the adsorption energy sites and
a possible formation of adsorbate multilayers.

Table 2. Parameters of the Freundlich and Langmuir isotherms at a pH of 4 and a temperature of
25 ◦C for the synthesized materials.

Freundlich

Material
KF

(mg g−1) (L mg−1)1/n 1/n R2 SE

GO 0.919 0.979 0.99 0.031
GODA 0.539 0.959 0.99 0.078
GOU 0.574 0.915 0.99 0.053

GODAFH 9.345 0.576 0.99 0.304
GOUFH 10.033 0.575 0.99 0.327
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Table 2. Cont.

Langmuir

Material
qL

mg g−1
b

L mg−1 R2 SE

GO 2.007 32.705 0.98 0.035
GODA 1.002 35.290 0.98 0.119
GOU 1.014 45.411 0.98 0.118

GODAFH 9.405 3.524 0.98 0.223
GOUFH 9.706 4.176 0.97 0.493

It is observed, that the adsorption capacity of the GOUFH and GODAFH is consider-
ably higher than that of the GO materials, which is due to the presence of ferrihydrite. This
can be linked to the slight differences induced for the two methods for nitrogen incorpo-
ration on GO. The lack of fluoride capacity on the GO materials can be attributed to the
negatively charged sites of acidic moieties that serve as repulsion sites of F− ions. When
considering a fluoride equilibrium concentration of 0.5 mg L−1, the Freundlich constant
capacity of the GO, GODA, and GOU, is 0.919, 0.539, and 0.574 (mg g−1) (L mg−1)1/n,
respectively. At this same concentration, the Freundlich constant capacity of GODAFH
and GOUFH is 9.345, and 10.033 (mg g−1) (L mg−1)1/n, respectively. When considering
the adsorption capacity per surface area at an equilibrium concentration of 0.5 mg L−1,
the adsorption capacities were 0.0276 and 0.0281 mg m−2 for the GODAFH and GOUFH
materials, respectively. These values represent a better surface area coverage than that of
the GOFH material, i.e., 0.0293 mg m−2. This suggests that an increase in the adsorption
capacity is related to a better exposition of coordination sites when nitrogen is present.
As discussed above, amine groups cause torsion of the graphene layers, allowing for the
exposition of reactive groups during iron nucleation. Thus, the resultant material has
a better exposition of iron exaaquo complexes and, as a consequence, a slightly higher
adsorption capacity. This idea is strengthened when considering that the “n” parameter
of the Freundlich model has a higher value for the composites containing nitrogen. For
instance, the area changes as the surface is deformed due to the presence of functional
groups. Considering the functional

A ∝
∫

R
d2σ

√
det γ (8)

where det γ = det P[g] is the determinant of the pullback of the metric which is obtained
as γαβ = ∂xa

∂σα
∂xb

∂σβ gab, where sum over repeated indexes is understood, and the integration
region R is determined by the boundaries of a selected region of the GO layers with charac-
teristics lengths lx and ly which are greater to zero. In the absence of functional groups, the
graphene layers are nearly flat and the metric describing the layers is approximately δab.
Thus, the surface area is proportional to

A0 ∝
∫

R
d2σ (9)

This case implies that a flat 2D surface embedded in the Euclidean 3D space is consid-
ered. The pullback is trivial since det γ = 1. Now, any deformation of the flat surface can
be expressed as a deformation of the embedding coordinates, namely, the xi ∈ {x, y}. Now
with the deformation

xi = xi + f (xi) , (10)

thus, the A functional changes as follows

A′ ∝ A0 + ly| f (x)|+ lx| f (y)|+ | f (x) f (y)| , (11)
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which implies that any deformation of the flat region R contains positive definite terms that
increase the area of the surface. Thus, it is concluded that the wrinkles generated by the
addition of functional groups always tend to increase the surface area and thus increasing
the posible cites of adsorption.

- -

-

Figure 10. Adsorption isotherms of fluoride adsorption on the studied material at 25 ◦C and a pH 4.

The adsorption tests for the synthesized materials are obtained at a pH 4 because
almost all the materials show a pHPZC higher than 5.8. Thus, at a higher pH (see Figure 6),
the surface of the materials is positively charged and the adsorption capacity is drastically
reduced. This may be the reason that the GOUFH material displayed a bigger adsorption
capacity than the GODAFH material. It is probably related with the presence of NH2
groups contained in the urea, which triggers the formation of anchorage (for iron clusters)
and adsorption sites, as opposed to the difenilamine which contains NH groups.

It is also observed that for the Freundlich model, the 1/n parameter obtained for the
GO, GODA, and GOU materials is 0.979, 0.959, and 0.915, respectively. This suggests a
lower homogeneity of adsorbed F− for the GO materials. However, the composite materials
functionalized with ferrihydrite displayed a higher adsorption capacity of F−, i.e., with
1/n values of 0.747, 0.576, and 0.575 for the GOFH, GODAFH, and GOUFH respectively.

The GO material modified with urea and ferrihydrite, named GOUFH, shows a higher
adsorption capacity than the other modified materials. Thus, it is used as a reference to test
the adsorption properties at several conditions. The adsorption isotherms where obtained
for the GOUFH material at a temperature of 25 ◦C, 35 ◦C, and 45 ◦C, and at a pH of 4, 6,
and 8 (see Figure 11).

The experimental data obtained is predicted using both, the Freundlich and Langmuir
models. The correlation coefficient, R2, is used to compare the models. It is observed
that both, the Freundlich and Langmuir models, predict well the experimental data. The
parameters used in the models to predict the adsorption of F− in the GOUFH material at
the conditions established are given in Table 3.

The adsorption experiments were obtained at a pH smaller than the pHPZC, which
is about 8.3 (see Figure 6). It is observed that the GOUFH is capable to remove well the
fluorides for a pH lower than 8. However at a pH of 8, the pHPZC is quite close and the
material is not able to adsorb F−; as a consequence, the R2 is decreased. This is caused
by the addition of ferrihydrite as well as the nitrogenated groups contained in the urea
deposited on the GO surface. Since the GOUFH is positively charged, it increases the
electrostatic force between the fluoride and the surface of the material. It is also observed
that the modified GO increases its adsorption capacity because of the presence of Fe, which
has a high affinity with the F− and, thus, increases the probability of adsorption.
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Figure 11. Adsorption isotherms obtained using the Freundlich model for the GOUFH material at a
temperature of 25 ◦C, 35 ◦C and 45 ◦C, and at a pH of (a) 4, (b) 6, and (c) 8.

The adsorption isotherms for a pH 4 at a temperature of 35 ◦C and 45 ◦C show a better
prediction using the Langmuir model with a qL of 10.147 and 11.018 mg g−1, respectively.
On the other hand, the isotherm at a pH of 4 and a temperature of 25 ◦C shows the highest
adsorption, and the Freundlich model shows a better prediction than the Langmuir model.
The KF of 8.697 mg g−1 and 1/n of 0.502 are related to a higher adsorption intensity. Thus,
the modifications of the GO surface with oxihydroxides and amine groups from the urea
suggest an increase in the active sites on the surface of the ternary material. As is expected,
the pH of 4, which is below the pHPZC, i.e., ∼8, allows increasing the adsorption capacity.
This favors the protonated sites, increasing the F− retained on the surface of the material.

In order to evaluate the accuracy of the predictions, standardized residuals (SR)
were employed. Standardized residuals are defined as the ratio of the residuals over the
estimated variance. In the present work, the SR ranges from −2.0 to 2.0 and is distributed
randomly around the abscissa. This result suggests that there is no over or under-estimation
of the overall prediction. Overall, the SR suggests that the model fits reasonably well with
the measured values.
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Table 3. Parameters used in the Freundlich and Langmuir models to predict the adsorption of F− on
the GOUFH material at a temperature of 25 ◦C, 35 ◦C and 45 ◦C, and a pH of 4, 6, and 8.

Freundlich

pH = 4

Temperature
◦C

KF
(mg g−1) (L mg−1)1/n 1/n R2 SE

25 8.687 0.502 0.984 0.301
35 7.772 0.540 0.981 0.323
45 7.472 0.597 0.970 0.420

pH = 6

25 0.745 0.510 0.970 0.099
35 0.479 0.682 0.922 0.160
45 0.432 0.676 0.964 0.097

pH = 8

25 0.028 0.730 0.362 0.054
35 0.042 0.595 0.510 0.041
45 0.041 0.543 0.490 0.490

Langmuir

pH = 4

Temperature
◦C

qL
(mg g−1)

B
(L mg−1)

R2 SE

25 10.325 3.117 0.979 0.430
35 10.147 2.497 0.992 0.206
45 11.018 1.806 0.983 0.309

pH = 6

25 2.854 0.308 0.960 0.116
35 4.120 0.110 0.909 0.180
45 3.520 0.117 0.958 0.107

pH = 8

25 0.405 0.059 0.367 0.054
35 0.303 0.116 0.503 0.041
45 0.213 0.187 0.473 0.037

There exist materials based on nano-functionalized graphene oxide (GO) for fluoride
removal. Some of these materials include GO/Al2O3 [71] with an adsorption capacity of
4.68 mg g−1, and GO doped with zirconium with an adsorption capacity of 6.12 mg g−1 [72].
Another material, Zr-MCGO, reported an adsorption capacity of 8.84 mg g−1[73]. These
materials displayed lower adsorption capacities than the reported in the present work,
which was around 11 mg g−1. This increase in the adsorption capacity is due to the folds
produced during the functionalization of the GO, which is reflected in an increase in
surface area.

However, multi-functionalized materials with greater removal capacities have also
been reported. These include the Zr-Chitosan membrane and GO with an adsorption capac-
ity of 29.05 mg g−1[14], FeOOH+Ac/GO with an adsorption capacity of 19.82 mg g−1 [33],
α−FeOOH/rGO with an adsorption capacity of 24.67 mg g−1, and HIAGO with an ad-
sorption capacity of 27.8 mg g−1 [15]. Also, MgO/MgFe2O4/GO [9] has an adsorption
capacity of 34 mg g−1. It should be noted that HIAGO, MgO/MgFe2O4/GO, as well as
FeOOH+Ac/GO, has dual metal functionalization, which implies a greater number of
functional groups on the surface, thereby increasing the adsorption capacity.
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4.10. Effects of pH and Temperature

The results show that higher adsorption capacities are obtained at a pH of 4. This
is related to the protonation of the surface below the pHPZC as well as the natural effect
of the electrostatic interactions. This suggests that, as the pH increases, a decrease in the
adsorption capacity is obtained [74]. Thus, it is interesting to compare adsorption capacities
close to the pHPZC of the materials. At this point, the electrostatic interactions are decreased
to zero, and the fluoride adsorption is driven by a different mechanism. The particular
interaction can be due to ligand exchange reactions of the form

≡ Fe − OH + F− →≡ Fe − F + OH− . (12)

This process releases OH groups to the solution, leading to a change in the surface
charge distribution, promoting electrostatic interactions and repulsions. Also, a consider-
able disruption of the adsorption isotherms is observed at a pH of 8. It is known that iron
oxides are amphoteric; thus, they can be dissolved in acidic and basic media. It is possible
that at this pH some of the iron nuclei, particularly those bonded with the graphene oxide
surface, are dissolved, leading to a dissolution of the reactive material. Hence, the adsorp-
tion capacity is decreased. It is also important to mention that early studies on ferrihydrite
have reported the formation of colloidal ferrihydrite, which is complicated to separate from
dissolved Fe [75].

In summary, the maximum adsorption capacities were obtained at a temperature of
25 ◦C. It is also observed that the adsorption capacity decreases as the temperature increases.
This suggests that an exothermic process is favored at low temperatures. This phenomenon
is usually attributed to an increase in the internal energy of adsorbed molecules that
overcome the adsorption energy.

4.11. The Van’t Hoff Equation

In Figure 12 it is presented the regression analysis of the experimental data with the
non-linear van’t Hoff equation. As is observed the Kd constant has a non-linear dependence
with 1/T at values of pH of 6 and 8, whereas it shows almost a linear dependence with
1/T for a pH of 4. Besides, it is observed a negative entropy change of entropy at pH of
4 and 6, i.e., ΔS0 = −62.36 kJ kmol−1 K−1 for a pH of 4 and ΔS0 = −140.68 kJ kmol−1

K−1 for a pH of 6. However, the entropy change was positive for values of pH of 8, i.e.,
ΔS0 = 129.40 kJ kmol−1 K−1 for a pH of 8. Thus, it is inferred that the adsorption sites are
decreasing for pH of 4 and 6 whereas they are increasing at a pH of 8. In addition, the
changes in enthalpy have a positive change for all the values of pH studied in the present
work, suggesting exothermic reactions.

-
-
-

/ [ - ]
Figure 12. Linear van’t Hoff prediction for the GOUFH material.
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5. Conclusions

In the present work, amine-graphene oxide-ferrhydrite materials were sinthesized, and
used as adsorbents of fluoride ions from an aqueous solution. The synthesis was developed
following the modified Hummers method. The characterization of the material was carried
out by means of Fourier transform infrared spectrometry, X-ray, Raman spectroscopy,
thermogravimetric analysis, surface charge distribution, specific surface area and porosity,
adsorption isotherms, and the van’t Hoff equation.

The difractogram shows that the materials contain characteristic peaks, which con-
firms the material structure. Also, the addition of amines is corroborated by the increase of
wrinkles on the surface layers of the modified materials, suggesting a successful incorpora-
tion of nitrogen into the graphene oxide. This causes an increase in the adsorption capacity
per unit area of the materials. In addition, the SEM analysis confirms an amorphous surface
of the materials, which is a characteristic of ferrihydrite particles. Thus, the incorporation
of nitrogen into the GO matrix shows an improvement of the surface area due to the better
distribution of iron hexaaquo complexes during the nucleation.

Besides, the presence of the nitrogenated groups shows a basic character, promoting
the electrostatic attraction among the acid groups contained in cations, changing the
thermodynamic environment, and giving room to new materials characterized by a better
dispersion of functional groups on the surface.

The adsorption tests confirm that the materials modified with nitrogen increase their
adsorptive capacities as well as the surface area. This can be related to a better exposition
of coordination sites when nitrogen is present. Particularly, the GOUFH material, which is
synthesized with a primary amine, shows the best F− adsorption capacity, maintains its
functionality even after the composite formation, shows the formation and growth of iron
oxide on its surface, and shows a bigger specific surface area.

Finally, the Freundlich and Langmuir models, as well as the linear van’t Hoff equation
predict well the F− adsorption capacity of the materials.
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Abstract: In this study, the iridium nanodendrites (Ir NDs) and antimony tin oxide (ATO)-supported
Ir NDs (Ir ND/ATO) were prepared by a surfactant-mediated method to investigate the effect of
ATO support and evaluate the electrocatalytic activity for the oxygen evolution reaction (OER). The
nano-branched Ir ND structures were successfully prepared alone or supported on ATO. The Ir NDs
exhibited major diffraction peaks of the fcc Ir metal, though the Ir NDs consisted of metallic Ir as
well as Ir oxides. Among the Ir ND samples, Ir ND2 showed the highest mass-based OER catalytic
activity (116 mA/mg at 1.8 V), while it suffered from high degradation in activity after a long-term
test. On the other hand, Ir ND2/ATO had OER activity of 798 mA/mg, and this activity remained
>99% after 100 cycles of LSV and the charge transfer resistance increased by less than 3 ohm. The
enhanced durability of the OER mass activities of Ir ND2/ATO catalysts over Ir NDs and Ir black
could be attributed to the small crystallite size of Ir and the increase in the ratio of Ir (III) to Ir (IV),
improving the interactions between the Ir NDs and the ATO support.

Keywords: iridium nanodendrites; antimony tin oxide; oxygen evolution reaction

1. Introduction

Hydrogen is a clean and efficient energy carrier. When hydrogen is used in the re-
placement of fossil fuels, the immediate benefits include a reduction in emissions. Water
electrolysis is well known as a practical way to produce hydrogen with high purity, which
is green when the power is from renewable energy sources [1,2]. Compared to the conven-
tional alkaline electrolysis, the proton exchange membrane water electrolysis (PEMWE)
is an alternative and promising technique because of several advantages including high
efficiency at high current densities, ease of maintenance, system compactness, and rapid
response to startups and shutdowns [2–4]. However, the application of PEMWE is limited
by the high cost and high loading of the anodic electrocatalysts. The high cost is associated
with the use of high loadings of noble metals, where the high loadings are due to the slug-
gish kinetics of the oxygen evolution reaction (OER) [5]. Noble metals, such as iridium (Ir)
and ruthenium (Ru) as well as their oxides (IrO2 and RuO2), are currently available electro-
catalysts for the OER to provide high corrosion resistance and good catalytic activity [6–11].
Since noble metals are expensive and scarce, lowering the loading of the OER noble metal
catalyst is necessary for the mass production of hydrogen based on this technology.

The most proposed reaction pathway for OER in acidic media is that of two H2O
molecules being oxidized into one oxygen molecule by releasing four H+ ions and four
electrons [11]. Since four electrons are transferred, the mechanisms comprise multi-
step adsorption–desorption reaction processes. The dissolution processes during the
cycles with and without hydrous oxide buildup on an iridium metal electrode were sug-
gested [12], and the mechanism of iridium dissolution triggered by OER was also proposed
by Cherevko et al. [13]. Ru-based materials have high OER activity; however, they suffer
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from rapid dissolution due to the formation of volatile tetroxide (RuO4) in OER potential
regions; thus, their durability issues must be addressed to ensure practical use [14,15]. In
contrast, Ir-based materials possess compatible electrochemical activity and durability and
are now the most widely used electrocatalysts for the OER in acid media [16,17].

An increase in the utilization of catalysts facilitates a decrease in the use of catalysts.
One attractive strategy for addressing this challenge is to use a support material, which must
possess a high surface area, a porous and interconnected structure, corrosion resistance, and
high electrical conductivity [18]. The use of a high-surface-area support enables an increase
in accessible surface area by decreasing the Ir particle size and increasing the surface-to-
mass ratio of the catalyst [19,20]. Supported nanocatalysts were observed to be extremely
active toward the OER because they possessed mixed Ir oxidation states and a high density
of active sites [21]. Carbon materials are used as the support of the electrocatalysts in
the applications of the proton exchange membrane fuel cell. However, carbon materials
could not resist the high working potential and harshly acidic environment of water
electrolysis. The resultant outcome is carbon corrosion, which results in the migration and
agglomeration of the nanocatalysts and even detachment from the surface of the support.
Therefore, several metal oxides have been studied as alternatives for carbon materials, such
as TiO2, SnO2, doped metal oxides [10,22–24], etc.

Most of the metal oxides are semiconductors; thus, doping with hypovalent or hyper-
valent ions is a prerequisite to high electrical conductivity, but the change in the doping
concentration causes severe ohmic losses [18]. Among them, antimony tin oxide (ATO) has
attracted much attention because of its nanometer-size scales and relatively high electrical
conductivity, compared with most metal oxides. The dispersion of Ir nanoparticles on ATO
has been reported to improve the OER activity [10], where the uniform dispersion of Ir
nanoparticles and large strong metal–support interaction (SMSI) led to high OER activity
of Ir/ATO. It was observed that the introduction of vanadium into ATO support did not
provide any more active sites but could change the porosity of the aerogel support and
decrease the impurity content of the chlorine [22].

One IrO2/ATO catalyst possessing a current density of 63 A/g Ir at an overpotential of
300 mV versus a reversible hydrogen electrode was reported [23], significantly exceeding a
commercial TiO2-supported IrO2 catalyst under the same measurement conditions. Abbou
et al. [18] found that the durability of electrochemical activity of IrOx/doped SnO2 aerogels
was controlled by the resistance to corrosion of the doping element, and by its concentration
in the host SnO2 matrix. Specifically, Sb-doped SnO2 supports continuously dissolve while
Ta-doped or Nb-doped SnO2 supports with appropriate doping concentrations are stable
under acidic OER conditions. This implied that a complex equilibrium relationship existed
between SnO2 and the doping element oxide.

Another approach is to tailor the structure and morphology of the catalysts. For
instance, a nanoneedle network of iridium-containing oxides assembled into macrop-
orous micro-scaled particles [9], nanoporous Ir nanosheets [25], a porous nano net cage of
RuIrOx hollow particles [26,27], and amorphous Ir-atomic-cluster-deposited ultrathin IrO2
nanoneedles [28] all had high catalytic activity for OER in comparison to a commercial IrO2
nanoparticle catalyst. Claudel et al. [29] investigated the degradation mechanisms of OER
electrocatalysts and showed that Ir (III) and Ir (V) were the best-performing Ir valences for
the OER.

The highly branched structure of the Ir nanodendrites (Ir NDs) with a particle size of
~10 nm provides an increased active facet area that is available for OER in comparison to a
commercial Ir catalyst, resulting in enhanced activity toward OER, though the formation
of an anodic IrO2 film on the surface of the Ir NDs was observed [30]. Oh et al. [5]
found that Ir NDs supported on ATO were efficient and stable catalysts for water-splitting
reactions. The Ir ND catalysts exhibited a kinetic water-splitting activity twofold larger
than supported Ir nanoparticles and eightfold larger than commercial Ir blacks. The size of
the nanodendrites was highly related to the reaction temperature; specifically, at a higher
temperature, smaller particle sizes were produced by the burst-nucleation process [31].
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The formation mechanism of Ir NDs was observed to be a time-dependent process, which
suggested that Ir ions were first reduced to Ir0 by the reducing agent. Subsequently, the
size of the initially formed NPs started to increase as the reaction proceeded. Finally, the
NPs self-aggregated, reducing the surface energy, and began to form highly branched
dendritic nanostructures through an oriented-attachment formation mechanism [32,33].
Several Ir-based alloy NDs were also studied, including IrPt [34], IrCo [35], and IrW [36],
and they usually behaved as bifunctional electrocatalysts.

In this study, the Ir NDs and Ir ND supported on antimony tin oxide (Ir ND/ATO)
were prepared. Several material properties were characterized, and the electrocatalytic
activity toward OER was evaluated. In addition, the long-term tests and resistance analysis
were also investigated. According to the results of this study, ATO can be a good candidate
as a support material, and Ir ND/ATO has been demonstrated to be an efficient and stable
OER catalyst under a suitable concentration of Ir precursor.

2. Materials and Methods

2.1. Synthesis of Ir NDs and Ir ND/ATO

The Ir ND nanostructures were prepared by a surfactant-mediated method [5], where
three Ir concentrations in the precursor solution were investigated. Firstly, 0.1 mmol
dihydrogen hexachloroiridate (IV) hydrate (H2IrCl6·xH2O, 99%, Alfa Aesar) and 10 mmol
tetradecyltrimethyl ammonium bromide (TTAB, 99%, Sigma) were dissolved in 75 mL
deionized water, where iridium salt: TTAB = 1: 100 mol%, heating to 70 ◦C with vigorous
stirring for 30 min to dissolve the Ir precursor. Then, 50 mg of sodium hydroxide (NaOH,
97%, Riedel-deHaën) was added to the mixture under vigorous stirring, and the color of
the solution changed to clear blue. Next, 25 mL ice-cold sodium borohydride (NaBH4, 98%,
Aldrich) aqueous solution (150 mM) was added dropwise to the mixture under stirring.
After that, mixing continued for 6 h at 70 ◦C, and the solution was cooled down to room
temperature naturally. The products were collected by centrifugation and washed several
times with ethanol–water mixtures (1:1 v/v). Then, the sample was dried at 80 ◦C in a
vacuum oven and denoted as Ir ND1.

In order to determine the effect of the concentration of Ir precursor, in this study, the
concentration of Ir precursor was 2- and 5-fold that of the Ir ND1, and all chemicals were
also proportionally increased except for the amount of deionized water. The products of the
Ir ND prepared with 2- and 5-fold concentrations were named Ir ND2 and Ir ND3. For the
preparation of Ir ND/ATO, one commercial ATO (nanopowder, <50 nm, 47 m2/g, Aldrich)
was dispersed in deionized water (25 mL). This solution was added to the above-mentioned
Ir-containing mixture with NaOH, and mixing continued for another 1 h. The following
processes were the same as in the previous description.

2.2. Characterization of the Samples

Transmission electron microscopy (TEM) was employed to observe the morphology
of the Ir NDs nanoparticles and Ir NDs deposited on the ATO support using a transmission
electron microscope (Hitachi H-7100, Tokyo, Japan). The electrical conductivity (σ, S/cm)
of the ATO was calculated using the equation: σ = 1/(Rsh t) [37]. The results were obtained
based on the average of ten conductivity measurements on a tablet of 13 mm in diameter.
The sheet resistance (Rsh, Ω) of the tablet was measured using a four-point probe (source
meter, Keithley 2401, Radiotek, New Taipei City, Taiwan). The thickness of the tablets (t, cm)
was determined using a precise vernier caliper, where the resolution of the scale is 0.01 mm.
The elemental compositions of Ir NDs and ATO-supported Ir NDs were acquired by energy
dispersive X-ray spectroscopy (EDX), conducted with a QUANTAX Annular XFlash®

QUAD FQ5060 (Bruker, Kanagawa, Japan). X-ray diffraction (XRD) was carried out using a
powder diffractometer (Rigaku TTRAX III, Tokyo, Japan) equipped with Cu-Kα radiation
(λ = 0.15418 nm) to determine the crystal structure. The XRD patterns were collected
at a rate of 4◦/min over 10–90◦ in 2θ mode. X-ray photoelectron spectroscopy (XPS)
analysis was carried out using a spectrophotometer (PHI 5000 VersaProbe II, ULVAC-PHI,
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Kanagawa, Japan). The spectrophotometer was equipped with an Al- Kα monochromatic
source. The XPSPEAK software (version 4.1) was utilized for the deconvolution of the XPS
spectra, which is a nonlinear least-squares curve-fitting program.

2.3. Electrochemical Activity Tests

Electrochemical characterization of the electrocatalysts was carried out using a CHI
6116E electrochemical analyzer (CH Instruments, Austin, Texas, USA). A common three-
electrode setup and an electrolytic bath filled with 0.1 M HClO4 aqueous solution were
used to conduct the electrochemical experiments. A glassy carbon rotating disk electrode
(RDE, Pine Research Instrument) of 0.5 cm in diameter with a thin layer of the catalyst ink
was used as the working electrode. A saturated calomel electrode (SCE) and a platinum
wire were used as the reference and counter electrodes, respectively. The catalyst inks,
which consisted of 5 mg catalyst, 0.02 mL Nafion® ionomer (5 wt%, DuPont), 2.49 mL
deionized water, and 2.49 mL isopropanol [5], were prepared by magnetic stirring for 48 h.
Prior to the measurement, the working electrode was activated using a potential sweep
between 0.5 and 1.5 V for 100 cycles at a scan rate of 0.1 V/s (a conditioning step). Then, the
polarization curves of OER were measured using the linear sweep voltammetry (LSV) for
100 cycles at a scan rate of 0.005 V/s and 1600 rpm at 30 ◦C in N2-saturated 0.1 M HClO4
aqueous solution. Moreover, electrochemical impedance spectroscopy (EIS) was performed
to determine the ohmic resistance. The EIS spectra of the samples were recorded at 1.8 V
with an ac potential amplitude of 5 mA and a frequency range from 1 Hz to 105 Hz.

3. Results and Discussion

3.1. Physical and Chemical Properties of the Electrocatalysts

TEM images of the samples are shown in Figure 1. It can be seen that Ir NDs could
be prepared by the self-assembly of tiny metal seeds using TTAB as an organic capping
agent [5,30]. The strong reductant, NaBH4, led to the rapid formation of tiny Ir seeds,
and the Ir seeds were self-assembled into a dendritic structure through the guidance of
TTAB [38]. Figure 1a shows a single Ir-ND1 composed of three-to-five branches in various
directions. When the concentration of Ir precursor increased, the number or width of
branches increased (Figure 1b,c). The size of each Ir ND was in the order of 5–15 nm.
Figure 1d–e confirm that the Ir NDs could be dispersed uniformly on the surface of ATO
supports through the in situ synthesis. In addition, the TEM image of one commercial Ir
black (Figure 1f) was provided for comparison.

Figure 1. TEM images of the samples: (a) Ir ND1; (b) Ir ND2; (c) Ir ND3; (d) Ir ND1/ATO; (e) Ir
ND2/ATO; (f) ATO; (g) Ir black (Premetek). The yellow circles show the number or width of branches
increased as the concentration of Ir precursor increased.
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The elemental compositions of the samples were investigated by EDX analysis, as
shown in Table 1. For Ir NDs, the Ir content ranged from 88.1 to 95.5 wt.%, similar to that
of Ir black (Premetek). For the ATO-supported Ir NDs, the Ir contents in Ir ND1/ATO and
Ir ND2/ATO were 20.9 and 26.1 wt.%, respectively, close to the designed percent (20 wt.%).
The Sb/(Sn + Sb) was 15% in ATO, while the ratios reduced when Ir NDs were incorporated
onto the surface of ATO. It was expected that some Sb ions would be dissolved during the
Ir ND deposition processes. The EDX spectrum of Ir ND2/ATO was used as an example,
as shown in Figure 2a. The corresponding atomic percentages are also shown in Table 1.

Table 1. The elemental compositions of the samples from EDX analysis.

Sample

Elemental Composition

Weight Percentage (wt.%) Atomic Percentage (at.%)

Ir O Sn Sb Ir O Sn Sb

Ir ND1 88.8 11.2 — — 39.8 60.2 — —
Ir ND2 88.1 11.9 — — 38.2 61.8 — —
Ir ND3 95.5 4.5 — — 63.63 36.37 — —

Ir ND1/ATO 20.9 13.7 59.5 5.9 7.2 56.5 33.1 3.2
Ir ND2/ATO 26.1 14.6 56.4 2.9 8.7 59.0 30.7 1.6

Ir black (Premetek) 92.8 7.2 — — 51.7 48.3 — —
ATO — 31.3 58.3 10.4 — 77.2 19.4 3.4

Figure 2. (a) EDX pattern of Ir ND2/ATO. (b) XRD patterns of all samples.

Figure 2b displays the XRD patterns of all samples. Four major peaks on the patterns
of Ir NDs at 40.6, 47.3, 69.1, and 83.4◦ were assigned to diffractions from the (111), (200),
(220) and (311) plans of the Ir metallic face-centered cubic (fcc) structure (JCPDS no. 87-
0715), respectively. The XRD patterns of the branched Ir NDs suggested that the obtained
nanostructures were primarily composed of pure Ir. For Ir ND2/ATO, the major diffraction
peaks of metallic Ir were insignificant, indicating the formation of IrOx species on ATO.
The crystallite size (d) of Ir nanoparticles was calculated from the Ir (111) peak according to
Scherrer’s equation [39], as shown below:

d =
K λ

βcos θ
(1)

where K is the Scherrer’s constant of 0.9 [40], λ is the X-ray wavelength of Cu-Kα, β is the
full width at half maximum (FWHM) in radians, and θ is the Bragg angle in radians. The
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crystallite sizes of Ir ND1, Ir ND2, Ir ND3, and Ir black (Premetek) were 2.28, 1.68, 2.86, and
3.42 nm, respectively.

The chemical states of the samples were investigated by XPS. Figure 3 displays the
results of the curve fitting of high-resolution XPS Ir 4f peaks, which confirms the presence of
metallic Ir (Ir0), Ir (IV), and Ir (III) phases. The latter two may correspond to the molecular
formulas Ir(OH)4 and Ir(OH)3 or IrOx [10]. The existence of Ir oxides may be due to the
oxidation of the surface when exposed to air. Table 2 shows the fitting results of the XPS Ir
4f regions for the samples, in which the atomic ratios of Ir 4f were also displayed in the table.
Three chemical states of Ir for all samples are illustrated in Figure 4, indicating that the
atomic ratio of Ir0 increased as the concentration of Ir precursor increased for unsupported
Ir NDs, and Ir ND2 comprised the highest percent of Ir (IV). The phase distribution of Ir
ND1 was similar to that of Ir (Premetek).

Figure 3. Curve fitting of high-resolution XPS Ir 4f spectra for the samples: (a) Ir ND1; (b) Ir ND2;
(c) Ir ND3; (d) Ir ND1/ATO; (e) Ir ND2/ATO; (f) Ir black (Premetek).

Table 2. Results of fitting of the XPS Ir 4f region for the samples; values given in at.% of total intensity.

Sample Ir 4f

Binding Energy (eV)

Iro Ir (IV) Ir (III)

60.8 63.8 61.9 64.9 62.7 65.7

Ir ND1 16.6 3.30 2.48 2.07 1.55 4.11 3.09
Ir ND2 26.1 5.90 4.43 4.47 3.35 4.54 3.41
Ir ND3 32.3 8.43 6.32 0.66 0.50 9.37 7.03

Ir ND1/ATO 5.51 2.07 1.55 0.40 0.30 0.68 0.51
Ir ND2/ATO 6.68 1.96 1.47 0.28 0.21 1.59 1.19

Ir black (Premetek) 37.4 7.90 5.92 4.26 3.20 9.21 6.91

For Ir ND/ATO samples, the percent of Ir0 increased in comparison to unsupported
Ir NDs, indicating that the deposition of Ir NDs on the surface of ATO contributed to the
reduction in Ir precursor. In addition, Ir (III)/Ir (IV) was higher in Ir ND2/ATO than in Ir
ND1/ATO, for which it was expected that Ir ND2/ATO might have better electrocatalytic
activity [24,29].
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Figure 4. The different chemical states of surface Ir contents from XPS analysis for all samples.

Figure 5 shows the curve fitting of high-resolution XPS Sn 3d spectra and the atomic
ratios are outlined in Table 3. The as-received ATO contained a small portion of Sn (II),
though the majority was still Sn (IV). As seen from Figure 6, the XPS Sn 3d regions were
only Sn (IV) for Ir ND/ATO, indicating that the oxidation of Sn (II) to form Sn(IV) promoted
the reduction in Ir precursor.

Figure 5. Curve fitting of high-resolution XPS Sn 3d spectra for the samples: (a) ATO; (b) Ir ND1/ATO;
(c) Ir ND2/ATO.

Table 3. Results of fitting of the XPS Sn 3d region for the samples; values given in at.% of total intensity.

Sample Sn 3d

Binding Energy (eV)

Sn (II) Sn (IV)

486.5 494.91 486.7 495.11

ATO 23.3 1.71 1.14 12.27 8.18
Ir ND1/ATO 21.1 — — 12.66 8.44
Ir ND2/ATO 23.32 — — 13.99 9.33

Figure 6. Curve fitting of high-resolution XPS Sb 3d and O 1s spectra for the samples: (a) ATO; (b) Ir
ND1/ATO; (c) Ir ND2/ATO.
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The overlapping of Sb 3d5/2 and O 1s regions renders the peak decomposition more
complicated. Taking the area ratio of the Sb 3d3/2 peak to Sb 3d5/2 peak as 2 to 3, the peak
decomposition could be accomplished [41], as shown in Figure 6 and Table 4. The oxidation
state of Sb on ATO was Sb (V), corresponding to the molecular formula of Sb2O5/SnO2.
The deposition of Ir NDs was expected to lead to the dissolution of Sb ions in which the
degree of loss was dependent on the Ir content. This implies that Sb was not stable in the
alkaline environment during the synthesis process of Ir ND/ATO. However, the Sb amount
on Ir ND1/ATO and Ir ND2/ATO remained 3 and 2.03 at.%, respectively. Consequently,
the oxidation of Sn and Sb in ATO support suppressed the oxidation of Ir0 and Ir (III).

Table 4. Results of fitting of the XPS Sb 3d and O 1s regions for the samples; values given in at.% of
total intensity.

Sample Sb3d O1s

Binding Energy (eV)

Sb (V) C=O C-OH -COOH

531.5 540.88 531.5 532.7 533.7

ATO 10.9 65.8 6.54 4.36 56.80 6.38 2.62
Ir ND1/ATO 3 70.39 1.80 1.20 46.71 14.46 9.23
Ir ND2/ATO 2.03 67.97 1.22 0.81 51.69 6.02 10.25

3.2. Electrochemical Properties of the Electrocatalysts

The electrocatalytic activity for the OER of the catalysts was evaluated in acidic
electrolytes using the LSV process. Figure 7a shows OER polarization curves of three
unsupported Ir NDs, two Ir ND/ATO samples, and one commercial Ir nanoparticle. The
mass-based activities at 1.8 V were 113 mA/mg for Ir ND1, 116 mA/mg for Ir ND2,
and 106 mA/mg for Ir ND3. All performed slightly lower activity compared to the
commercial Ir black (154 mA/mg). Since the catalytic activity of Ir NDs followed the
order Ir ND2 > Ir ND1 > IrND3, the ATO-supported Ir NDs were only prepared for Ir ND1
and Ir ND2. The mass activities of ATO-supported Ir NDs at 1.8 V were 414 mA/mg for
Ir ND1/ATO and 798 mA/mg for Ir ND2/ATO, significantly higher than unsupported Ir
NDs. These excellent activities were attributed to the uniformly distributed intrinsically Ir
nano-dendritic structure on the surface of ATO nanoparticles. The electrical conductivity
of the ATO support was 0.026 ± 0.001 S/cm by the four-point probe method. The high
electrical conductivity of the ATO support was expected to be another reason that the
ATO-supported Ir NDs had good activity. The corresponding OER polarization curves
(normalized to the geometric disk area) of the samples are shown in Figure 7b, and the
optimal activities at 1.8 V for unsupported and ATO-supported Ir NDs occurred at Ir ND2
(0.0060 A/cm2) and Ir ND2/ATO (0.0106 A/cm2), respectively. The Ir-mass-based activity
at 1.5, 1.65, and 1.8 V is also displayed in Figure 7c,d for comparison.

A comparison of the mass-based OER activities at 1.8 V on the polarization curves
for the 1st and the 100th cycles of LSV is shown in Figure 8. The activity decay of the
electrocatalysts increased in the order Ir ND2/ATO < Ir ND1/ATO < Ir ND3 < Ir ND1
< Ir black (Premetek) < Ir ND2. It is evident that the ATO-supported Ir NDs exhibited
higher durability than Ir black and unsupported Ir NDs. Specifically, the activity decay
of Ir ND2/ATO was only 0.8% after 100 cycles of LSV. The excellent durability of the
electrocatalytic activity for Ir ND/ATO was primarily attributed to the in situ synthesis
of Ir NDs on the surface of ATO nanoparticles, the uniform dispersion of Ir NDs on the
surface of ATO, and good corrosion resistance of ATO in an acidic environment. It is
anticipated that the metallic Ir would convert to hydrous Ir oxides upon potential cycling.
In addition, strong metal–support interactions would change the electrochemical behavior
of the hydrous Ir oxides [10].
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Figure 7. Electrocatalytic OER activity of the catalysts: (a) mass activity; (b) current density; the
Ir-mass-based activity at 1.5, 1.65, and 1.8 V: (c) unsupported Ir; (d) Ir ND/ATO.

Figure 8. Degradation of electrocatalytic OER activity of the catalysts at 1.8 V: (a) Ir ND1; (b) Ir ND2;
(c) Ir ND3; (d) Ir ND1/ATO; (e) Ir ND2/ATO; (f) Ir black (Premetek).

The EIS was used to investigate the internal resistances of the electrocatalysts, where
the resistance was determined from the width of the semicircles in the X-axis. The Nyquist
plots obtained from EIS data are shown in Figure 9. Before the LSV measurements, the
Nyquist diagrams of Ir NDs only showed diffusion resistance in the electrolyte, about
20 ohm (Figure 9a–c). The charge transfer resistance occurring at the catalyst–electrolyte
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interface was observed after 100 cycles of LSV, and the resistances of Ir ND1, Ir ND2, and Ir
ND3 were approximately 193, 152, and 151 ohm, respectively. This was highly associated
with the OER activity decay.

Figure 9. Nyquist plots of the catalysts: (a) Ir ND1; (b) Ir ND2; (c) Ir ND3; (d) Ir ND1/ATO; (e) Ir
ND2/ATO; (f) Ir black (Premetek).

The ATO-supported Ir NDs displayed a different pattern. Except for the diffusion
resistance, another semicircle occurred, indicating the resistance of ATO support, which
was about 130 ohm for Ir ND1/ATO and 40 ohm Ir ND2/ATO. It is expected that the
effect of ATO on the resistance depends on the interactions between Ir NDs and ATO. The
interactions were stronger in Ir ND2/ATO; hence, the resistance from the ATO support was
less significant. After 100 cycles of LSV, the resistances of the samples increased to about
170 and 43 ohm for Ir ND1/ATO and Ir ND2/ATO, respectively, which was also related to
the activity decay.

4. Conclusions

The results showed that Ir NDs nanostructures were successfully prepared alone or
supported on ATO nanoparticles, where the structures of nanodendrites were dependent
on the Ir concentrations in the precursor solution. The XRD patterns of Ir NDs exhibited
major diffraction peaks, which were indexed to the reflections of the fcc Ir metal. However,
for Ir ND/ATO, the major diffraction peaks of metal Ir were insignificant, indicating the
formation of IrOx species on ATO. The unsupported and ATO-supported Ir NDs consisted
of metallic Ir as well as Ir oxides, which was supported by the results of XPS. Moreover, the
oxidation of ATO stimulated the reduction in Ir during the synthesis processes. The mass-
based OER catalytic activity at a potential of 1.8 V had the order Ir ND2/ATO (798 mA/mg)
> Ir ND1/ATO (414 mA/mg) > Ir black (155 mA/mg) > Ir ND2 (116 mA/mg) > Ir ND1
(113 mA/mg) > Ir ND3 (106 mA/mg). After performing LSV of 100 cycles, the OER
catalytic activity of Ir ND2/ATO remained at > 99% of activity, while Ir ND2 had only
about 61.4% of the activity left, indicating that Ir NDs supported on ATO significantly
improve the durability of the OER catalytic activity. This observation was also supported
by the results of EIS, according to which the charge transfer resistance was the lowest on Ir
ND2/ATO.
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Abstract: In recent decades, perovskite-type compounds (ABB′O3) have been exhaustively studied
due to their unique ferroelectric properties. In this work, a systematic study aiming to prepare fine
particles in the binary system SrZrO3–SrTiO3 was conducted under hydrothermal conditions in a
KOH (5 M) solution at 200 ◦C for 4 h under a constant stirring speed of 130 rpm. The precursors
employed were SrSO4 powder (<38 μm size) and coprecipitated hydrous gels of Zr(OH)4•9.64
H2O (Zr-gel) and Ti(OH)4•4.5H2O (Ti-gel), which were mixed according to the stoichiometry of the
SrZr1-xTixO3 in the compositional range of 0.0 > x > 100.0 mol% Ti4+. The XRD results revealed the
formation of two crystalline phases rich in Zr4+, an orthorhombic structured SrZr0.93Ti0.07O3 and
a cubic structured SrZr0.75Ti0.25O3 within the compositional range of 0.1–0.5 mol of Ti4+. A cubic
perovskite structured solid solution, SrTi1-xZrxO3, was preferentially formed within the compositional
range of 0.5 > x > 0.1 mol% Ti4+. The SrZrO3 and SrZr0.93Ti0.07O3-rich phases had particle sizes
averaging 3 μm with a cubic morphology. However, a remarkable reduction in the particle size
occurred on solid solutions prepared with hydrous Ti-gel over contents of 15 mol% Ti4+ in the
reaction media, resulting in the formation of nanosized particle agglomerates with a cuboidal shape
self-assembled via a 3D hierarchical architecture, and the sizes of these particles varied in the range
between 141.0 and 175.5 nm. The limited coarsening of the particles is discussed based on the Zr-gel
and Ti-gel dehydration capability differences that occurred under hydrothermal processing.

Keywords: hydrothermal synthesis; gel dehydration; SrZrO3–SrTiO3; solid solution; crystallization;
cubic structure; orthorhombic structure

1. Introduction

Perovskite structured oxide compounds with an ABX3 chemical formula have been
investigated because of their broad practical applications and academic research interest.
These are associated with their unique properties due to their relatively simple crystalline
structure [1–3]. The cubic structural perovskite framework (Pm3m) comprises two linked
coordination polyhedral networks, the BX6 octahedra and AX12 cuboctahedra. Bonding
between the BX6 octahedra polyhedron and sites incorporating A cations occurs via corner
sharing. Interestingly, the BX6 octahedra exhibit volumetric variations, namely expansion,
contraction, and tilt, to maintain non-ideal ionic size substitutions. Likewise, the local
electronic instabilities can distort the octahedra or cause a slight cation shift from their unit
cell structural positions. Perovskite structured materials allow ionic partial substitutions
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and the formation of vacancies on their three structural atomic locations [3]. Therefore,
this structure is remarkably flexible to locate various periodic table elements at both A and
B sites, resulting in a wide range of properties. The most important are ferroelectricity,
ferromagnetism and colossal magnetoresistance, piezoelectricity and multiferroicity [3,4].
B-site cation doping has been one of the major research subjects in developing new ad-
vanced perovskite materials; this site controls and tunes some of the most technologically
attractive properties, such as electrical conductivity and magnetic order [5–8]. The tuning
of these properties results from combining at least two elements, which maintain the cation
structural ordering allowing to development of advanced new materials [3].

The perovskite binary system SrTiO3–SrZrO3, which has technological importance
due to its dielectric properties [9], has attracted significant research interest for solid solu-
tion preparation via the B-site cation isomorphous substitution. The end members of this
system, cubic SrTiO3 (space group Pm3m) and orthorhombic SrZrO3 (Pbnm) do not possess
ferroelectric properties. However, the partial substitution of Zr4+ up to 5 mol% provided a
remarkable increase in the dielectric breakdown strength (14.4 kV/mm), simultaneously
maintaining the high dielectric constant (330) characteristic of SrTiO3, which makes these
materials suitable for technical applications as high voltage capacitors [9,10]. Likewise, the
SrTi1-xZrxO3 microstructure mobility causes octahedral structural transitions, which conse-
quently cause electronic changes, resulting in a peculiar ferroelastic switching behavior; this
feature is essential for magnetic applications [11–13]. Similarly, the superlattice crystalline
structures formed in SrTi1-xZrxO3 layered compounds achieve special BX6 ordering that
induces a two-dimensional tension mechanism, causing, at low temperatures, a ferroelectric
Ti-rich solid solution (SS) Ti [13]. To some extent, the structural distortion somewhat might
promote the proton motion [14]. Another potential technical application determined for ul-
trafine powders of SrTi1-xZrxO3 solid solutions SS include photoluminescence emission [15]
and organic dye photocatalysts [16].

Various systematic studies have been focused on the SS-SrTi1-xZrxO3 preparation in
the 0.0 ≥ x ≤ 0.5 mol% Zr4+ compositional range by the conventional high-temperature
solid-state reaction [1,4,6,8,10,11]. The powders were produced by mixing high-purity
SrCO3, TiO2 and ZrO2 powders, which were appropriately mixed in stoichiometric molar
ratios to form a slurry with acetone. The powder mixtures were homogenized by vigorous
grinding and then pressed. The pellets underwent calcination in a three-step heat treatment
between 800 and 1400 ◦C for 24 to 96 h reaction intervals. However, the SS-SrTi1-xZrxO3
monodisperse nanoparticle formation was not feasible under the conventional ceramic
processing route.

On the contrary, chemical solution processing techniques, namely sol-spray pyrol-
ysis [5], low-temperature coprecipitation [7], and sol–gel [16], successfully achieved the
preparation of SrTi1-xZrxO3 nanoparticles with accurate stoichiometric compositions, con-
trolled morphology and monomodal particle size distributions that boosted their physical
and chemical properties [5,7,16]. Furthermore, the hydrothermal technique has success-
fully prepared SrTiO3 mesocrystals with nanoparticle sizes and controlled cubic morphol-
ogy [17–19]. The systematic studies focused on the chemical reaction of a slurry media
containing TiO2 particles and Sr(OH)2 hydrolyzed in a highly alkaline NaOH media (5–
10 M) under hydrothermal conditions, resulting in the formation of the SrTiO3 nanoparticles
via two mechanisms, namely the topochemical transformation of the TiO2 particles [17,18]
and the conventional dissolution–precipitation process [19]. A different approach involv-
ing the employment of a mineral source as Sr2+ (SrSO4) precursor and hydrous Ti-gel
(Ti(OH)4•4.5H2O) was also evaluated under hydrothermal conditions at 250 ◦C for 24 h in
a KOH solution 5 M [20]. Under these conditions, the dissolution of the SrSO4, coupled
with the Ti-gel dehydration, established the chemical equilibrium for triggering the crystal-
lization of monodispersed fine cubic-shaped SrTiO3 crystals, which exhibited a monomodal
particle size distribution. This process can reduce global production costs compared to
the low-temperature chemical solution processing and the conventional hydrothermal
technique, which uses pure Sr2+ chemical reagents produced from the celestite mineral.
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A literature review suggests that further efforts must be made to investigate the feasi-
bility of producing SrZr1-xTixO3 or SrTi1-xZrxO3 solid solution via hydrothermal alkaline
processing. Hence, this work systematically investigated the preparation of particles with
different chemical compositions in the binary SrZrO3-SrTiO3 system in alkaline media
(5 M KOH). The experiments were conducted at a standard temperature (200 ◦C), which is
relatively low for rapidly dissolving the SrSO4 particles, and seemingly vertical agitation
might provide an adequate dispersion of the mineral particles and precursor gels in the
alkaline solvent solution during the treatment. Particular emphasis was on determining
the effect of the precursor gels (Zr-gel and Ti-gel) dehydration capability on the particle
crystallization of both SrZr1-xTixO3 and SrTi1-xZrxO3 (SS). A detailed analysis was made to
determine the stability of the tetragonal structure in the compositional 2.5 ≥ x ≤ 50.0 mol%
of Ti4+ for the SrZr1-xTixO3 samples. The nanoparticle size and morphological differences
were correlated with the dehydration capability of the gels.

2. Materials and Methods

2.1. Materials and Preparation of Zr4+ and Ti4+ Precursor Gels

Reagent-grade zirconium IV (ZrCl4) and titanium IV (TiCl4) chlorides (Wako, Japan,
99.0% purity) were used for preparing the precursor gels. Initially, the transition metal
precursor solutions were produced with a concentration of 0.43 M for ZrCl4 and TiCl4
with deionized water, following the procedure described elsewhere [20,21], respectively. A
500 mL liquor aliquot of each solution was poured into a glass beaker, and then the gels
were precipitated by adding a volume of 150 mL of 5 M NaOH solution. Each gel was sepa-
rated from the residual mother liquor by centrifugation. The thermogravimetry analysis
determined the total weight loss of each gel, indicating that the chemical composition of
the hydrous gels corresponds to Zr(OH)4•9.64H2O and Ti(OH)4•4.5H2O, respectively. The
SrSO4 mineral (Celestite) crystals were previously grounded and pulverized to a particle
size < 38 μm. The wet chemical analysis of the highly pure crystalline SrSO4 (1 g) revealed
that the mineral is constituted by 46.61 wt% Sr, 1.33 wt% Ba, and 52.05 wt% SO4

2-, which
correspond to 96.8 wt% SrSO4 and 2.25 wt% BaSO4, plus the following minor compounds
were CaO (0.73 wt%), Fe2O3 (0.19 wt%), MnO (0.02 wt%) and Al2O3 (0.007 wt%). The
alkaline reagent-grade chemical employed was KOH (Wako, Japan, 99.0% purity).

2.2. Hydrothermal Treatments

Experiments aimed to determine the feasibility of producing stable SrZr1-xTixO3 and
SrTi1-xZrxO3 and to elucidate the solid solution (SS) crystalline structural and microstruc-
tural features, which might vary due to transition metal gel dehydration process that occurs
under alkaline stirring hydrothermal conditions. Other experimental parameters study,
such as the reaction time and temperature, were avoided in the present study. Therefore, the
synthesis of the solid solutions in the binary SrZrO3–SrTiO3 system proceeded in the entire
compositional range. However, a particular emphasis took place on the molar content
of 1.0 ≥ x ≤ 0.5 of Zr4+ to investigate the tetragonal structure stability; this crystalline
structure is predominant at temperatures lower than 400 ◦C [5,10]; thus, the compositions
studied varied in a molar span of 2.5 mol% Zr4+. A SrSO4 powder sample (4.8 ± 0.05 g)
was placed at the bottom of a Teflon test tube-type chamber (500 mL volume), the amount
of each gel was calculated according to the chemical formulas mentioned in Section 2.1,
and the stoichiometric Zr:Ti molar ratio 1-x:x, was then added. All the treatments were
conducted at a constant volume (95 mL) of the 5 M KOH solution selected as a solvent
media. The stainless-steel autoclave was sealed, and the vertical propel rotation set was at
130 rpm during the heating and soaking stages (Figure 1). The autoclave was then heated
at a constant speed of 5 ◦C/min up to the standard temperature of 200 ◦C, which has been
proposed as optimum in preliminary research kinetics studies focused on synthesizing
SrTiO3 [20] and SrZrO3 [21] under similar hydrothermal conditions. The treatments were
conducted at this temperature for 4 h. After treatment, the reaction products were separated
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from the remaining mother liquor and ultrasonically washed several times with hot water.
Then, the powders were dried at 80 ◦C overnight.

Figure 1. Scheme of the stainless-steel vessel accoupled with a vertical stirring propel and internal
Teflon liner tube with a capacity of 500 mL.

2.3. Characterization

Powder X-ray diffraction (PXRD). The analyses were conducted in a Rigaku Ultima
IV diffractometer operated at 40 kV and 20 mA, using Cu-Kα radiation (λ = 1.54056 Å).
XRD analyses were collected in the 2θ range of 5–80◦ at a constant scanning speed of
20◦/min with a 0.02◦ step. Rietveld refinement analyses were carried out on the PXRD
patterns collected in the 2θ range of 15–130◦, under standard conditions at a scanning
speed of 0.01◦/min and 0.002◦ step. The refinement calculations were performed using
the TOPAS 4.2 software (Bruker AXS: Karlsruhe, Germany, 2009). The space group, and
the atomic position (Wyckoff number and coordinates), correspond to the COD card
No. 96-900-7150. All details associated with the Rietveld refinement analysis are in the
Supplementary Supporting Information File (hereafter referred to as SSIF), Section S1
includes Tables S1 and S2 where the Wyckoff spatial coordinates are given.

Morphology and microstructural observation. The microstructural aspects of the
produced particles were observed in a field emission scanning electron microscopy (JEOL
JSM-7100F) equipped with a solid-state microprobe (EBSD, Bruker e-flash). Typical mi-
crographs were observed with the microscope operated at 10 kV and a constant current
of 69 μA. The particle size distribution was statistically determined from SEM images of
50 particles. Crystalline structural details of selected SrZr1-xTixO3 particles were revealed
using high-resolution transmission electron (HR-TEM, Philips Titan 300) operated at 200 kV.

Differential scanning calorimetry analysis (DSC). The DSC technique was applied to
determine the thermal behavior of single Zr-gel and Ti-gel and some selected samples with
varied Zr/Ti weight ratios. These analyses also revealed the differences in the dehydration
behavior of the Zr/Ti raw gel mixtures. Simultaneously, the gel weight loss of selected
samples was determined by thermal gravimetric analyses (TGA). These analyses were car-
ried out using a Perkin Elmer Pyris Diamond TG/DSC apparatus in the temperature range
from 30 to 1000 ◦C. The heating rate selected for the thermal evaluation was 10 ◦C/min; all
the treatments were conducted using an air atmosphere.
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3. Results

3.1. Thermal Stability of Gel Mixtures and Zr-Gel and Ti-Gel

Thermogravimetry and DSC analyses were conducted to evaluate the thermal stabil-
ity and structural changes of single pasty Zr-gel, Ti-gel and some selected gels mixtures
containing different Zr/Ti ratios. These analyses aimed to determine the total weight loss
monitored in the air atmosphere within the 30–1000 ◦C temperature range. The change in
the weight of the gels is portrayed in Figure 2a. In general, the gels selected exhibited a
remarkable weight loss above 50 ◦C, without further weight variation above 150 ◦C. Inter-
estingly, the Zr pure gel had the most significant weight loss of approximately 90.93 wt%;
in comparison with that observed for the Ti pure (67.2 wt%) and Zr/Ti (75.5–80.0 wt%) gel
samples. According to the total amount of water that Zr and Ti pure gels released during
the heat treatment, their chemical formulas are Zr(OH)4•9.64H2O and Ti(OH)4•4.5H2O,
respectively.

Figure 2. (a) Gels weight loss variation determined via TGA analyses, and (b) thermal behavior of
the precursor Zr-Ti gels determined by DSC in air atmosphere up to 1000 ◦C.

Furthermore, the thermal behavior of all the Zr-Ti gels observed in the DSC curves
(Figure 2b) revealed an endothermic event in the temperature range from 45–150 ◦C. This
event is irrespective of the pasty gel chemical composition; therefore, this peak correlates
with the water molecules’ ultimate dehydration process. Above 200 ◦C, only a regular
baseline variation was observed on all samples rather than the expected crystallization
events associated with the oxide formation on all the gels. Moreover, the differences in the
dehydration degree determined might alter the bulk concentration of the alkaline fluid
used during the hydrothermal treatments conducted under the standard hydrothermal
conditions of 200 ◦C for 4 h under stirring. This agrees with the differences in the crystal
growth of the SrZrO3 particles hydrothermally synthesized using a pasty Zr-gel and a
previously dried amorphous Zr(OH)4

0 reported elsewhere [21].

3.2. Structural Aspects of the Hydrothermal Synthesis of SrZr1-xTixO3 and SrTi1-xZrxO3 SS

Figure 3 shows the typical XRD patterns of selected powders produced under hy-
drothermal conditions at 200 ◦C for 4 h under constant stirring (130 rpm), varying the
content of Ti4+ in the mixture. Generally, the single-step chemical reaction between the
SrSO4 and the pasty gels is enhanced under stirring conditions, triggering the formation
of a fine white powder, as confirmed in all treatments by naked-eye observations. When
the Zr-gel was solely used as a precursor of the tetravalent metal perovskite, the peaks
in the XRD pattern were indexed by those of the SrZrO3 perovskite with orthorhombic
structure (ICDD 70-0283 space group Pbnm, Figure 3a). On the contrary, at Ti4+ contents
over 10.0 mol%, new peaks located at 2θ angles of 32.25◦, 39.7◦, 45.8◦ and 56.9◦ were deter-
mined in the PXRD pattern, as seen in Figure 3a. To determine the formation pathway of
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the new compound, experiments were conducted with a Ti4+ compositional span variation
of 2.5 mol% Ti4+. The new phase was formed under alkaline hydrothermal conditions in
the Ti4+ compositional range between 7.5 and 47.5 mol% Ti4+, as depicted by the signal
that appeared at 32.25◦ 2θ angle (see Figure 3b). It deserves emphasizing that this peak
exhibited a gradual shift toward higher 2θ angles coupled with peak intensity increment.
These crystalline structural features are likely due to the Ti4+ gradual incorporation into
the crystalline structure, and its bulk content produced over 7.5 mol% Ti4+ contents in
the reaction media. Simultaneously, the central peak corresponding to the orthorhombic
structured SrZrO3:Ti4+ (hereafter referred to as SS1) did not exhibit further compositional
variations because it remained at a mean 2θ angle of 31.09◦. Therefore, these results suggest
that the chemical composition of this solid solution is SrZr0.925Ti0.075O3. However, the
content of this stable phase was proportionally reduced by increasing the Ti4+ amount,
as indicated by the progressive reduction in the orthorhombic phase peaks in the PXRD
pattern (Figure 3a). Above 50.0 mol% Ti4+ peaks corresponding to a new secondary phase
(hereafter referred to as SS2) were obtained. Based on these structural results, we infer that
the crystalline structure of the SS2 single-phase can be indexed with the cubic structured
SrTiO3 perovskite (space group Pm3m, ICDD card no. 40-1500) because it agrees with
the peaks distribution of the SrTiO3 single pattern. These results depict that the cubic
perovskite SS2 crystalline phase is chemically stable under hydrothermal conditions in
the compositional range of 7.5–100.0 mol% Ti4+. In addition, the powder crystallized
without contaminant by-products, namely SrCO3, which is predominantly formed due to
its low solubility in alkaline solutions [22]. Furthermore, a steady-state chemical reaction
involving the solute saturation of the hydrothermal media is likely to proceed and trigger
the simultaneous crystallization of both crystalline compounds under fluid stirring [23].

Figure 3. (a,b) X-ray diffraction patterns of the products obtained hydrothermally by treating
celestite powders with various molar contents of pasty Zr(OH)4•9.64H2O and Ti(OH)4•4.5H2O gels,
with a solvent (5 M KOH) volume filling ratio of 20% at 200 ◦C for 4 h. Perovskite single phases:
(•) orthorhombic SrZrO3, and (�) cubic SrTiO3.

The compositional variation suggested by the PXRD analyses was observed in the SS2
phase. Stoichiometric computation was carried out to determine the Ti4+ content incorpo-
rated in the cubic perovskite secondary SS2’ phase (new phase produced in the Ti4+ range
of 7.5–47.5 mol%) and into the orthorhombic SS1; this procedure considered the nominal
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Ti4+ molar content added as a raw material. Likewise, the fraction of each solid solution
that constitutes the ultimate powder produced was calculated by the expression [(1-x)SS1 +
xSS2′] = 1, which depicts the quantitative variation in the phase content revealed by the
diffraction patterns of Figure 3b. The typical Rietveld refined plots that correlate the quan-
titative stoichiometric computation abovementioned are shown in Figure 4. Interestingly, a
minimal variation in the residual difference was also revealed in those samples exhibiting
the formation of SS1 and SS2 perovskite phases. These results show that the calculated
Zr4+:Ti4+ stoichiometric contents in the orthorhombic and cubic phases with Pbnm and
Pm3m space groups highly fitted the atomic occupation in the Rietveld refinement algo-
rithm. The algorithm ultimately computed the fraction content of each perovskite phase in
the powder sample prepared with nominal molar Zr4+:Ti4+ ratios of (a) 92.5:7.5 (b) 75.0:25.0
and (c) 62.5:37.5, as it can be seen in Figure 4. Additional results are shown in the refine-
ment plots in Figure S1 and the unit cell lattices in Figure S2 in the SSIF. Furthermore, the
structural crystalline refinement approach also considered other fitting parameters such as
background, thermal isotropy, lattice parameters, scale factor, profile half-width, crystallite
size and local strain; the details regarding the atomic Wyckoff elemental spatial distribution
are given in the SSIF, which includes Table S3 (see the SSIF) that summarizes the results
of the crystalline structural refinement. This approach was adequate to fit the structural
differences of the reaction products obtained after the hydrothermal reaction, which is
depicted by both the low mean values of the goodness-of-fit factor (GOF, mean χ2 value
of 3.48%) and Rwp = 3.26. It deserves to emphasize that the analyses confirmed that the
orthorhombic and cubic crystalline perovskite particles were simultaneously formed under
hydrothermal conditions employing the highly soluble SrSO4 powder and the mixture of
Zr4+ and Ti4+ gels.

Figure 4. Rietveld refinement plots of products obtained hydrothermally using celestite pow-
ders mixed with different metal precursor gels in molar ratios of (a) 92.5:7.5, (b) 75.0:25.0 and
(c) 62.5:37.5 mol% Zr4+:Ti4+, with a solvent (5 M KOH) volume filling ratio of 20% at 200 ◦C for 4 h.
Perovskite single phases (•) orthorhombic and (�) cubic.
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The variation in the content of both orthorhombic and cubic structured solid solutions,
which were hydrothermally produced within the whole compositional range of the binary
system SrZrO3-SrTiO3; using a KOH 5 M solution, is portrayed in Figure 5a. Generally,
the formation of the new cubic perovskite phase (SS2′) occurred in the compositional
range between 7.5 mol% and 47.5 mol% Ti4+. The quantitative analyses conducted on
the nominal stoichiometric tetravalent metal compositions depict that the new cubic SS2′
phase reach in Zr4+ (SrZr1-xTixO3) exhibited a marked increase in its content when the Ti4+

concentration increased progressively in the solvent fluid. Interestingly, the variation in
the bulk content of this phase likely resembles a typical sigmoidal kinetic behavior. On the
contrary, the residual content of the hydrothermally crystallized orthorhombic phase (SS1)
powder proportionally decreased following a reverse sigmoidal behavior. The simultaneous
crystallization of both perovskite phases is likely triggered under hydrothermal conditions
because the continuous gel dehydration promotes a cooperative reaction steady state;
thereby, a constant increase in the Ti4+ mass gradient provoked a rise in the cubic SS2′
single phase amount. This inference is supported by the fact that the Zr4+ atomic ratio in
the SS2’ cubic phase exhibited a linear decrease, proportional to the rise of the Ti4+ content,
as seen in Figure 5b.

Figure 5. (a) Content variation in the hydrothermally prepared solid solutions SS1, SS2′ and SS2,
and (b) change in the Zr4+ molar fraction in both the orthorhombic (SS1) and cubic (SS2′) in the
compositional range of 7.5–47.5 mol% Ti4+ of the binary system SrZrO3-SrTiO3.

Furthermore, the orthorhombic SS1 phase had 4.0 mol % in Zr4+ reduction within the
compositional range where both crystalline phases coexist in the binary system SrZrO3-
SrTiO3. According to these compositional results, three chemical reaction equilibria drive
the crystallization of chemically stable perovskite SS in the hydrothermal system studied.
These are included in the Supplementary Supporting Information File. The chemical
formulas of all the SS1, SS2′ and SS2 hydrothermally prepared are summarized in Table S3
in the SSI file, and the contents of the phases SS1 and SS2′ are also included.

Additionally, details on the crystalline unit cell, lattice parameters and volume cell,
corresponding to the perovskite solid solutions, which were produced under hydrothermal
conditions in a 5 M KOH solution at 200 ◦C for 4 h with a constant stirring speed of 130
rpm, are portrayed in the graphs in Figure 6. Generally, the lattice constants corresponding
to the end members of the perovskite binary system SrZrO3-SrTiO3 are slightly higher
in comparison with the values reported in Table S3 (see SSIF) for the same compounds.
Meanwhile, a marked continuous decrease in “a0”, “b0”, and “c0” parameters was deter-
mined in the orthorhombic solid solution (SS1, •), with Pbnm space group, by increasing
the Ti4+ content uptake in the resulting crystalline particles, as seen in Figure 6a. Likewise,
the “a0” lattice parameter corresponding to the new cubic SS2′ and SS2 (�) constituents
(space group Pm3m) exhibited a linear decrease within the Ti4+ compositional variation,
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which occurred within the ranges of 7.5 ≥ x ≤ 50.0 mol% Ti4+ and 50.0 ≥ x ≤ 100.0 mol%
Ti4+, as seen in Figure 6a. In both cases, the variation determined for lattice parameter
values of either orthorhombic or cubic perovskite structures agree with the systematic peak
displacement determined in the X-ray results shown in Figure 3. Interestingly, all the lattice
constants calculated exhibited a linear variation, which is depicted by the mean data dis-
persion coefficient R2 that varied between 0.912 and 0.987. This behavior indicates a linear
dependence of the structural parameters occurred by incorporating Ti4+ content in the
orthorhombic and cubic structured perovskite compound produced under hydrothermal
conditions. Furthermore, the linear variation in the lattice parameters agrees with Veg-
ard’s law, despite two simultaneous perovskite-related compounds crystallizing within the
compositional range of 7.5 ≥ x ≤ 50.0 Ti4+ mol%. Therefore, in the context of the chemical
composition, the processing approach investigated is devoted to determining the chemical
reaction pathway related to the formation of stable perovskite solid solution compounds in
the binary system SrZrO3-SrTiO3; the results suggest that a steady-state single-step reaction
is triggered under stirring hydrothermal condition, preferentially crystallize two solid
solutions at the B site of the perovskite SrZr1-xTiO3 with orthorhombic and cubic structures.
The reaction pathway is likely controlled by the tetravalent metal gel dehydration process
inherent to the proposed system.

Figure 6. Variation in the crystalline structural parameters for the orthorhombic (SS1) and cubic (SS2′

and SS2) perovskite structured solid solutions prepared under hydrothermal conditions at 200 ◦C
for 4 h with stirring at 130 rpm. (a) Unit cell lattice parameters and (b) unit cell volume. � Unit cell
values of SrZr1-xTixO3 and SrTi1-xZrxO3 solid solutions produced at a high temperature within the
entire compositional range of the binary system SrZrO3–SrTiO3; data taken from [8].

In addition, a similar trend was observed for the lattice constants variation for the
unit cell volume of the perovskite solid solutions. These values are portrayed in the plot
shown in Figure 6b, and this plot also includes the unit cell volume values calculated for
the SrTixZr1-xO3 (solid � symbol) solid solutions prepared at 1400 ◦C for 96 h [8]; these data
were included for comparison purposes. Some data are likely similar to those determined
in our case, namely at Ti4+ contents above ≤90.0 mol%. The authors demonstrate that the
formation of stable solid solution preferentially occurs within the entire compositional
range of the system SrZrO3-SrTiO3, as depicted by the data plotted in Figure 6b. Exhaustive
crystalline structural analyses conducted by neutron and synchrotron diffraction confirmed
the dependence of the SS´s composition with the crystalline structural transformations,
which leads to obtaining orthorhombic, tetragonal and cubic structures stable at specific
Ti4+ contents incorporated into the SS SrTixZr1-xO3. Superlattice reflections revealed near
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2θ = 33 and 41◦ (021 and 122/212 Miller indexes) corresponding to the orthorhombic
structure were detected up to 40.0 mol% Ti4+; above this content, tetragonal structure
predominates as sole phase produced at high temperature, the new reflection at 2θ ≈ 40◦
(121) confirmed the formation of SrTixZr1-xO3 SS that belongs to this structure, which
predominates at the highest Ti4+ content of 90.0 mol% at low temperature [8].

Interestingly, the PXRD analyses conducted on the hydrothermally prepared speci-
mens with Ti4+ contents between 7.5 mol% and 90.0 mol% did not reveal the superlattice
peaks associated with the perovskite tetragonal structure, despite the observation of a
similar variation trend on the unit cell volume of both reaction products with orthorhombic
and cubic structures prepared here, compared with the continuous solid solutions obtained
via solid-state reaction at high temperature [8]. We infer from these results that the Ti-gel
dehydration yield plays an essential role in achieving a steady-state chemical reaction,
which enhances a specific solute supersaturation stage that causes the simultaneous crystal-
lization of both phases. This process proceeds faster than the solid-state reaction producing
a broad compositional series of solid solutions in the system SrZrO3–SrTiO3 [8].

On the other hand, according to the crystalline structural results calculated by Rietveld
refinement given in Table S3 of the SSIF, the minor structural differences revealed on the unit
cell parameters in both perovskite compounds (orthorhombic and cubic) are caused by the
variation in the Sr-O, Ti-O and Zr-O bond lengths. A systematic increase in the Ti-O bond
length proportionally occurred by decreasing the Ti4+ content incorporated into the octahe-
dral BO6 site in the cubic structured SS2, in the compositional range of 7.5 ≤ x ≤ 90 mol%
Ti4+. Similarly, the Sr-O bond length is considerably affected, reaching a maximum value
of 2.822 Å, which is remarkably more extensive than that for the cubic structured SrTiO3
single phase (2.769 (1) Å, as seen in Table S3). From these results, we surmise that this
structural phenomenon maintains the cubic structured solid solution thermodynamically
stable at low contents of Ti4+ below 50.0 mol%. This inference is supported by the fact that
under solid-state reaction conditions, a series of intermediate tetragonal structured solid
solutions were successfully formed in a shorter range of Ti4+ (40.0 ≤ x ≤ 90.0 mol% Ti4+).
It deserves to emphasize that the tetragonal structure remains stable because it corresponds
to the primitive cell of the orthorhombic structured perovskite. Therefore, this structural
transformation is favored by a slight structural tilt in the BO6 octahedra caused by the
Ti4+ partial incorporation. This structural transformation is markedly provoked under
solid-state reaction conditions at high temperatures [8]. Another factor that might cause the
predominant formation of the SS2 solutions with cubic structure and their structural varia-
tions is associated with the processing conditions (reaction temperature and stirring speed),
as suggested elsewhere [21]. This inference is likely supported by the marked differences
determined for the lattice strain caused in the unit cell by partially incorporating Ti4+ in the
cubic SS2′ SS. Large lattice strain values were calculated from the Rietveld refinements for
the SS2′ SS prepared with Ti4+ contents between 7.5 and 50 mol% and are shown in Table
S3 of the Supplementary Supporting Information File.

3.3. Particle Morphology Variation for the Hydrothermally Synthesized SrZr1-xTixO3 and
SrTi1-xZrxO3 (SS)

Recently, the morphological habit features for SrZrO3 particles were elucidated; the
hydrothermal treatments conducted without stirring in an alkaline media (5 M KOH) using
the same reaction precursors resulted in the crystallization of micron-sized (averaging
10 μm) SrZrO3 particles with cuboidal morphology [21]. On the contrary, our results
depicted that continuous stirring (130 rpm) of the hydrothermal media remarkably im-
proved the size reduction in the cuboidal-like SrZrO3 particles, which were produced free
of reaction by-products, namely SrCO3, at 200 ◦C for 4 h. The monodispersed SrZrO3
particles had a unimodal particle size distribution with an average size of 3.8 μm, as seen
in the inlet graph of Figure 7a. Under these conditions, the continuous agitation caused a
homogeneous distribution of solute dissolved in the alkaline solvent.

124



Nanomaterials 2023, 13, 2195

Figure 7. FE-SEM micrographs of the particles of the SrZr1-xTixO3 and SrTi1-xZrxO3 solid solutions,
obtained under dynamic hydrothermal conditions at 200 ◦C in a reaction medium of 5 M KOH
for a reaction time of 4 h, using SrSO4 and different ratios of Zr and Ti gels (Zr(OH)4•9.64H2O,
Ti(OH)4•4.5H2O). (a) SrZrO3, (b) 5.0 mol% Ti4+, (c) 30.0 mol% Ti4+, (d) 50.0 mol% Ti and (e) SrTiO3.

On the contrary, a marked particle reduction occurred on the perovskite particles pro-
duced when the Ti4+ pasty gel was stoichiometrically introduced into the reaction system.
Above Ti4+ contents of 5.0 mol%, the single phase SrZr0.95Ti0.05O3 powders exhibited a
mean particle size of 141.2 nm. The morphology resembling cuboidal-shaped particles
forming some irregularly shaped agglomerates, Figure 7b. Furthermore, the formation of
a noticeable number of fine meso-crystals (average size 82.6 nm) with a pseudocuboidal
shape were formed together with a large amount of cubic-like shaped large particles having
an average size of 175.5 nm, Figure 7c. It deserves to emphasize that these particles were
formed using the content of 30 mol% Ti4+, and the FE-SEM observation agrees with the
PXRD results which revealed the coexistence of two SrZr1-xTixO3 solutions with different
Ti4+ content (Figure 3a). Likewise, the difference on the Zr(Lα) and Ti(Kα) peak intensi-
ties between the fine sized pseudocuboidal and large cubic-like particles confirmed the
variation on the bulk chemical composition of the SS1 and SS2′ (as seen in Figure S3b in
SSIF). Based on the Rietveld refinement analyses, their chemical formulas correspond to
SrZr0.9Ti0.1O3 and SrZr0.70Ti0.3O3, respectively.

The pseudocubic meso-crystals were formed preferentially under hydrothermal stir-
ring conditions with Ti4+ contents over 50 mol%. Generally, the new pseudocubic-shaped
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meso-crystals were monodispersed and exhibited a unimodal size distribution with an av-
erage size of 172.2 nm. Furthermore, the single-phase SrZr0.5Ti0.5O3 (SS2) cubic structured
meso-crystals were likely formed from tiny particles self-assembled via a 3D hierarchical
architecture; this assumption was inferred from the roughness surface of the meso-crystals
shown in Figure 7d. Additionally, the FE-SEM observations conducted on the hydrother-
mally produced single phase SrTiO3 meso-crystals (see Figure 7e), allowed to infer that
these meso-crystals underwent a crystallization process analogous to that observed on
samples containing low contents of Ti4+ up to 50.0 mol%. Thus, the meso-crystals solely
prepared with Ti(OH)4

0 gel had a slight reduction in their particle size, which averaged
147.5 nm. According to the experimental results, it can be inferred that the chemical compo-
sitional variation in the crystalline phases produced (SS1, SS2′ and SS2) and the particle
coarsening differences are strongly dependent on the Ti(OH)4

0 gel content variation in the
hydrothermal treatments conducted under vigorous agitation. Details of the crystalliza-
tion mechanism and its correlation with the precursor gels (Zr(OH)4

0 and Ti(OH)4
0) are

discussed in the following Section 3.4.

3.4. Crystallization of SrZr1-xTixO3 and SrTi1-xZrxO3 Meso-Crystals under Alkaline
Hydrothermal Conditions

HR-TEM observations and compositional EDS analyses systematically investigated
the crystallization process for both SrZr1-xTixO3 and SrTi1-xZrxO3 promoted under hy-
drothermal treatment conducted with vigorous fluid agitation, according to the differences
in morphology revealed by the FE-SEM analyses (Figure 7, and Figure S4 in the SSI), the
growth process of the meso-crystals depends on the Ti(OH)4

0 gel. This inference is sup-
ported by the remarkable reduction in either Zr4+ rich orthorhombic or cubic structured
particles preferentially formed on the hydrothermal treatments conducted with compo-
sitional variations between 7.5 mol and 50.0 mol% of Ti4+. Indeed, some of the present
authors reported the differences in the chemical reactivity of metal transition hydroxide
gels in the alkaline hydrothermal media [20,21]. It deserves to emphasize that the crys-
tallization of cuboidal-shaped SrZrO3 particles rapidly occurred using powders of SrSO4
and Zr(OH)4

0 dried gel in a 5 M KOH solution at 240 ◦C for 24 h, in comparison with
an analogous reaction system employing a Zr(OH)4

0 coprecipitated gel. The pasty hy-
droxide gel undergoes a dehydration process that markedly hinders the SrSO4 dissolution;
consequently, the bulk solute saturation proceeded slowly, triggering the nucleation of
flower-shaped SrZrO3 crystals. These crystals grew epitaxially along the [111] direction,
resulting in large particles (mean size of 60 μm) for reaction intervals of 96 h [21].

By these results, we infer that the vigorous fluid agitation accelerated the SrSO4 dis-
solution and the pasty Zr(OH)4

0 gel dehydration, consequently triggering a rapid solute
supersaturation within 4 h at a relatively low temperature of 200 ◦C, which rapidly pro-
voked the crystallization of SrZrO3 cuboidal-shaped monodispersed crystals. The structural
details determined by the TEM diffraction spot image indicated that the hydrothermally
prepared SrZrO3 crystals are single crystals in nature (Figure 8a). In contrast, the HR-TEM
images depicted their high crystallinity, as confirmed by the 2D finger lattice atomic dis-
tribution. Interestingly, the observation conducted at the crystal edge in areas exhibiting
SrZrO3 fine particles grown on the surface indicated that the micron-sized SrZrO3 sin-
gle crystals grew epitaxially along the direction of the plane (112) that, corresponding to
the lattice plane distance of 2.895 Å of the orthorhombic structure (card ICDD 70-0283).
However, the dissolution-crystallization mechanism provoked the SS1 and SS2 perovskite
structured particles, irrespective of the Ti(OH)4•4.5H2O gel content. Likewise, the reactivity
of the Zr(OH)4

0 precursor gel seemingly proceeded faster when compared with the sample
prepared solely with Zr(OH)4•9.64H2O. The bulk alkalinity of the solvent fluid remains
high when the Ti4+ concentration varies because the alkalinity reduction caused by the
large water content released by the Zr(OH)4•9.64H2O dissolution is progressively hindered.
Therefore, a specific reaction steady-state reaction is reached, triggering an accelerated
solute supersaturation state that results in a fast crystallization of orthorhombic (SS1) and

126



Nanomaterials 2023, 13, 2195

cubic (SS2′), or solely the SS2 meso-crystals. Consequently, the primary crystal growth
is hindered, as revealed by the HR-TEM micrographs of the single-phase SrZr0.5Ti0.5O3
and SrTiO3 fine particles shown in Figures 8b and 8c, respectively. These images also
revealed features regarding the self-assembly process for primary anhedral nanosized
crystals (20–45 nm), which proceeds along the {011} crystallographic planes of the cubic
structure. We surmise that their surface facets favor the fine crystals assembly with (011)
indexes, seemingly exhibiting low surface energy, allowing them to coalesce rapidly.

Figure 8. TEM micrographs of the SS SrZr1-xTixO3 and SrTi1-xZrxO3 particles, obtained under
hydrothermal conditions at 200 ◦C in a 5 M KOH for 4 h. The images correspond to single-phase
samples of (a) SrZrO3, (b) SrZr0.5Ti0.5O3 and (c) SrTiO3.
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Consequently, the 3D hierarchical assembly produces highly crystalline agglomerates
with pseudocubic morphology. This inference is supported by 2D finger lattice atomic
distribution images and FFT diffraction patterns, as shown in Figure 8b,c. These results
revealed that the single-phase cubic structured SrZr0.5Ti0.5O3 and SrTiO3 primary crystals
grew along (011) planes and subsequently coalesced to form the nanosized (140–175 nm)
meso-crystals agglomerates, which exhibited single crystal areas as revealed by the FFT
diffraction patterns. Interestingly, the 3D assembly process irrespectively proceeded by
varying the Ti4+ content in the 7.5–100 mol% range. According to these results, we inferred
that under hydrothermal conditions, the continuous vigorous stirring of the alkaline fluid
triggered a homogeneous dispersion of the raw precursors (SrSO4 powder and the mixture
of the pasty gel species), yielding a controlled dissolution-crystallization reaction carried
out in a single step to synthesize various perovskite solid solution in the binary system
SrZrO3–SrTiO3. Indeed, the proposed soft chemistry process is faster than that even
conducted under highly alkaline 5 M NaOH fluid to produce SrZrO3 without stirring
under hydrothermal conditions [21].

4. Conclusions

A systematic investigation directed toward synthesizing powders with various Zr4+

and Ti4+ ions contents was satisfactorily conducted via a single-step reaction under hy-
drothermal conditions. The particles of SrZr1-xTixO3 and SrTi1-xZrxO3 solid solutions
rapidly crystallized at 200 ◦C for 4 h after the dissolution of low-grade SrSO4 mineral
coupled with the mixture of hydrous Zr4+ and Ti4+ gels. A dependence on the stability
of either crystalline orthorhombic or cubic structured phases occurred on the processed
particles against the content of Ti4+. The synthesis of the solid solutions was boosted by the
vigorous stirring of the alkaline 5 M KOH media, which triggered a massive dissolution–
crystallization mechanism of ionic species under alkaline hydrothermal conditions. How-
ever, the solvent alkalinity was affected by the Zr(OH)4•9.64H2O dehydration causing a
specific steady-state equilibrium for triggering the solute saturation that achieved simulta-
neous SS1 and SS2′ fine particle crystallization in the range between 7.5 and 47.5 mol% Ti4+.

The rapid dehydration of the Ti-gel in the reaction system reduced the mesocrystals
size for the orthorhombic (SS1) and cubic (SS2′) structured solid solutions, resulting in
pseudocubic-shaped mesocrystals with sizes varying between 141.0 and 175.5 nm. These
mesocrystals were produced via a 3D hierarchical self-assembly process of fine crystals
(10.0 nm to 20.0 nm), which occurs along the crystallographic planes {011}, leading to the
pseudocubic-shaped agglomerate formation. According to the present results, research
must be focused on the electrical and ferroelectric properties of specific chemical compo-
sitions for potential industrial application. The soft chemistry hydrothermal processing
proposed here might be employed for synthesizing other inorganic perovskite binary
systems to tailor solid solutions with enhanced functional properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13152195/s1, Figure S1: Selected Rietveld refinement plots
of powder samples prepared at 200 ◦C for 4 h with 5 M KOH stirred at 130 rpm, using different
Ti4+-gel contents of (a) 0.0, (b) 30.0, (c) 50.0, (d) 80.0 and (e) 100.0 mol% Ti, respectively; Figure S2:
Estimated unit cell lattices corresponding to the orthorhombic (a,b) and cubic (c,d) structured solid
solutions prepared with different contents of Ti4+, (a) 0.05 mol%, (b,c) 30.0 mol% and (d) 50.0 mol%.
The proportional Ti4+ content in each solution is represented in the Zr4+ locations (spatial Wyckoff
positions 4c and 4a). The unit cell lattices were plotted using the CIF data file from the Rietveld
refinements and the VESTA 3 software (K. Momma and F. Izumi, “VESTA 3 for three-dimensional
visualisation of crystal, volumetric and morphology data”, J. Appl. Crystallogr., 44, (2011) 1272–1276.
These structures do not represent the real atomic distribution; a superlattice is suggested to be
formed to include the stoichiometric amount of the dopant Ti4+ in either orthorhombic or cubic
structures.; Figure S3: FE-SEM micrographs of particles of the solid solutions SrZr1-xTixO3 and
SrTi1-xZrxO3, obtained under hydrothermal conditions at 200 ◦C for 4 h, using a reaction medium
of 5 M KOH and SrSO4 with different contents of Ti gel (Ti(OH)4•4.5H2O), (a) 0.0, (b) 10.0, (c) 15.0,
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(d) 20.0, (e) 25.0, (f) 30.0, (g) 40.0, (h) 50.0, (i) 75.0 and (j) 100.0 %mol Ti4+; Figure S4: FE-SEM
images, mapping of metal elements and EDX spectra of particles corresponding to the solid solutions
SrZr1-xTixO3 and SrTi1-xZrxO3, obtained under alkaline hydrothermal conditions at 200 ◦C for 4 h,
using a 5 M KOH solution, SrSO4 and different contents of Ti-gel (Ti(OH)4•4.5H2O), (a) 15.0, (b) 30.0
and (c) 50.0 %mol Ti.; Table S1: Strontium titanate cubic structure atomic coordinates associated with
the Pm3m, 221, space group. These were used to carry out the Rietveld refinements by TOPAS 4.2
software; spatial locations were reported in the CIF file ICDD card no. 40–1500; Table S2: Strontium
zirconate orthorhombic structure atomic coordinates (space group Pbnm, 62) were used for Rietveld
refinements by TOPAS 4.2 software; spatial locations were reported in CIF file ICDD card no. 70-0283;
Table S3: Summary of experiments conducted to prepare powders of SrZr1-xTixO3 and SrTi1-xZrxO3
under hydrothermal conditions at 200 ◦C for 4 h.
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Abstract: ZnO inverse opals combine the outstanding properties of the semiconductor ZnO with
the high surface area of the open-porous framework, making them valuable photonic and catalysis
support materials. One route to produce inverse opals is to mineralize the voids of close-packed
polymer nanoparticle templates by chemical bath deposition (CBD) using a ZnO precursor solution,
followed by template removal. To ensure synthesis control, the formation and growth of ZnO
nanoparticles in a precursor solution containing the organic additive polyvinylpyrrolidone (PVP)
was investigated by in situ ultra-small- and small-angle X-ray scattering (USAXS/SAXS). Before
that, we studied the precursor solution by in-house SAXS at T = 25 ◦C, revealing the presence of
a PVP network with semiflexible chain behavior. Heating the precursor solution to 58 ◦C or 63 ◦C
initiates the formation of small ZnO nanoparticles that cluster together, as shown by complementary
transmission electron microscopy images (TEM) taken after synthesis. The underlying kinetics of
this process could be deciphered by quantitatively analyzing the USAXS/SAXS data considering the
scattering contributions of particles, clusters, and the PVP network. A nearly quantitative description
of both the nucleation and growth period could be achieved using the two-step Finke–Watzky model
with slow, continuous nucleation followed by autocatalytic growth.

Keywords: chemical bath deposition; ZnO; USAXS; SAXS; polyvinylpyrrolidone; PVP; particle
formation; kinetics

1. Introduction

The field of artificial, structured organic–inorganic hybrid materials has received
enormous attention in the last few decades given the major contributions in numerous
fields such as coatings, catalysis, sensors, and electronics [1–3]. In terms of fabrication, one
straightforward approach is the use of organic templates, including carbon nanotubes [4,5],
polymers [6,7], or even biological objects such as viruses [8,9], on which an inorganic
matrix is deposited in situ. To preserve the delicate template structure, mild deposition
conditions are necessary. Next to the frequently used sol–gel procedure [6,10,11], chem-
ical bath deposition (CBD) has been proven beneficial, in particular for the synthesis of
nanostructured hybrid materials with a finely tuned thickness of the deposited inorganic
phase on the organic template. In CBD, an (organic) template is mineralized while being
immersed in a precursor solution at moderate temperatures, typically below 100 ◦C [12].
Additives such as polymers [13] or small molecules like amino acids [14] may be present
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and used as a structure-directing agent to precisely control the growth of the solid with
respect to size, morphology, and crystallinity. Such control is achieved by the ability of the
additives to stabilize the dissolved ions, direct and restrict the particle growth, and prevent
nanoparticle agglomeration by steric and/or electrostatic interactions. Using this approach,
dense and smooth thin films and nanostructured hybrid materials of metal chalcogenides
like CdS [15–17], TiO2 [18–20], and ZnO [21–23] were fabricated through organic templates.
Among them, the transparent semiconductor ZnO is of particular interest as it covers a
vast range of applications from optoelectronics [24,25] to gas sensors [26,27] and lasing
devices [28,29], etc.

Applying a well-established CBD route and using various organic templates such as
self-assembled monolayers [30–33], polymers [32,34], polymer foams [35], DNA [36], and
viruses [37–40], ZnO hybrid materials were prepared from a methanolic ZnO precursor so-
lution in the presence of polyvinylpyrrolidone (PVP). In addition, close-packed assemblies
of polymer nanoparticles were mineralized by applying the same approach, followed by
the removal of the particles to produce ZnO inverse opals [41,42]. They are a promising
candidate for photonic applications [43,44] or as catalyst solid supports in heterogeneous
catalysis [45], combining the ordered porous structure with the favorable electrical and
optical properties of ZnO. First insights into the role of PVP on the deposition rate, mecha-
nism, and film morphology of ZnO films obtained applying this CBD approach were given
in the studies of Lipowsky et al. [30,31,33]. It was found that in the absence of PVP, the
immediate precipitation of micron-sized ZnO particles takes place, whereas intermediate
PVP volume fractions (0.06 < φPVP < 0.14) are required for the successful preparation of
thin, homogeneous nanocrystalline ZnO films. It was also shown that the deposition of
ZnO occurs via a transient amorphous phase in which needle-like particles containing
both zinc and PVP are formed [33], similar to the well-known formation of intermediate
amorphous phases in biomineralization and bioinspired mineralization processes [46,47].

A powerful technique for the in situ study of the structural evolution during nanopar-
ticle synthesis is time-resolved small-angle X-ray scattering (SAXS), which can be comple-
mented by ex situ imaging techniques such as transmission electron microscopy (TEM). As
far as ZnO formation via the sol–gel method is concerned, Caetano et al. investigated the
nucleation and growth of ZnO nanoparticles synthesized through an additive-free sol–gel
process via time-resolved tandem SAXS/UV-Vis and X-ray adsorption fine structure (XAFS)
experiments [48–50]. These studies revealed that ZnO nuclei formed by supersaturation-
induced nucleation are subject to the so-called oriented attachment growth [51,52], where
particles aggregate by coalescence. In the late stages, Ostwald ripening [53,54] with dissolu-
tion and reprecipitation processes dominates. Analogies were found by Herbst et al. during
the thermolysis of Zn-oleate precursors, verified by in situ SAXS/WAXS/UV-Vis measure-
ments [55]. In their study, a classical homogeneous nucleation and growth model was
applied to describe the process of ZnO nanoparticle synthesis. A nonclassical growth behav-
ior where both diffusion- and surface-control occur was observed when the PVP-mediated
solvothermal synthesis of ZnO nanorods was studied by ex situ SAXS and TEM [56].

In this study, we use time-resolved USAXS and SAXS for the in situ investigation of
the role of the organic additive PVP during the formation and growth of individual ZnO
nanoparticles and ZnO clusters in a methanolic precursor solution applying the above-
mentioned CBD method. As found in previous studies, this method requires a relatively
high volume fraction of PVP (φPVP = 7.1 × 10−2); therefore, its scattering contribution
must be considered when analyzing the scattering data. Accordingly, the first part of
this work deals with the study of the polymer structure in the precursor solution before
initiating the synthesis of ZnO particles by heating. In the second part, we clarified
the ZnO particle formation performed at two temperatures, i.e., 58 ◦C and 63 ◦C, via
time-resolved synchrotron USAXS measurements. Form factor modeling and model-
independent invariant analyses of the recorded USAXS data allowed us to not only describe
the data quantitatively but also to unravel the ZnO nanoparticle formation mechanism.
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2. Materials and Methods

2.1. Synthesis of ZnO Nanoparticles

ZnO nanoparticles were synthesized following an established procedure [35,41,42].
Briefly, three methanolic stock solutions of zinc acetate dihydrate (ZnAc2 × 2 H2O)
(37.4 mM, Sigma-Aldrich, St. Louis, MO, USA), tetraethylammonium hydroxide (TEAOH)
(79.0 mM, Sigma-Aldrich), and polyvinylpyrrolidone (PVP) (25.7 mM) (Sigma-Aldrich,
Mw = 10,000 g/mol (10 k), Lot # BCBJ4889V) were used to prepare the precursor solution.
While the stock solutions can be stored for a longer period of time, the precursor solution
was prepared freshly before use to avoid unwanted ZnO formation. Equal volumes of the
ZnAc2 and PVP stock solution were mixed, followed by dropwise addition (1 mL/min)
of the same volume of the TEAOH stock solution under continuous stirring. Thus, a
precursor solution with a volume ratio of 1:1:1 of the stock solutions and final concen-
trations of [PVP] = 8.6 mM, [Zn2+] = 12.5 mM, and [TEAOH] = 26.3 mM was obtained.
For the synthesis of ZnO particles, the precursor solution was heated to T = 58 ◦C and
63 ◦C, respectively.

2.2. Characterization
2.2.1. In-House Small-Angle X-ray Scattering

Room temperature studies of the precursor solution were performed on a SAXSess
instrument from Anton Paar (Graz, Austria). The instrument was equipped with a Cu
Kα X-ray source (λ = 1.54 Å) operated in line collimation mode. Samples were filled into
a quartz capillary flow cell and data were collected at 25 ◦C using imaging plates from
Fujifilm (Greenwood, SC, USA), which were read by a cyclone scanner from PerkinElmer
(Covina, CA, USA). One-dimensional corrected and reduced scattering profiles I(q) as a
function of the absolute value of the scattering vector q, with q = 4π/λ sin(θ/2), where θ is
the scattering angle, were obtained using Anton Paar’s SAXSquant 2D and 1D software,
including the subtraction of the dark current and the empty cell scattering. To normalize
the data to an absolute scale, water was used as a secondary calibration standard [57]. The
scattering data were analyzed using SasView version 5.0.4, with slit-smearing accounted for
in the fit model. Alternatively, the slit-smeared data were desmeared using SAXSquant 2.0.

2.2.2. Ultra-Small- and Small-Angle Synchrotron X-ray Scattering

USAXS and SAXS data were collected at the 9-ID-C beamline at the Advanced Pho-
ton Source at Argonne National Laboratory (Argonne, IL, USA) [58,59]. A combined q
range between 3.7 × 10−4 Å−1 and 1.7 Å−1 was covered using an X-ray energy of 21 keV
(λ = 0.5895 Å) and an X-ray flux of about 5 × 1012 photons mm−2 s−1. To study the
time-dependent growth of the ZnO particles, the precursor solution was filled into an
NMR tube (Wilmad-LabGlassTM, WG-1000-4, inner diameter 4 mm), which was placed
in a thermostated home-built cell holder. USAXS scattering data were recorded starting
at T = 25 ◦C, followed by rapid heating (1 K/s) to T = 58 ◦C and 63 ◦C, respectively, with
collection times of 100 s each. Before and after the time-resolved USAXS measurements,
SAXS patterns were acquired with collection times of 20 s.

The slit-smeared USAXS data were reduced for instrumental background and empty
cell scattering, normalized to absolute scale, and desmeared using the instrument data
reduction software package Indra for Igor Pro 9.0. For the SAXS data and to combine the
USAXS and SAXS data, Nika [60] and Irena [61] were used, respectively. The scattering
data were analyzed using SasView version 5.0.4, with the slit-smearing accounted for in
the fit model.

2.2.3. Transmission Electron Microscopy

For particle visualization, TEM images were collected on a EM10 from Zeiss (Jena,
Germany) operated at 60 kV. Each nanoparticle solution was diluted in methanol at room
temperature. A small drop of the diluted sample was placed on a TEM copper grid covered
with a thin holey carbon film. The drop was then gently blotted to remove the excess
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sample. After the solvent had completely evaporated, the dry grid containing the particles
was transferred to the microscope. A 1 k × 1 k CCD camera was used to record the TEM
images, which were analyzed using the software ImageJ to evaluate the size of at least
100 ZnO particles and clusters, respectively, based on which the mean radii RZnO,i,TEM and
the standard deviations σi,TEM were determined using a Gaussian size distribution function.

3. Results and Discussion

In the following, we first describe the structural investigation of PVP in the methanolic
ZnO precursor solution by in-house SAXS and USAXS/SAXS. We then discuss the time-
resolved synchrotron USAXS measurements performed to determine the kinetic processes
of ZnO particle formation and growth in situ. We show that a quantitative analysis of all
scattering data is possible when considering the scattering contributions of the previously
determined stabilizing polymer structure and two ZnO species, i.e., ZnO nanoparticles and
their clusters. In the last part, we use the determined time evolution of the size and volume
fraction of ZnO particle clusters to study the kinetics using the two-step Finke–Watzky
model [62–65].

3.1. PVP Structure in the Precursor Solution

The chemical bath deposition (CBD) of ZnO nanoparticles studied in this work is
based on the thermally induced hydrolysis of the zinc precursor zinc acetate (ZnAc2) in
a methanolic solution under basic conditions adjusted by the organic base tetraethylam-
monium hydroxide (TEAOH). Furthermore, the ion-stabilizing and structure-directing
agent PVP (10 k) is added at a volume fraction of φPVP = 7.1 × 10−2. As a prerequisite
for the comprehensive investigation of the ZnO particle formation by USAXS/SAXS, the
contribution of all components to the total scattering should be clarified first. Therefore,
we started with the investigation of the PVP structure in methanol before and after the
addition of the respective components as well as the PVP structure in the final composition
of the precursor solution by SAXS at 25 ◦C.

In Figure 1a, the recorded slit-smeared SAXS intensities I(q) were plotted as a function
of the scattering vector q using a double-logarithmic representation. The scattering curve of
PVP in pure methanol φPVP = 7.1 × 10−2 (8.6 mM) ( ) shows a Guinier region at low q with
almost constant scattering intensity. As q increases, a power law decay is observed until a
minimum is reached at q ≈ 1 Å−1, followed by the intermolecular C-C chain interaction
peak [66] at q ≈ 1.5 Å−1. Similar behavior was found when 12.5 mM ZnAc2 ( ) or 26.3 mM
TEAOH ( ) were added while keeping the polymer amount constant at φPVP = 7.1 ×
10−2. However, for the final composition of the precursor solution (  ), instead of a Guinier
region for q < 0.1 Å−1, a power law decay with I(q) ≈ q−1.4 can be seen. Thus, the presence
of both ZnAc2 and TEAOH results in a significantly different structure of the polymer.

In general, the recorded scattering curves provide information about the polymer
structure on different-length scales: the Guinier region gives the overall dimension of the
polymer, i.e., its radius of gyration Rg(PVP), while the exponent m of the power law decay
is related to the polymer–solvent interactions [67,68]. Furthermore, the correlation length ξ,
quantifying the end-to-end distance of a coil or the mesh size, i.e., the mean diameter of a
cavity within the polymer network [69], respectively, can be extracted.

To determine Rg(PVP) and the exponent m of the power law decay, the scattering
curves, except for the final composition, were analyzed according to the polymers with
excluded volume effects model [67,68]:

I(q)poly = I0

[
m

U
m
2

γ
(m

2
, U

)
− m

Um γ(m, U)

]
, (1)
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where I0 corresponds to the forward scattering intensity, γ is the incomplete gamma
function, and the parameter U is defined by

U =
q2Rg

2(2/m + 1)(2/m + 2)
6

. (2)

Since I(q)poly does not account for large q features such as the intermolecular C-C chain
interaction peak [66], Equation (1) was combined with a Gaussian I(q)G, which finally leads
to the following expression:

I(q) = I(q)poly + I(q)G = I(q)poly + G · exp
(

1
2
(q − qG)

2/σG
2
)

. (3)

Herein, G is the scaling factor for the Gaussian with the maximum peak position
at qG, and the peak width σG. Note that the solid lines in Figure 1a correspond to the
final fit following Equation (3), while in Figure 1b, the final fit as well as the respective
contributions of Equation (3) are shown exemplarily for the scattering pattern of PVP in
methanol ( ).

Figure 1. (a) Slit-smeared SAXS profiles of PVP at φPVP = 7.1 × 10−2 in methanol with the respective
compounds and the final composition (TEAOH = 26.3 mM, ZnAc2 = 12.5 mM), measured at
T = 25 ◦C. The scattering curves were described using the polymers with excluded volume effects
model [67,68], and for the final composition, the flexible cylinder model [70,71] combined with a
Gaussian, respectively (solid lines). To help the reader distinguish between the scattering curves,
they are displaced by an arbitrary factor. Inset: Comparison of desmeared in-house SAXS and
USAXS/SAXS data for the final composition with the flexible cylinder fit. (b) Applied fit models
(Equations (3) and (4)) and their respective scattering contributions are shown for PVP in methanol.

The correlation length ξ was obtained, separately, by applying the correlation length
model [69] I(q)ξ, which was again combined with a Gaussian:

I(q) = I(q)ξ + I(q)G =
A

qm′ +
C

1 + (qξ)b + I(q)G (4)

where the first term accounts for the scattering of large-scale polymer clusters, and the
second term for the polymer chains. A and C are scaling parameters and m′ and b are the
exponent of the power law decay(′ denotes for small q′s) and the Lorentzian exponent,
respectively. In cases where the low q power law decay was absent, the first term was
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neglected (A = 0). Also, for Equation (4), the respective contributions, together with the
final fit, are shown exemplarily for PVP in methanol ( ) in Figure 1b.

Applying Equations (3) and (4) and taking the slit-smearing into account, it was
possible to describe the scattering curves quantitatively. The best-fit parameters are
compiled in Tables S1 and S2 in the Supplementary Materials, while the corresponding
Guinier radius Rg(PVP), the exponent m of the power law decay at high q′s, and the
correlation length ξPVP are summarized in Table 1. Following the analysis of the scattering
data of PVP in methanol ( ) with Equation (3) revealed a high q power law decay exponent
of m ≈ 1.5, suggesting that the polymer chains are no longer in an ideal (m = 2) or swollen
(m = 5/3) state but already approach a rod-like state (m = 1) [68,72]. A similar behavior
was found by Sapir et al. [73] once the overlap concentration c* of PVP-10k in D2O (φPVP ~
4.8 × 10−2) was exceeded and the semidilute polymer regime began. This regime refers
to a state in which the polymer forms a network with overlapping and entangled chains.
When PVP was studied at lower volume fractions (φPVP = 1.0, 2.0, and 4.0 × 10−2) in
methanol, shown in the Supplementary Materials Figures S1 and S2 and Tables S3 and
S4, ideal chain behavior was observed exclusively for the lowest PVP volume fraction
φPVP = 1.0 × 10−2. At φPVP = 2.0 × 10−2, the exponent of the power law decay drops
steeply and then slowly decreases with increasing PVP amount, while Rg(PVP) decreases
continuously. Furthermore, the change of the scaling dependency of the correlation length,
observed between φPVP = 4.0 and 7.1 × 10−2, confirms that the PVP concentration in the
methanolic precursor solution can be assigned to the semidilute regime [74].

The analysis of the scattering data from the methanolic PVP solution (φPVP = 7.1 × 10−2) in
which ZnAc2 ( ) or TEAOH ( ) was added revealed a slight increase in Rg(PVP) (see Table 1)
while the decrease in the exponent of the power law decayindicates that the polymer becomes
more rod-like [72]. Though PVP is a nonionic polymer, the pyrrolidone head group is polar and
interacts with the ions of the ZnO precursor and the organic base [33,75]. Their accumulation
along the polymer chains, leading to repulsion of the segments within the polymer chain, can
explain why the polymer chain becomes slightly stiffer and more swollen compared to the
ion-free solution. This effect is slightly more pronounced with TEAOH, whose concentration is
more than twice of ZnAc2.

Table 1. Parameters obtained from the analysis of SAXS data from PVP in methanol at φPVP = 7.1 × 10−2

before and after adding 12.5 mM ZnAc2 and 26.3 mM TEAOH, respectively, as well as the final composition.
While the polymer with excluded volume model [67,68] provided the radius of gyration Rg(PVP) and the
high q power law exponent m, the exponent of the power law decay at low q m′ and the correlation length
ξPVP were obtained through the correlation length model [69].

Sample Rg(PVP)/nm m m′ ξPVP/nm

PVP 1.5 ± 0.1 1.52 ± 0.01 - 1.1 ± 0.1
PVP–ZnAc2 1.7 ± 0.1 1.46 ± 0.01 - 1.1 ± 0.1

PVP–TEAOH 1.8 ± 0.1 1.45 ± 0.01 - 1.3 ± 0.1
PVP–TEAOH–ZnAc2 6.3 ± 0.3 a - 1.55 ± 0.01 2.9 ± 0.2

a obtained by the Guinier analysis.

Discussing the scattering data of the precursor solution (  ) (where both ZnAc2
and TEAOH are present) in more detail, the power law decay (I(q) ≈ q−1.4) recorded
in the low q limit of the in-house SAXS instrument provides little information on the
global structure and size of the polymer. This information can be obtained by extending
the q-range towards much smaller values using the USAXS/SAXS setup at the 9-ID-C
beamline at the Advanced Photon Source at the Argonne National Laboratory [58,59].
The inset in Figure 1 shows a good agreement between the desmeared in-house (  )
and USAXS/SAXS ( ) data. In addition, the combination of the data clearly shows the
transition of the power law into a Guinier region at q < 0.01 Å−1. Utilizing Guinier’s
approximation for low q (ln I(q) ≈ ln I0 − (Rg

2/3) q2), we obtained Rg(PVP) = 6.3 ± 0.3 nm,
which corresponds to a fourfold increase compared to Rg(PVP) in pure methanol and in
solutions containing only ZnAc2 or TEAOH. This significant change in the PVP structure
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caused by the increased ion concentration due to the presence of both ZnO precursor and
base is most likely related to a stronger repulsion of the segments within the polymer
chain, leading to a further increase in the chain stiffness. This hypothesis is supported
by the increase in mesh size determined from the analysis at medium q’s to ξPVP =
2.9 ± 0.2 nm. Moreover, ZnAc2 might start to hydrolyze even at 25 ◦C, changing its chain
flexibility so that the first particle nuclei could have formed within the PVP. However,
this reaction is significantly accelerated only by increasing the temperature.

For the quantitative analysis of the precursor solution data, we used the flexible cylin-
der model for single semiflexible polymer chains [70,71], which has already been applied
to the scattering of aqueous PVP-40 k and -360 k solutions [76], combined with a Gaussian
to describe the intermolecular C-C chain interaction peak [66] at high q. Accordingly, the
scattering intensity was modeled by

I(q) = I(q)flexC + I(q)G = φPVPΔρ2VCS(q, L, b)P(q, RC) + I(q)G (5)

where φPVP is the volume fraction of PVP, Δρ2 is the square of the scattering length density
difference between PVP (ρPVP = 11.0 × 10−6 Å−2) and methanol (ρMeOH = 7.5 × 10−6 Å−2),
VC is the volume of the cylinder and S(q, L, b) is the scattering of a polymer chain with
excluded volume effects with the contour length L, the Kuhn length b, a measure of
the local stiffness, and the circular cross section P(q, RC) of a cylinder with the radius
RC. The comprehensive mathematical expression of S(q, L, b) can be found in the work
of Chen et al. [71], while P(q, RC) is given by the first-order Bessel function J1 with

P(q, RC) =
(

2J1(qRC)
qRC

)2
.

As can be seen in Figure 1, this model is able to describe the smeared and desmeared
(inset) scattering data of the precursor solution, almost quantitatively, yielding a contour
length of L = 80 ± 1 nm, a Kuhn length of b = 3.3 ± 0.3 nm, and a cross-section radius of
RC = 0.27 ± 0.01 nm. b and RC are in the same range, as already reported for PVP-40 k
and -360 k in dilute aqueous solutions (b = 3.0 ± 0.2 nm and RC ≈ 0.1 nm [76]) as well
as for PVP-2 k to -2200 k in 0.1 M aqueous NaAc solution (b ≈ 1.7 − 2.4 nm and RC =
0.25 ± 0.01 nm [77]). Estimating the radius of gyration from the contour and Kuhn length
with Rg

2 ≈ Lb/6 [78], we obtain Rg(PVP) = 6.5 ± 0.4 nm, in good agreement with the
Guinier analysis. Note that in the region around q ~ 0.1 Å, the modeled scattering curve
shows a stronger curvature than the recorded data. This small but systematic difference is
most likely related to polymer–polymer interactions, which are neglected in the applied
model [70].

The shape- and size-independent invariant analysis of the desmeared USAXS/SAXS data
(q < 1 Å−1), which are on absolute scale, has shown that the scattering length density difference
Δρ had to be increased from Δρ = ρPVP − ρMeOH = 3.5 × 10−6 Å−2 to Δρ = 5.6 × 10−6 Å−2 in
order to obtain the experimental PVP volume fraction. The same increase in contrast factor was
also obtained from the analysis of desmeared in-house SAXS data as well as of additional SAXS
data recorded at the ID02 beamline at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France [79]. The higher X-ray scattering contrast might be related to ion association
along the polymer chain as well as additional specific volume effects, which both increase the
scattering length density of the polymer.

In summary, due to the relatively high volume fraction of PVP, the initial state of the
precursor solution is characterized by the scattering of a PVP network. Ions are distributed
along and within the cavities of the PVP network, where they interact with the pyrrolidone
moiety of the polymer, leading to a semiflexible polymer chain behavior.

3.2. In Situ Study of ZnO Particle Formation and Growth

Having studied the initial state of the precursor solution at 25 ◦C, we then focused
on elucidating the formation of ZnO particles induced by heating. Typically, the reaction
is carried out at 60 ◦C, as ZnAc2 hydrolyzation and mass transport during the ZnO
formation are accelerated at this temperature. Herein we chose to study the ZnO kinetics
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at T = 58 ◦C and 63 ◦C. The reason for that is the significantly slower deposition below
50 ◦C, as confirmed in preliminary studies, while the upper limitation for the reaction
temperature is given by the boiling point of methanol at 65 ◦C. Figure 2 shows the time-
dependent slit-smeared USAXS curves starting from 25 ◦C (t = 0 min) followed by rapid
heating to T = 58 ◦C (a) or 63 ◦C (b).

Figure 2. Scattering intensity colored stack-plot of slit-smeared USAXS curves during the ZnO
particle formation at T = 58 ◦C (a) and T = 63 ◦C (b). The initial scattering curve at T = 25 ◦C and the
curve at which the target temperature was reached are marked with arrows.

During heating and temperature equilibration the precursor solution to T = 58 ◦C
(Figure 2a), which took about 10 min, the scattering curves are dominated by the scattering
of the polymer network with the above-mentioned features of a Guinier region at low q,
followed by a power law decay. The slight decrease in the intensity at low q might relate to
the heating with an inhomogeneous temperature distribution inside the solution. Potential
over subtraction of solvent scattering, which was measured at T = 58 ◦C, might be another
explanation for this decrease.

Subsequently, for reaction times t > 13 min, the scattering intensities at low q increase
continuously, which can be attributed to the form factor contribution of newly formed
ZnO species, while above q ≥ 0.1 Å−1, the scattering is dominated by the PVP scattering.
As the reaction progresses, the form factor minimum becomes increasingly apparent and
shifts to lower q values, suggesting the growth of the ZnO species. Finally, the increase
in the low q scattering intensity levels off, indicating that the precursor ZnAc2 has been
consumed; therefore, the data acquisition was stopped after 87 min. Contrary to what
Lipowsky et al. [33] have seen when ZnO films are formed in the presence of PVP via CBD,
no additional contribution of needle-like species with a length scale between 20 and 50 nm
was observed in the scattering curves.

A similar behavior of the scattering curves can be seen during the formation of ZnO
particles at T = 63 ◦C in Figure 2b. Compared to the formation at 58 ◦C, the decrease in
the forward scattering observed in the curves recorded at the early stages of the process is
even more pronounced, most likely due to over subtraction of the background, measured
at the higher final temperature. The earlier appearance of the form factor signature and the
earlier leveling off of the increase in forward scattering after 75 min clearly indicate that
the reaction is faster at higher temperatures. This can be explained by the enhanced mass
transport with increasing temperature, which accelerates the formation of ZnO.

A comparison of the first (t = 0 min, T = 25 ◦C) and the last (t = 87 min, T = 58 ◦C) time-
resolved USAXS/SAXS scattering curves are shown by means of the ZnO particles’ formation at
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T = 58 ◦C (Figure 3, left). This comparison highlights the presence of the additional form factor
contribution (q ≤ 0.08 Å−1) in the scattering curve recorded at the process end (t = 87 min).
A closer look also reveals a weak shoulder around q~0.15 Å−1. One exemplary image of
complementary TEM studies taken from a separately prepared solution after an analogous
heating procedure starting from 25 ◦C to 58 ◦C is shown in the center of Figure 3. Therein,
two species are visible: smaller ones with a radius of RZnO,TEM = 1.3 ± 0.7 nm as well as
agglomerates of those with an average radius of RZnO-cluster,TEM = 8.5 ± 1.4 nm. We will refer
to the smaller particles as individual ZnO particles and to the larger ones as clusters of ZnO
particles. Strikingly, the diameter of the individual ZnO particles is only slightly smaller than
the mesh size within the PVP network (ξPVP ≈ 2.9 nm), indicating initial growth of the ZnO
particles in the network cavities before cluster formation occurs. Furthermore, the average
cluster radius is only slightly larger than the Guinier radius of PVP in the precursor solution
with Rg(PVP) = 6.3 ± 0.3 nm.

Figure 3. Left: Slit-smeared USAXS/SAXS curves measured before heating (t = 0 min, T = 25 ◦C)
and after the reaction was stopped (t = 87 min, T = 58 ◦C), displaced by an arbitrary factor. To model
the final scattering curve, the flexible cylinder model [70,71] used for t = 0 min was additively
combined with two polydisperse spherical form factors [80] for the scattering contributions of the
ZnO particles and their clusters, as well as with a Gaussian. Right: TEM image taken after the
ZnO synthesis at T = 58 ◦C with the corresponding volume-weighted size distribution of the ZnO
particles and clusters, described by a Gaussian size distribution, respectively.

Comparing the final cluster radius obtained from the USAXS/SAXS scattering curve
analysis (RZnO-cluster,f = 10.5 ± 1.9 nm) to TEM, one may assume that the clustered particles
are surrounded by a PVP layer that is not visible in the TEM, similar to what has been
demonstrated for silica-polymethyl methacrylate (PMMA) nanocomposites by SANS [81].
Since we were not able to study such a layer independently with SANS, we used a simple
approach for the quantitative analysis of the time-resolved USAXS/SAXS data. In this
approach, the scattering contribution of the PVP network described by the flexible cylinder
model [70,71] I(q)flexC was additively combined with the scattering contributions of the
individual ZnO particles I(q)ZnO and their clusters I(q)ZnO-cluster, each modeled by the form
factor of polydisperse spheres [80], as well as a Gaussian I(q)G for the intermolecular C-C
chain interaction peak [66] at high q. Thus, the total intensity is given by

I(q) = I(q)flexC + I(q)ZnO + I(q)ZnO−cluster + I(q)G + Ibackground (6)

where
I(q)ZnO,i = φZnO,iVZnO,iΔρ2

∫
P(q, RZnO,i) f (RZnO,i, RZnO,i,f, σi)dR (7)
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with φZnO,i and VZnO,i being the volume fractions and average volumes of particles and
particle clusters, respectively. Δρ2 is the scattering length density difference between
ZnO (ρZnO = 44.8 × 10−6 Å−2) and methanol (ρMeOH = 7.5 × 10−6 Å−2) and P(q,RZnO,i)

=
(

3J1(qRZnO,i)
qRZnO,i

)2
the form factor of a sphere with the radius RZnO,i. To account for size

distribution effects, the form factor was convoluted with a Gaussian size distribution
functions f (RZnO,i, RZnO,i,f, σi) which yields the mean radius RZnO,i,f and the width σi.

Using this approach, we were able to describe the recorded time-resolved scattering
curves almost quantitatively, as shown in the left panel of Figure 3. In this regard, the
solid line for t = 0 min corresponds to the final fit following Equation (5), with a PVP chain
contour length of L = 80 ± 1 nm, a Kuhn length of b = 3.3 ± 0.3 nm, and a cross-section
radius of RC = 0.27 ± 0.01 nm. For the solid line at t = 87 min (T = 58 ◦C), Equation
(6) was used. Here, the previously determined characteristics of the PVP chains with a
slightly adjusted Kuhn length of b = 4.0 ± 0.3 nm were applied, while the polydispersity
pi = σi/R ZnO,i0 = 0.18 of both the ZnO particles and clusters was kept constant. Hence,
the analysis of the USAXS/SAXS curve measured after the termination of the reaction
yields average radii of RZnO,f = 1.5 ± 0.3 nm and RZnO-cluster,f = 10.5 ± 1.9 nm for the
individual ZnO particles and their clusters, respectively. While the size of the individual
ZnO particles matches that from the TEM images within the measurement error, the size of
the clusters is slightly larger, most probably due to a surrounding PVP layer, as discussed
before. The respective contributions of Equation (6) to the final fit are shown in Figure S3
in the Supplementary Materials.

Also, for the ZnO formation performed at T = 63 ◦C, starting from T = 25 ◦C, the
final ZnO particle and cluster size obtained from TEM images (RZnO,TEM = 1.7 ± 0.5 nm,
RZnO-cluster,TEM = 9.7 ± 1.9 nm), shown exemplarily in Figure S4 in the Supplementary
Materials, are in good accordance with that from USAXS/SAXS (RZnO,f = 1.5 ± 0.3 nm,
RZnO-cluster,f = 11.8 ± 2.1 nm). Comparing the size of the clusters obtained from CBD at the
two different temperatures, the temperature increase leads to slightly larger ZnO clusters,
which is related to accelerated kinetics at higher temperatures. Hereby, a higher number of
individual ZnO particles might be formed, which are subsequently consumed faster by the
formation of the clusters.

Figure 4 shows selected time-resolved USAXS scattering curves recorded at T = 58 ◦C
(Figure 4a) and T = 63 ◦C (Figure 4b), which are almost quantitatively described by the combi-
nation of the flexible cylinder model [70,71] and the two spherical form factor contributions [80].
It should be noted that for t < 13 min, we could not obtain any information about the ZnO
formation due to the dominance of the PVP scattering contribution.

 

Figure 4. Selected slit-smeared USAXS curves measured during the ZnO particle formation at
T = 58 ◦C (a) and T = 63 ◦C (b) at different times described by a combination of the flexible cylinder
model [70,71] with two sphere form factor contributions [80].

140



Nanomaterials 2023, 13, 2180

The results of the quantitative analysis of the scattering data according to Equation (6),
with the free fitting parameters being the mean radii from the ZnO particles, RZnO,f, and
that from the clusters RZnO,cluster,f as well as their volume fractions φZnO and φZnO-cluster,
are shown in Figures 5 and 6. While Figure 5 shows the radius (R) and R3(t) of the ZnO
nanoparticles and ZnO clusters as a function of time for T = 58 ◦C and T = 63 ◦C, the time
evolution of the respective volume fraction for T = 58 ◦C is shown in Figure 6.

 

Figure 5. Time evolution of ZnO cluster radii at T = 58 ◦C ( ) and T = 63 ◦C (  ) with ZnO
nanoparticles (dashed line) held constant (a) obtained from the USAXS curve analysis, as well as
the corresponding cube of radii (b). A phenomenological approach can describe the growth period
(dotted lines), yet to fit the nucleation and growth phase the Finke–Watzky model [62–65] (solid lines)
is more suitable and also provides the induction time tind (red stars).

Figure 6. Volume fractions of the ZnO nanoparticles φZnO(t)I(q) and the clusters φZnO-cluster(t)I(q)

determined from the fitted USAXS curves at T = 58 ◦C, together with the cluster volume fractions
obtained from the invariant analysis φZnO-cluster,inv(t) as a function of time. The solid lines correspond
to the Finke–Watzky modelling [62–65] which also yields the induction time tind (red stars).

As can be seen in Figure 5a, the size of the formed ZnO species for T = 58 ◦C remains
almost constant during a short period (~between t = 13 and 18 min). Thereafter, cluster
growth occurs, where the average size of these clusters initially increases rapidly before
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slowly approaching the final size due to the consumption of zinc precursor. Performing the
reaction at T = 63 ◦C, a similar but steeper growth profile was obtained, during which the
clusters are consistently larger. For comparison, the ZnO particle size appeared to remain
constant and was kept fixed at RZnO,f = 1.5 ± 0.3 nm (dashed line in Figure 5a).

Interestingly, when plotting R3
ZnO-cluster,f as a function of time, as shown in Figure 5b, a

linear increase starting from t~20 min is observed, which levels off to a plateau. The former
region can be associated with the growth phase of the ZnO clusters by agglomeration of
individual ZnO particles. Thus, a reasonable description of the growth phase is given by

R(t)3 = k(tcluster) + RZnO,f
3 (8)

with k being the temperature-dependent growth rate constant, and tcluster being the time
after which clusters start to grow tcluster = t − tcluster,0 and RZnO,f the individual ZnO
nanoparticle radius. The analysis of R3

ZnO-cluster,f(t) with Equation (8) (dotted lines in
Figure 5b) yielded k(T = 58 ◦C) = 0.44 ± 0.01 nm3/s with tcluster,0 (T = 58 ◦C) = 23 min and
k(T = 63 ◦C) = 1.05 ± 0.01 nm3/s with tcluster,0 (T = 63 ◦C) = 18 min. For comparison, much
smaller rate constants in the order of ~10−3 nm3/s were found for the formation of ZnO
particles in propanol, without the addition of a polymer such as PVP [82,83].

The large growth rates obtained here can be explained by the occurrence of depletion
forces [84,85], as observed during ZnS particle formation in the presence of PVP, where
cluster growth via depletion forces appeared as soon as the particle surface was too crowded
by PVP [86].

While large parts of the ZnO cluster growth phase can reasonably be described
by this power law approach, neither the nucleation phase nor the growth deceleration
can be described. Furthermore, the occurrence of depletion forces is not considered in
this model. Thus, to describe the sigmoidal time evolution of R3(t), the two-step Finke–

Watzky (FW) model was used. In this model slow, continuous nucleation
(

A
k1→ B

)
is

followed by autocatalytic growth
(

A + B
k2→ 2B

)
with the nucleation (k1) and growth

(k2) constants [62–64]. Here, the cube of the radius as a function of time is given by [65]

t ≥ tind R(t)3
FW = R3

f ·
(

1 − k1 + k2·[A]0
k2·[A]0 + k1 e(k1+k2·[A]0)t

)
(9)

where Rf corresponds to the final cluster size, and [A]0 to the starting concentration of Zn2+.
The induction time, here related to the time after which agglomeration of the ZnO particles
into clusters is accelerated, is defined by the intersection of the initial and maximal slope
and can be determined according to [65]:

tind =
k1 + k2·[A]0

(k 1 − k2·[A]0)
2 ·ln

(
k2·[A]0

k1

)
+

2
k1 − k2·[A]0

. (10)

Furthermore, the ratio of the growth to nucleation rate constant S = k2
k1

(M−1) is a
measure of kinetic control, indicating whether nucleation of new particles or growth of
the existing clusters is preferred. Thus, larger S values yield narrow size distributions.
In addition, larger ratios were shown to be related to larger clusters [87]. Note that the
two-step FW model can be extended to include bimolecular aggregation (B + B→C) [88]
and autocatalytic agglomeration (B + C→1.5 C) [89,90]. However, this was not performed
here to keep the number of free-fitting parameters at a minimum.

As can be seen from the solid lines in Figure 5, the FW model provides a quantitative
description of the time evolution of the ZnO cluster size for t ≥ tind. The systematic
mismatch of the model at t < tind could be due, on one hand, to a nucleation rate that
is not constant during the heating process but increases strongly. On the other hand,
the spherical form factor used in the analysis of the scattering data represents only an
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approximation, especially for clusters consisting of a few ZnO particles. The obtained
parameters, summarized in Table 2, reflect what was already evident from the USAXS
data: the induction time shortens from tind = 27 min at T = 58 ◦C to tind = 20 min for
T = 63 ◦C, while the growth rate constant k2 increases considerably by a factor of 50% at
higher temperatures to k2[A]0 = 0.17 s−1. The nucleation rate, however, does not change.
Consequently, the ratio of the growth-to-nucleation rate constant S is higher for T = 63 ◦C,
which also confirms the previously mentioned assumption of a faster growth rate for
higher temperatures.

Table 2. Values for the nucleation rate k1 and growth rate constant k2[A]0 determined from the
two-step Finke–Watzky model [62–65] together with the induction time tind and the ratio of the
rate constants S obtained from the size evolution profile R3(t)FW and the volume fractions from the
invariant analysis φZnO-cluster, inv(t)FW. We estimate the relative errors to be about 10%.

R3(t)FW φZnO-cluster, inv(t)FW

k1/s−1 k2[A]0/s−1 tind/min S/M−1 k1/s−1 k2[A]0/s−1 tind/min S/M−1

58 ◦C 8.0 × 10−4 0.11 27 141 5.5 × 10−4 0.11 31 200
63 ◦C 8.0 × 10−4 0.17 20 213 5.0 × 10−4 0.17 23 340

The FW model assumes continuous nucleation of ZnO particles. This can be indeed
observed in the volume fraction profile of the ZnO particles ( ) for T = 58 ◦C in Figure 6,
where an initial increase is followed by reaching an almost constant value, while the volume
fraction of the cluster ( ) follows a sigmoidal profile. These results suggest that new ZnO
particles are formed continuously throughout the reaction, feeding the clusters, which in
turn grow simultaneously. Hence, at intermediate times, an equilibrium is established
between ZnO particles’ formation and consumption.

Since R3 is proportional to the volume fraction, Equation (9) can also be used to
model φZnO-cluster(t)I(q) ( ) (see solid line in Figure 6), yielding nearly identical values
for the FW parameters as compared to the R3(t)-data with k1(T = 58 ◦C) = 8.5 × 10−4 1/s,
k2[A]0 (T = 58 ◦C) = 0.11 1/s with tind(T = 58 ◦C) = 29 min.

In a complementary approach, we determined the volume fraction of ZnO clusters
φZnO-cluster from the shape- and size-independent scattering invariant Q of the time-resolved
desmeared USAXS scattering curves for q ≤ 0.04 Å−1. It should be noted that the invariant
was only determined in the low q-part, since on the one hand, the scattering in the large
q-part is dominated by the scattering of PVP, and on the other hand, the USAXS data are
noisy in this range. To account only for the scattering of the ZnO clusters, the scattering
invariant determined for t = 1 min was subtracted from all other data, resulting in a reduced
invariant Q*, according to

Q∗ = Q(t)− Q(t = 1 min) =
∫ 0.04Å−1

0
q2 I(q)dq = 2π2(Δρ)2φZnO−cluster(1 − φZnO−cluster) (11)

where Δρ2 = |ρZnO − ρMeOH |2. In Figure 6, the obtained cluster volume fraction
φZnO-cluster,inv(t) ( ) for T = 58 ◦C is plotted as a function of time. Comparing the
cluster volume fractions obtained from the model analysis of the USAXS data and
the invariant, i.e., φZnO-cluster,I(q) and φZnO-cluster,inv, slightly lower values are found for
the latter, which might be a consequence of the finite q-range used for the invariant
determination as well as the approximation of spherical clusters with compact packing
of ZnO particles and a homogeneous scattering length density distribution.

The profiles of the cluster volume fraction φZnO-cluster,inv(t) were also described using
the FW model (in Figure S5 of the Supplementary Materials, the profiles obtained for
T = 58 ◦C and T = 63 ◦C are shown for comparison). A comparison of the parameters
(Table 2) obtained from the analysis of the R3(t)-data and φZnO-cluster,inv(t)-data, respectively,
reveal the same growth rate constants k2 and induction times tind, which are similar within
the measurement uncertainty. The smaller value of the nucleation rate constant for the
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φZnO-cluster,inv(t)-data might also be a consequence of the finite q-range used for the invariant
determination. Consequently, larger S-values in the analysis of the φZnO-cluster,inv(t)-data
are obtained.

To conclude the in situ study of ZnO particle formation and growth, we found
that shortly after heating the precursor solution, ZnO nanoparticles of the order of
RZnO ≈ 1.5 nm are initially formed, followed by the formation of clusters. An increase in
the reaction temperature from 58 ◦C to 63 ◦C resulted in the acceleration of the reaction
and the formation of larger clusters. From the time evolution of the cube of radius, a linear
relationship is apparent at intermediate times. Depletion forces caused by the high volume
fraction of PVP might explain the relatively high growth rate. A quantitative description
of the time evolution of the ZnO nanoparticle cluster radius, the corresponding cube
of the radius, as well as the volume fraction, could be achieved by the Finke–Watzky
model [62–65] with slow, continuous nucleation of individual ZnO particles followed
by autocatalytic growth of the clusters, as illustrated in Figure 7. From the analysis of
the kinetic data, the higher ratio of growth to nucleation rate explains that slightly larger
clusters are formed at the higher temperature of 63 ◦C.

Figure 7. Schematic illustration of the ZnO formation through CBD starting from a methanolic
ZnO precursor solution. The organic additive PVP (green strings) forms an entangled network in
which the zinc ions are homogeneously distributed. Upon heating, ZnO particles (grey spheres) are
continuously formed, which eventually aggregate into clusters.

4. Conclusions

A crucial step for the synthesis of metal oxide inverse opals is the mineralization
of the voids of a close-packed polymer nanoparticle templates via the chemical bath
deposition (CBD) process. Intrigued by the vision of tuning the size and shape of ZnO
particles, we aimed to gain more insight into the particle formation in an additive containing
precursor solution by in situ time-resolved ultra-small- and small-angle X-ray scattering
(USAXS/SAXS).

First, we used in-house SAXS and USAXS/SAXS to study the structure of polyvinylpyrroli-
done (PVP) applied as structure directing agent for the ZnO formation in the methanolic
precursor solution at T = 25 ◦C. We found that at the volume fraction of φPVP = 7.1 × 10−2

used in the CBD process, the polymer forms a network of entangled chains in which ions of
the ZnO precursor salt and the organic base are distributed, causing the polymer chains to
adopt a semiflexible behavior.

We then followed the ZnO formation using in situ USAXS/SAXS by heating the
precursors solution from T = 25 ◦C to T = 58 ◦C and 63 ◦C, respectively. A significant
increase in the intensity of the forward scattering and the formation of an additional weak
shoulder was observed after 13 min, both of which occur more rapidly at T = 63 ◦C. The
origin of the two scattering contributions was clarified from post-synthesis TEM images,
which clearly showed the presence of two ZnO species: ZnO nanoparticles with a radius
of RZnO,TEM = 1.5 ± 0.5 nm and clusters of these with RZnO-cluster,TEM = 8.5 ± 1.4 nm and
RZnO-cluster,TEM = 9.7 ± 1.9 nm at T = 58 ◦C and 63 ◦C, respectively. Through this additional
information, we were able to quantitatively analyze the time-resolved USAXS/SAXS data
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by additively combining the scattering contribution of the PVP network with the scattering
contributions of the individual ZnO particles and their clusters. This analysis revealed that
the radius of the formed individual ZnO particles (RZnO,f = 1.5 ± 0.3 nm) remains constant
over time for both temperatures, while the radius of the particle clusters increases from
the induction time onwards to RZnO-cluster,f = 10.5 ± 1.9 nm at T = 58 ◦C and, RZnO-cluster,f =
11.8 ± 2.1 nm at T = 63 ◦C, with R3(t) following a sigmoidal profile.

From the linear relationship of R3(t) at intermediate times, relatively large rate cluster
growth constants were determined, which might indicate PVP-induced depletion forces.
Finally, using the Finke–Watzky two-step model, we were able to quantitatively describe
the ZnO formation with slow, continuous nucleation of individual ZnO particles followed
by autocatalytic growth of the clusters. A faster growth rate of the clusters compared to the
nucleation of new ZnO particles was observed at higher temperatures, which thus explains
the formation of larger clusters at 63 ◦C.

The determination of the kinetics of ZnO formation, synthesized by CBD using a
methanolic solution and PVP as a stabilizing and structuring agent, will provide us with
valuable insights into the understanding of ZnO deposition in the voids of densely packed
polymer nanoparticle templates, where both surface and confinement effects are expected.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nano13152180/s1: SAXS fitting parameters of PVP in methanol
at φPVP = 7.1 × 10−2 before and after adding 12.5 mM ZnAc2 and 26.3 mM TEAOH obtained with
the polymer with excluded volume model (Table S1) or the correlation length model (Table S2)
combined with a Gaussian, respectively; Figure S1: Slit-smeared SAXS curves of PVP in methanol
at various volume fractions φ; SAXS fitting parameters from PVP in methanol at φPVP = 1.0, 2.0,
4.0, and 7.1 × 10−2 obtained with the polymer with excluded volume model (Table S3) and the
correlation length model (Table S4) combined with a Gaussian, respectively. Figure S2: Obtained
fitting parameters for PVP in methanol at various volume fractions φPVP; Figure S3: Final fit for the
scattering curve of the precursor solution after heating to T = 58 ◦C for t = 87 min with the respective
scattering contributions. Figure S4: TEM image taken after the ZnO synthesis for T = 63 ◦C with
the corresponding volume-weighted size distribution of the ZnO particles and clusters, described
by a Gaussian size distribution, respectively. Figure S5: Time evolution of the volume fraction
φZnO-cluster,inv of ZnO particle clusters determined from the invariant analysis (φinvariant) of the
USAXS curves up to q ≤ 0.04 Å−1. The profiles were described by the two-step Finke–Watzky
model (solid lines) from which the induction time tind (stars) were calculated.
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Abstract: Trichloroethylene (TCE) is a prominent groundwater pollutant due to its stability, widespread
contamination, and negative health effects upon human exposure; thus, an immense need exists for
enhanced environmental remediation techniques. Temperature-responsive domains and catalyst
incorporation in membrane domains bring significant advantages for toxic organic decontamina-
tion. In this study, hollow fiber membranes (HFMs) were functionalized with stimuli-responsive
poly-N-isopropylacrylamide (PNIPAm), poly-methyl methacrylate (PMMA), and catalytic zero-
valent iron/palladium (Fe/Pd) for heightened reductive degradation of such pollutants, utilizing
methyl orange (MO) as a model compound. By utilizing PNIPAm’s transition from hydrophilic
to hydrophobic expression above the LCST of 32 ◦C, increased pollutant diffusion and adsorption
to the catalyst active sites were achieved. PNIPAm-PMMA hydrogels exhibited 11.5× and 10.8×
higher equilibrium adsorption values for MO and TCE, respectively, when transitioning from 23 ◦C
to 40 ◦C. With dip-coated PNIPAm-PMMA-functionalized HFMs (weight gain: ~15%) containing
Fe/Pd nanoparticles (dp~34.8 nm), surface area-normalized rate constants for batch degradation
were determined, resulting in a 30% and 420% increase in degradation efficiency above 32 ◦C for MO
and TCE, respectively, due to enhanced sorption on the hydrophobic PNIPAm domain. Overall, with
functionalized membranes containing superior surface area-to-volume ratios and enhanced sorption
sites, efficient treatment of high-volume contaminated water can be achieved.

Keywords: hollow fiber membrane; methyl orange; trichloroethylene; thermoresponsive; PNIPAm;
bimetallic catalysts; water detoxification; zero-valent iron

1. Introduction

Volatile organic compounds (VOCs), such as trichloroethylene (TCE) and tetrachloroethy-
lene (PCE), are a wide category of compounds utilized in various industrial processes,
such as paint, degreasing solvent, and metal machinery cleaning [1,2], and have caused
various contamination issues in groundwater and other water resources. Due to their
high volatility, these compounds also pose indoor air contamination concerns. As previ-
ously mentioned, trichloroethylene is a well-known VOC with a Henry’s Law constant
of 0.10 mol/(kg·bar) [3] and has become a pollutant of focus in recent years due to its
prevalent nature (it does not naturally break down in the environment), widespread use,
and emerging health concerns. Upon human exposure, TCE has been shown to be highly
carcinogenic as well as damaging one’s immune system, central nervous system, liver,
kidneys, and developing fetuses [4–6]. Humans are typically exposed to TCE via ingestion
of contaminated water or inhalation of generated vapor. TCE reaches human resources
through improper waste disposal, industrial site spills, landfill dumping of contaminated
products, and subsequent leaching into the surrounding soil/water sources [2]. Due to
these aspects of TCE, the need for impactful environmental remediation techniques to
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capture and degrade such pollutants into less toxic compounds is immense and developing
technologies is vital to improving both short-term and long-term health benefits.

There are many methods currently being tested for environmental remediation to
combat TCE pollution and reduce human exposure to contaminated water. The capture
of TCE has been achieved with several materials, such as activated carbon, biochar, and
polymeric materials [7–10]. In various groundwater treatment sites, TCE is often removed
by membrane air-stripping (MAS) in packed columns, followed by vapor adsorption by
activated carbon. TCE adsorption, though, is limited by several factors, such as (1) the
ability to regenerate the adsorption sites (proven difficult without a costly high-temperature
process) [8] and (2) subsequent processing, as the captured TCE is still harmful to humans
and the materials still need further treatment.

Alternatively, degrading TCE is becoming an appealing option as the pollutant is
being detoxified. Destruction via incineration is an effective method of disposal, but it can
be costly with the high temperature needed as well as dangerous with the production of
other toxic products [11]. TCE degradation has also been achieved with microorganisms
under aerobic conditions [12], but is limited by reaction time (>48 h for 60% degradation).
A method with promising efficiency and scalability for volatile pollution degradation is
utilizing zero-valent iron (ZVI) and palladium (Pd) nanoparticles, which can dechlorinate
polychlorinated contaminants via the reductive pathway [13–15]. Briefly, ZVI acts as an
electron source that generates hydrogen gas from the surrounding water. This hydrogen gas
is utilized by the hydro-dechlorination catalyst (Pd) to produce highly reactive hydrogen
radicals that dechlorinate the pollutant. It is important to note that this system is limited
by the presence of oxygen in the system, as it can oxidize ZVI and eliminate its ability
to generate the hydrogen gas necessary for the catalyst. Compared to free particles in a
solution, the immobilization of such Fe/Pd particles into a membrane matrix has been
favorable due to high particle loading, high-volume convective flow treatment options,
reduction of magnetic particle aggregation, and long-term particle stability with reduced
oxidation of ZVI [16].

Our group has reported success in functionalizing optimal membranes for reactive
nanoparticle immobilization [17–20]. Base microfiltration (MF) and ultrafiltration (UF)
commercial membranes, such as polyvinylidene fluoride (PVDF), have favorable chemical
and mechanical stability and have been commonly used in a variety of water/air treat-
ment applications. The surface and pores of these membranes are functionalized through
different modification methods (dip coating, layer-by-layer assembly, surface grafting)
with a pH/ionic-responsive polymer, such as poly (acrylic acid) (PAA) or poly (methyl
methacrylate) (PMMA) [13,19,21]. This incorporates new properties in the membrane, as
these polymers are responsive to the surrounding pH levels and certain functional groups
deionize at high pH environments (above the pKa value, which is ~4.5 for PMMA). While
the change in ionization can generate electrostatic interactions, which control the effective
pore diameter of the membrane and the polymer’s transition between a coil and globule
phase, this functionalization’s primary purpose is the immobilization of catalytic metal
ions and subsequent reduction to nanosized particles. By controlling the protonation of
the COOCH3 group of PMMA, Fe can be incorporated into the system via ion exchange.
The immobilized iron can then be reduced to ZVI using a reducing agent, such as sodium
borohydride, and subsequently doped with Pd for a bimetallic catalytic system [18,20].

The interaction between chlorinated organics and the catalytic sites of these mem-
branes, though, has been proven to be hindered by mass transfer limitations [18]. The diffu-
sion of the contaminant to the active site, as well as the overall catalytic activity, can be in-
creased by utilizing the enhanced hydrophobic interactions of poly (N-isopropylacrylamide)
(PNIPAm), a thermoresponsive polymer that can transition from hydrophilic (coil-like poly-
mer structure) to hydrophobic (globule-like structure) properties at its lower critical solution
temperature (LCST) of ~32 ◦C [22]. This response is due to different preferences for hydro-
gen bond interactions between the polymer functional groups, which are more favorable
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with water (causing hydrogel swelling) and the polymer itself (causing deswelling via
water expulsion) below the LCST and above the LCST, respectively [17].

In flat sheet membranes, Saad et al. showed that functionalizing the surface and
pores of a PMMA-Fe/Pd-PVDF400 membrane with PNIPAm increased the dechlorina-
tion rate of polychlorinated biphenyl (PCB-1) by 35% above the LCST [18]. This system
also subsequently increased the amount of treatment volume allowed by the functional-
ized membrane as the effective membrane permeability increased above the LCST due to
PNIPAm’s phase transition from coil to globule structure. However, the effects of incorpo-
rating PNIPAm into Fe/Pd catalytic membranes for the common pollutants TCE and MO
degradation (Figure 1) have not been previously reported in the literature. Furthermore,
membrane studies with catalytic and thermoresponsive properties have been limited to flat
sheet membranes. Systems with scalability potential (high surface area to volume ratio)
and increased flux capabilities (larger water treatment per unit time), such as hollow fiber
membranes (HFM) [23], have also not been previously investigated, indicating potential
for significant advances in the field of catalytic membrane remediation. HFM systems have
shown immense promise for the incorporation of catalytic and magnetic materials, such as
osmium NPs in polypropylene (PP) HFMs [24], manganese oxide in PTFE HFMs [25], and
magnetic particles impregnated in PP HFMs [26].

 

Figure 1. Effect of incorporating PNIPAm into PMMA-Fe/Pd-functionalized membrane systems’
ability to degrade TCE. In this case, TCE is shown as an example of a contaminant, but similar trends
with non-chlorinated contaminants, such as methyl orange, can be observed.

Furthermore, TCE is a challenging pollutant for experimentation in the solution phase
due to its high volatility and harmful vapor. Azo dyes, such as methyl orange (MO), have
been commonly used as model compounds for such pollutants [27,28], as they (1) have
a high stability (due to aromaticity) [29], (2) have azo bonds that are easily detected
using ultraviolet-visible spectrophotometry (UV-Vis), and (3) are degraded by catalytic
nanoparticle systems, thus activity tests can be performed. It is important to note that
methyl orange itself is considered a prominent pollutant, with approximately 70,000 tons
of dye waste released into water sources every year [30] and certain negative health effects,
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such as being a contact allergen, an endocrine disruptor, and a possible carcinogen [31,32].
As previously mentioned, the effect of enhancing the degradation of MO with the presence
of PNIPAm in a Fe/Pd bimetallic system has not been previously reported.

In this work, the feasibility of integrating PNIPAm into Fe/Pd-PMMA-functionalized
hollow fiber membrane systems (with a higher surface area to volume ratio than flat sheet
membranes [33]), as well as other flat sheet microfiltration membranes with larger catalyst
loading capacities than previously tested, was investigated. PMMA is utilized as the ionic-
responsive polymer in this study, it provides scale-up advantages with its considerably
lower vapor pressure than PAA [18]. MO has shown usage for initial activity experimenta-
tion; thus, MO and TCE degradation by these functionalized materials above and below the
LCST of PNIPAm were explored in batch mode. In addition, initial testing was performed
to establish that TCE volatilization by hydrophobic HFMs (followed by carbon adsorption)
could be an energy-efficient alternative to traditional packed bed stripping. Ultimately, the
novelty of this work stems from (1) the functionalization/synthesis of PNIPAm into HFMs,
(2) the efficacy of utilizing PNIPAm’s hydrophobic properties (above LCST) in catalytic
membranes for previously untested contaminants (such as an azo dye and TCE), and (3) the
utilization of hydrophobic HFMs for VOC stripping from groundwater sources.

2. Materials and Methods

2.1. Materials

Hydrophilized PVDF400 and PVDF650 membranes were provided by Solecta Mem-
branes (Oceanside, CA, USA). The hollow fiber membranes (Tribore, 3M, and Lifestraw)
were obtained from START Center Singapore (Cleantech One, Singapore), Quantum Flow
Technologies (Charlotte, NC, USA), and Vestergaard (Baltimore, MD, USA), respectively.
Sodium borohydride (99%, CAS: 16940-66-2), methyl methacrylate (99%, 80-62-6), and N-
isopropylacrylamide (2210-25-5) were obtained from Fisher Scientific (Waltham, MA, USA).
Iron(III) chloride hexahydrate (10025-77-1) and iron(II) chloride tetrahydrate (13478-10-9)
were obtained from Alfa Aesar (Tewksbury, MA, USA). Sodium chloride, hydrochloric
acid, ethanol, sodium hydroxide, and methyl orange (547-58-0) were obtained from VWR
(Atlanta, GA, USA). Ammonium persulfate (APS, 98% purity, 7727-54-0) was obtained from
Acros Organics (NJ, USA). Potassium tetrachloropalladate(II) was obtained from Strem
Chemicals (Newburyport, MA, USA, CAS: 10025-98-6). Trichloroethylene (79-01-6) and
N,N′-methylenebisacrylamide (110-26-9) were obtained from Sigma Aldrich (St. Louis,
MO, USA). Deionized ultrafiltered (DIUF) water was obtained from a PURELAB Flex 3
filtration system (4–18 MΩ). Deoxygenated water was obtained by bubbling nitrogen gas
in DIUF water for 30 min.

2.2. Hydrogel and Nanoparticle Synthesis

PNIPAm/PMMA hydrogels were created via temperature-initiated free radical poly-
merization. A polymerization solution was made by adding 13.5 g of NIPAm monomer
to 100 mL of DIW. The DIW was bubbled with nitrogen gas for 30 min prior to mixture to
ensure minimal oxygen presence. MMA and bisacrylamide cross-linkers were added in
a 90 (NIPAm):5:5 molar ratio, respectively, and then 2 mol% of APS was added (relative
to NIPAm monomer). The solution was then poured into glass vials (with headspace for
hydrogel growth) and left in a vacuum oven for 2 h at 70 ◦C. Hydrogels were then rinsed
with DIW (to remove unreacted monomers) and stored in a cold room (2 ◦C).

Fe/Pd nanoparticles suspended in solution (without membrane matrix) were synthe-
sized by bubbling 35 mL of DIW with N2 gas for 30 min. A total of 15 mL ethanol was
added to the solution to obtain a 100 mL solution. A total of 0.284 g of iron(III) chloride
hexahydrate was then added to the 50 mL solution (0.035 M) using a mechanical stirrer
at 100 rpm. A total of 50 mL of a sodium borohydride solution (0.14 M) was added into
the beaker drop wise (5 mL per min) to convert Fe3+ to Fe0 with cooling packs to prevent
temperature rise. This reaction was allowed to occur for 60 min. Then the formed ZVI
particles in solution were sealed and sonicated for 5–10 min to allow for the maximum
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surface area available for Pd interaction. The sonicated solution was then combined with
50 mL of a 5 mol% K2PdCl4 solution and mixed on an orbital shaker at 300 rpm for 30 min.
The formed Fe/Pd particles were subsequently rinsed with ethanol and then stored in
an ethanol solution with minimal headspace. Note that mechanical stirring was utilized
throughout this process, as the ZVI would stick onto magnetic stirring bars, and, when
possible, the solutions were in closed containers to minimize oxidation of the iron particles.

2.3. Hydrogel Functionalization of Membranes

For functionalization of membranes with PNIPAm and PMMA, a polymerization
solution was created, similar to the free hydrogel polymerization method. Briefly, NIPAm
(6 g, 13 wt %), MMA monomer, and bisacrylamide cross-linker were added to 50 mL of DIW
(deoxygenated) at a molar ratio of 90:5:5, respectively. After the addition of 1 mol% APS,
the membranes were soaked in the polymerization solution for 5–10 min. After soaking,
the membranes were then placed between two Teflon plates and heated for 2 h in a vacuum
oven at 70 ◦C. Membranes were then rinsed with DIW (to remove unreacted monomers)
and stored in a cold room (2 ◦C).

The weight gains of the membranes were determined using the dry weights of the
membrane before and after polymerization, calculated using the following equation:

Weight Gain (%) = 100 ∗ m f inal − minitial

minitial
(1)

where minitial and m f inal are the dry membrane weights before and after functionalization
with polymer. Post-functionalization and DIW rinsing, the membranes were left in a fume
hood for 24 h to dry before weighing.

2.4. Fe/Pd Nanoparticle Functionalization of Membrane

Bimetallic Fe/Pd synthesis and immobilization into the membrane matrix were per-
formed via an ion-exchange method previously reported [18,34], summarized in Figure 2.
Briefly, functionalized membranes were soaked in a 70 mM NaCl solution (pH 10–11.5)
overnight (12–24 h) to increase the membrane’s ion-exchange affinity with Fe2+. The sig-
nificantly basic pH (above the pKa of PMMA) utilizes the pH response of PMMA, thus
allowing the carboxyl functional groups of PMMA to chelate with sodium ions and release
H+. This exchange can be confirmed by a decrease in pH from the release of hydrogen
ions. After this exchange, membranes were soaked in a 36 mM FeCl2·4H2O solution at
100 rpm for 30 min to ensure ion exchange in the polymer matrix between sodium and
iron ions. The membranes were then soaked in a reduction solution (25 mM NaBH4 with
deoxygenated DIW) for 30 min to reduce the immobilized Fe2+ to Fe0. Then the membrane
was shaken in a 3 mol% Pd(OAc)2 solution (10:90 molar ratio of DIW and ethanol to avoid
oxidation) at 100 rpm for 30 min for palladium deposition on the iron NPs. The resulting
functionalized membranes are washed with ethanol and stored in ethanol with minimal
headspace to avoid oxidation of the ZVI NPs.
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Figure 2. Method summary for ZVI/Pd nanoparticle synthesis and immobilization into a poly-
mer/hydrogel matrix. The depicted HFMs are Lifestraw membranes.

2.5. Responsive Flux Studies of Functionalized Membranes

To examine the permeability of the flat sheet membranes, the membranes were placed
in a glass dead-end stirred filtration cell from Millipore. The feed side of the cell was filled
with DIUF water and pressurized with ultra-high purity nitrogen gas to create a pressure
differential for fluid flow across the membrane. The membrane was compacted at ~1.5 bar
until the water flux through the membrane did not change with time. After compaction
occurred, the pressure was varied from 0 to 2 bar, and the permeate water volume over
specific time intervals was measured at each set pressure. Steady-state flow was achieved
before measurements and triplicate samples were taken. Using a linear correlation between
the number of liters of water passed per m2 of membrane surface per hour versus the
pressure difference, the permeability of the tested membrane was determined using the
following equation:

Membrane Permeability =
Q

A × ΔP
(2)

where Q (L/hour) is volumetric flowrate, A is membrane area (m2), and ΔP is pressure
drop across the membrane (bar).

To examine the temperature-responsive nature of the PNIPAm-PMMA-functionalized
flat sheet membranes, a heating coil was wrapped around the filtration cell, and a tem-
perature probe was placed inside the cell (as close to the membrane as possible). The
permeability of the membrane was measured at different temperature levels. Once the
desired temperature was reached, 5 min were allowed to pass before sample measurement,
ensuring the thermoresponse and phase transition of PNIPAm.

To examine the pH-responsive nature of the PNIPAm-PMMA-functionalized flat sheet
membranes, the membrane permeability was measured with solutions of different pH
levels. The pH of the DIUF water was controlled using hydrochloric acid and sodium
hydroxide. Five minutes were allowed to pass before sample measurement to ensure the
phase transition response of PMMA.

2.6. Temperature-Responsive MO and TCE Adsorption/Desorption of Hydrogels

PNIPAm/PMMA hydrogels (1.7 g) were placed in glass vials with ~100 mg/L and
~90 mg/L of MO and TCE, respectively, and shaken at 200 rpm for roughly 24 h (until
equilibrium was reached) in an incubated shaker with temperature control. The MO sample
was then diluted (1 mL of sample in 50 mL of DIW with 0.1 NaOH for pH adjustment)
to reach absorbance values under 1, thus still following the Beer–Lambert Law. pH was
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also measured and adjusted if necessary to ensure all UV-Vis measurements for MO were
taken at the same pH. UV-Vis measurements were conducted using a UV-6300PC (VWR
International, Leuven, Belgium).

Alternatively, the TCE sample was extracted in hexane, 1 μL of the extracted solvent
was taken, and it was then diluted 100:1 during GCMS injection. Specifically, for the
adsorption study, the incubator was set at 40 ◦C, which, as previously mentioned, allowed
for adsorption to reach equilibrium. After adsorption equilibrium and measurement of
concentration (2–3 mL for UV-Vis), the hydrogel was then placed into DIW and shaken
again for ~24 h at 23 ◦C to reach desorption equilibrium. As the hydrogel was in a swollen
state below PNIPAm’s LCST, the samples were centrifuged at 2000 rpm for 5 min to separate
the hydrogel from the water, and then the separated DIW (with desorbed contaminant)
was measured based on the previously mentioned steps.

2.7. MO/TCE Degradation via Fe/Pd NPs and Catalytic Functionalized HFMs

For MO degradation using Fe/Pd NPs (free in solution), 0.1 g of bimetallic nanoparti-
cles (ZVI with ~5–10% Pd) was added to 20 mL of a deoxygenated MO solution (3 mg/L),
and samples were shaken at 100 rpm below and above the LCST in an incubated shaker.
For obtaining a sample at time t, the nanoparticles were isolated from the surrounding
solution via a heavy-duty magnet (as the Fe/Pd NPs are magnetic), and then 2–3 mL of
the sample was removed. MO concentration was analyzed using UV-Vis at a wavelength
of 464 nm.

For MO degradation using catalytic functionalized HFMs, 20 mL MO solutions of
5 mg/L were created with deoxygenated water. Roughly 0.15 g of functionalized mem-
branes (cut to 4 cm fiber length) were added to each solution and shaken for 60 min total at
200 rpm. At each timepoint, 2 mL was placed in a cuvette, analyzed via UV-Vis, and then
added back into the solution to keep the solution volume consistent across experiments. An
incubator shaker was utilized to control the temperature of the samples below and above
PNIPAm’s LCST.

For TCE degradation using catalytic functionalized HFMs, 42 mL TCE solutions of
~0.4 mg/L were created with minimal headspace. Roughly 0.44 g of functionalized 3M
membranes were added to each solution and shaken for 90 min total at 200 rpm, taking
1 mL samples at the following timepoints: 0 min, 5 min, 15 min, 30 min, 60 min, and 90 min.
Septa vial caps were utilized, along with a volumetric needle, for taking samples, ensuring
minimal TCE was lost due to volatility. An incubator shaker was utilized to control
the temperature of the samples below and above PNIPAm’s LCST. A control without
membranes was utilized to normalize TCE concentrations based on lost vapor during
sampling. A total of 1 mL of hexane was added to the 1 mL samples taken and shaken at
200 rpm for 30 min for solvent extraction. The 1 mL of hexane (now containing TCE) is
then separated from the water for analysis. Triplicate measurements were analyzed using
an Agilent (Santa Clara, CA, USA) GCMS system (8890 for GC, 5977C for mass selective
detector). Note that the TCE concentration was determined from a calibration curve with
known TCE standards (Figure S1). The identification of TCE in experimental samples was
confirmed using the gas chromatograph (Figure S2a) and the National Institute of Standards
and Technology (NIST) library search with the sample’s mass spectrum (Figure S2b).

2.8. Membrane-Air Stripping (MAS)

Membrane-air stripping capabilities for TCE were evaluated using a 3M polypropylene
hollow fiber membrane module in a recirculating vacuum membrane distillation apparatus.
The hollow fiber module contained approximately 5000 4.9 inch fibers. Initial 200 mL TCE
(3.7 mg/L) and DIW mixtures were prepared. One sample was covered as a control (for
TCE loss due to volatility), and the other sample was used in the recirculation loop. The
solution was pumped through the hollow fiber module at 50 mL/min using a peristaltic
pump. Inlet, outlet, and flask temperatures were measured, as well as inlet gauge pressure
and shell vacuum pressure. The shell side pressure of the hollow fiber module was reduced
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using a scroll vacuum pump with a water-chilled Liebig condenser operating at 1–2 ◦C in
line to collect some vapors. The solution was circulated through the hollow fiber module
for 30 min, and samples were collected from the recirculated flask, control flask, and
condensed liquid.

2.9. Gas Chromatography-Mass Spectroscopy (GCMS)

An Agilent GCMS system (8890 for GC, 5977C for mass selective detector) was utilized
for the analysis of semi-volatile compounds, such as trichloroethylene. High-purity hexane
(CAS: 110-54-3, from Millipore Sigma) was obtained and used as the injection solvent. A
high-purity (>98%) TCE standard (CAS: 79-01-6, from Millipore Sigma) was utilized to
create external standards for a calibration curve, ranging from 0 (blank control) to 10 mg/L
of TCE. Solvent extraction of TCE samples was required prior to GCMS analysis. A total of
10 mL of the sample (solution of DIW, TCE, and subsequent formed products if reaction
occurred) was placed into a vial with 10 mL of hexane with minimum headspace and
shaken at 200 rpm for 1 h to allow for TCE extraction into the hexane solvent. Control
runs were conducted at each experiment to obtain an extraction percent, which was then
utilized for normalizing the corresponding resulting data. After allowing the two solvents
to separate, a syringe was utilized to extract 2 mL of the hexane solvent (now containing
TCE) and placed into 2 mL septa-sealed vials. During analysis, 1 μL of the sample (with
2 sample pumps) is injected into the injection port with a 0.2 μL air gap in the syringe. Three
washes with hexane were conducted before and after each sample injection to prevent
contamination. The oven temperature was set to 250 ◦C. A solvent delay of 3.2 min was
utilized for observing clear TCE peaks. The limit of detection was found to be under 1 μg/L
for TCE.

3. Results and Discussion

3.1. Membrane Functionalization and Nanoparticle Synthesis
3.1.1. Membranes Characteristics

In this study, several flat sheet and hollow fiber membranes were initially investigated
for their functionalization and remediation potential. Variation of different membrane
characteristics (structure, hydrophobicity, and pore size) was necessary to investigate the
scalability of the polymer and NP functionalization processes. Commercial hydrophilized
PVDF400 and PVDF650 membranes were utilized for flat sheet testing with a volumetric
water permeability, measured in liters per m2 per hour (LMH), found to be 969.4 ± 175.7
and 2557.3 ± 468.3 LMH/bar, respectively (Figure S3). Both membranes contain an asym-
metric structure, meaning the pore size varies with membrane thickness (thin PVDF
separating layer on an open polyester backing support, highlighted in Figure S4). Com-
mercial hydrophobic PVDF (Tribore-HFM), hydrophobic polypropylene (3M-HFM), and
hydrophilized polyether sulfone (Lifestraw-HFM) were utilized for HFM testing. The
characteristics of the membranes functionalized in this study are highlighted in Table 1,
including material, mean pore size, porosity, and thickness. It is important to note that
HFMs will typically have different pore sizes depending on the surface side. The shell
side is the outer surface layer of the membrane, while the lumen side is the inner surface
(Figure S5).
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Table 1. Membrane characteristics of flat sheet and hollow fiber membranes utilized in this study.

PVDF400-Flat Sheet PVDF650-Flat Sheet Tribore-HFM 3M-HFM Lifestraw-HFM

Material
Hydrophilized
polyvinylidene
fluoride (PVDF)

Hydrophilized
polyvinylidene
fluoride (PVDF)

Hydrophobic
polyvinylidene

fluoride (PVDF) *1

Hydrophobic
polypropylene

(PP) *1

Hydrophilized
polyether sulfone

(hPES) *1

Mean pore size
40.6 nm, with the

largest being
300–400 nm (SEM)

62.2 nm, with the
largest being

300–400 nm (SEM)
1153 nm 40 nm (manufacturer) 200 nm

(manufacturer)

Thickness 178 ± 13 μm 178 ± 13 μm 412.6 ± 106.2 μm *1 41.8 ± 2.2 μm 85.5 ± 3.5 μm

Bulk porosity 46% *2 47% 24% *1 24% *1 or 40%
(manufacturer) 45% *1

Shell surface mean
pore size Not applicable Not applicable 57 ± 35 nm *1 42 ± 17 nm *1 140 ± 87 nm *1

Lumen surface mean
pore size Not applicable Not applicable 1346 ± 1086 *1 46 ± 27 nm *1 748 ± 896 nm *1

Tortuosity Not measured Not measured 3.1692 *1 Not measured Not measured

*1 Data obtained from Baldridge et al. [35]. *2 Data obtained from a prior study (Mills et al.) [36].

3.1.2. PNIPAm-PMMA Functionalization of Membranes

PNIPAm is a temperature-responsive polymer that can undergo a conformation change
at its LCST (~32 ◦C). Above the LCST, the isopropyl groups of PNIPAm initially dehydrate,
with a subsequent backbone collapse. This leads to the hydrophilic amide groups preferring
to hydrogen bond with each other rather than the surrounding water, thus transitioning to
a globule-like hydrogel state and releasing previously bound water [37,38]. Quantification
of this transition has been conducted previously in our group with swelling studies below
and above the LCST with PNIPAm-PMMA hydrogel systems [18]. The purpose of PNIPAm
functionalization of the membrane surface and pores is to control membrane pore size
(and thus permeability), as well as have the capability to regulate primarily hydrophilic
or hydrophobic properties of the membrane system. The purpose of PMMA functional-
ization, in addition to pH responsiveness to membrane pores and surfaces, is for Fe/Pd
NP immobilization into the membrane matrix via ion exchange, which does not allow for
the significant release of metals during remediation processes (Wan et al. reported less
than 2% leaching in similar systems [39]). This mitigates one of the main concerns with
this technology, which is the release of iron and palladium into treated water. Furthermore,
pH-responsive polymer functionalization has been known to increase the antifouling prop-
erties of the membrane due to the control of surface charge via the pH of the surrounding
solution [40,41]. It is important to note that this functionalization method is transferable to
other membrane materials. The process does not utilize covalent attachment between the
hydrogel and membrane surface; thus, a variety of membrane materials can be utilized.
Long-term stability of membrane functionalization with hydrogel can be a concern due to
the hydrogel not being chemically attached to the membrane. Many studies, such as one by
Chiao et al. [42], have proven that ionic-responsive polymers, such as PAA and PMMA,
can be covalently grafted onto polymeric membranes to increase system stability. There
are certain trade-offs for implementing this method, though, such as higher functionaliza-
tion costs and more complex methods, which can decrease the scalability of the resulting
systems.

All five membranes in this study were functionalized with PMMA and PNIPAm
polymers via a free hydrogel polymerization method. The degree of functionalization was
initially quantified by weight gain percent before and after the polymerization process,
utilizing Equation (1) (Figure 3). Further confirmation of PNIPAm and PMMA presence
was obtained using FTIR (Figure S6 and Supplementary Materials: Section C), where the
PNIPAm-PMMA’s -NH3 group (~1540 cm−1) and -C=O group (~1650 cm−1) were identified
on the functionalized PNIPAm-PMMA-3M HFM.
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Figure 3. Hydrogel functionalization weight gains of membrane systems. Batch functionalization
indicates only the soaking of membrane in polymerization solution, while convective indicates
both soaking and convective flow with polymerization solution. Error bars represent the standard
deviation of triplicate experiments.

With average weight gains above 15%, HFMs displayed a higher affinity (on average)
than flat sheet membranes, due to HFMs’ higher specific surface area per gram of mem-
brane [43]. The Lifestraw exhibited the highest average weight gain (27.7%), which can
be explained due to the hydrophilization of the polyether sulfone. In this surface/pore
coating process, hydrophilic membranes allow for greater coating with the polymeriza-
tion solution. Alternatively, hydrophobic membranes have low coating affinity. Due to
their hydrophobic nature, the Tribore and 3M membranes yielded lower functionalization
weights than the hydrophilized Lifestraw, with 1.4% and 15.9%, respectively. There was a
significant difference between the two hydrophobic HFMs, though, which indicated that
specific surface area and hydrophobicity could not be the sole factors affecting weight gain.
Membrane materials (polypropylene and PVDF) could largely affect this process. Overall,
these findings indicate that further investigation could be beneficial regarding the effect of
membrane variables on the membranes’ hydrogel functionalization capabilities as well as
the affinity of the functionalization material (i.e., PMMA) for certain chemical bonds of the
membrane material (C-H versus C-F).

3.1.3. Fe/Pd Synthesis and Immobilization into the Membrane System

After PNIPAm and PMMA functionalization, immobilization, and synthesis of Fe/Pd
NPs in the membrane matrix were conducted. As mentioned in the “Materials and Meth-
ods” section, the first step involved soaking the membranes in a basic solution (below the
pKa of PMMA) with 70 mM NaCl to allow for an ion exchange between hydrogen and
sodium (Figure 4a). Due to the release of hydrogen ions, this process decreased the overall
pH of the soaking solution (Figure 4b), indicating successful PMMA functionalization, ion
exchange, and membrane pH responsiveness. The pH of the 3M and Lifestraw HFMs
dropped the most (from roughly 10 to 3) due to their highest average weight gain. Alterna-
tively, the flat sheet membranes with a lower weight gain showed a less significant pH drop
(from roughly 10 to 7), and the Tribore, with the lowest weight gain, showed a miniscule
pH drop (from 11 to 10). Overall, this pH drop was proportional to the functionalization
weight exhibited by each membrane (Figure 4c), up to a solution pH of roughly 2–3, where
the released hydrogen ions do not significantly decrease the pH further. This data indicated
that, up to a weight gain of roughly 0.1 g of polymer, a linear trend between membrane
functionalization weight and pH drop can be developed. It is important to note that
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error bars for these figures represent triplicate measurements and that unfunctionalized
membranes do not produce a pH drop over 24 h.

Figure 4. pH-responsive nature of PNIPAm-PMMA hydrogel and functionalized membranes.
(a) Visual representation of ion exchange for the first step of Fe/Pd immobilization into the hy-
drogel/membrane domain. (b) pH change of solution before and after soaking PNIPAm-PMMA-
functionalized membranes for 24 h. A total of 3 g of PNIPAm-PMMA hydrogel was utilized as a
reference. The initial pH was set at 10–11. Error bars represent triplicate measurements. (c) Corre-
lation of membrane functionalization weight and release of hydrogen ions quantified as decrease
of units on the pH scale over 24 h of membrane/hydrogel soaking. Error bars represent triplicate
measurements.

3.1.4. Functionalized Membrane Characterization via SEM and EDX

After the initial ion exchange step, a second exchange occurred with Fe2+ (confirmed
with ICP, Supplementary Materials: Section C) and then reduction to ZVI with subsequent
immobilization of palladium onto the NPs. After functionalization studies, PVDF650 was
selected as the flat sheet membrane of focus in this study due to its larger pore size and
permeability than PVDF400 (previously mentioned in Figure S3), which can result in greater
NP loading and daily water treatment volume. The 3M system was selected as the HFM of
focus in this study due to its high functionalization weight and release of hydrogen ions,
confirming significant PMMA presence, as well as its hydrophobicity for TCE stripping
potential via MAS. While the Lifestraw HFM system had a greater weight gain than that of
the 3M, the 3M fibers are held together by perpendicular microfibers (Figure S7), which
increases the structural integrity of the fibrous system and is more appealing for commercial
and scalable modules. Additionally, the Lifestraw functionalization (~20 nm surface pore
size post-functionalization) showed a much larger inconsistency during functionalization
(large error bars) than that of the 3M, making the latter a more consistent functionalization
material. It is important to note that, to the group’s knowledge, this is the first reported
case of HFM functionalization with both catalytic NPs and the thermoresponsive polymer
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PNIPAm, incorporating both adsorptive and degradative properties for highly efficient
water remediation in a hollow fiber system.

The Fe/Pd-PNIPAm-PMMA-functionalized membrane systems of focus were charac-
terized using SEM imaging to investigate surface/pore morphology as well as Fe/Pd NP
presence (Figure 5), which were found to have an average particle diameter of 33.6 nm and
34.8 nm for PVDF650 and 3M HFM, respectively (Figure S8). Note that the NPs observed
on the surface were confirmed to be Fe/Pd nanoparticles via EDX analysis, with respective
peaks for both Fe and Pd.

Figure 5. SEM analysis of flat sheet and hollow fiber membranes. Imaging of (a) an unfunctionalized
PVDF650 surface, (b) a PVDF650 surface functionalized with PNIPAm, PMMA, and Fe/Pd NPs,
(c) an unfunctionalized 3M HFM surface, and (d) a 3M HFM surface functionalized with PNIPAm,
PMMA, and Fe/Pd NPs.

The surface imaging of the PVDF650 membrane showed significant pore functionaliza-
tion, as the surface pores are less frequent and smaller in diameter post-functionalization
(Figure 5a,b). This phenomenon was also confirmed experimentally, as the PNIPAm,
PMMA, and Fe/Pd functionalization of the PVDF650 membrane decreased the water
permeability from around 2500 LMH/bar to about 824 LMH/bar, indicating significant
functionalization of the membrane pores. Due to the complexity of HFM modules that can
support water filtration pressures, flux data for HFMs before and after functionalization,
as well as temperature/pH response, was not investigated, which is a limitation of this
current work. A significant reduction of membrane permeability is not expected for the
3M HFM, though, as the pores do not show significant interference post-functionalization
(Figure 5c,d). This difference can be explained by the hydrophobic nature of the 3M
fibers (compared to the hydrophilic PVDF650). After investigation of the 3M membrane
pores (cross-section) using SEM and ion milling, no NPs were found throughout the pores
(Figure S9), which indicates that the majority of functionalization occurred on the shell
surface of the 3M membrane and only minimally, if any, in the pores and lumen side. Due
to this observation, the recommended direction for convective filtration with the catalytic
membranes in this study is shell-to-lumen flow. It is important to note, though, that other
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sections of HFMs can be functionalized as well, such as lumen-side functionalization with
NPs in a packed-bed-style format [44]. Additionally, with ImageJ, the average diameter
of Fe/Pd NPs was found to be 33.6 nm and 34.8 nm, respectively, for the PVDF650 and
3M membranes (Figure S9), which is similar to previous membrane-bound Fe/Pd stud-
ies [18]. Note that the previous numbers are mean values, and larger particles (diameter:
100–200 nm) were also observed.

Free Fe/Pd NPs (in solution) were also synthesized for initial activity tests. Briefly,
the initial oxidized iron solution was reduced via sodium borohydride, where ZVI NP
formation occurred (Figure S10). An initial check of this step was conducted visually
with a color change from orange/brown to black, which corresponds with Fe3+ and ZVI,
respectively, in the literature. Further confirmation was obtained with magnetic testing.
Unlike Fe3+, the formed ZVI nanoparticles displayed paramagnetic properties [45], as
shown in Figure S10. After ZVI formation, a palladium acetate solution (3 mol%) was
then added for palladium reduction (from ZVI) and subsequent deposition onto the NP
surface. It is important to note that our group has previously reported X-ray diffraction
(XRD) characterization of ZVI NPs prepared utilizing the same synthesis methodology.
This analysis confirmed the formation of zero-valent NP via the peak for body-centered
cubic (BCC) Fe0 (Figure S11) [46].

The resulting Fe/Pd particles were characterized using TEM and EELS (Figure S12),
where the zero-valent iron core was observed with a thin oxygen layer surrounding it.
EELS analysis confirmed bimetallic NP formation (not separate Fe and Pd NPs), as a clear
Fe core region with Pd coating was observed, which agrees with TEM/EELS analysis in
the literature [47]. It is important to note that the formation of Pd NPs had to occur on the
ZVI NP surface (thus forming a bimetallic system), as the Pd must be reduced by the ZVI
for Pd NP formation (Fe0 + Pd2+ → Fe3+ + Pd0) with subsequent deposit on the iron NP
surface [47].

Using EELS, the weight percent composition of a single NP was found to be 12.11%,
80.11%, and 7.77% for oxygen, iron, and palladium, respectively (Table S1), further confirm-
ing bimetallic NP synthesis. Additionally, the synthesized particles had an average size of
36 nm (Figure S13). Note that NPs formed in membrane systems have a lower average size
than those formed unbound in solution, due to the prevention of NP agglomeration (from
PMMA charge groups).

3.2. Temperature and pH Response of Functionalized Materials

In this study, unbound hydrogels were synthesized using the polymerization solution,
consisting of MMA and bisacrylamide cross-linker in a 90 (NIPAm):5:5 molar ratio, respec-
tively, with an overall APS molar percentage of 8%. It is important to note that the degree to
which the hydrogel can swell and respond to external stimuli is dependent on the degree of
polymer cross-linking and monomer concentration, which can be controlled by the molar
ratio of the cross-linker. The swelling capacity of the hydrogels can be described as:

S =
dswollen

dunswollen
(3)

where S is the swelling capacity, described as the ratio of the apparent hydrogel diameter
in the swollen state (below LCST) to that in the unswollen state (above LCST). Swelling
capacity was found to be approximately 10.3 and 3.4 for 3 mol% and 10 mol% crosslink-
ers in prior studies [18], respectively, which indicates the inverse relationship between
swelling capacity and crosslinking concentration in the polymerization solution. This also
indicates that, as the degree of crosslinking increases, the responsive nature of the hydrogel
subsequently decreases, as the hydrogel does not have the flexibility to swell/shrink.

Temperature-responsive adsorption of TCE onto hydrogels has been reported by Xiao
et al. with 80:10:10 NIPAm:AA:poly (ethylene glycol) 600 dimethacrylate molar ratios,
resulting in almost twice as much adsorption of TCE onto PNIPAm-poly (acrylic acid)
hydrogels above than below the LCST [48]. The thermoresponsive adsorption/desorption
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properties of hydrogels that substitute poly (acrylic acid) with PMMA have not been pre-
viously investigated with MO or TCE compounds. In this study, free PNIPAm-PMMA
hydrogels were utilized for initial responsive experimentation before membrane testing.
Equilibrium adsorption isotherm studies were conducted with hydrogel samples in batch
solutions of MO and TCE to determine the equilibrium adsorption (Qe) of contaminants
onto the responsive hydrogel below and above the LCST of PNIPAM. Note that the mo-
lar concentrations of TCE and MO are not equal; thus, comparisons were simply made
for the investigation of responsive LCST behavior. Initially, Qe was determined to be
0.044 ± 0.003 mg of MO per gram of hydrogel sample at 23 ◦C. Above the LCST, though,
at 40 ◦C, the value for Qe dramatically increased to 0.504 ± 0.101 mg/g, indicating a
11.5× increase in adsorptive capabilities (Figure 6a,b). For TCE, Qe was determined to be
0.156 ± 0.046 mg of TCE per gram of hydrogel sample at 23 ◦C. Above the LCST (40 ◦C),
the value for Qe increased to 1.692 ± 0.383 mg/g, indicating a 10.8× increase in adsorptive
capabilities (Figure 6b). This increase can be attributed to the dehydration of the PNIPAm
chains, which resulted in increased exhibition of hydrophobic properties/groups and
greater interaction between the PNIPAm and the hydrophobic sections of the pollutants. It
is important to note that PMMA itself is temperature-responsive [49], but it is assumed to
have negligible effects on the system due to the low molar ratio of MMA to NIPAm. Despite
this, drastically larger Qe were observed at higher temperatures, indicating that hydrogel
hydrophilicity was primarily controlled by the responsive PNIPAm chains and that their
dehydrating isopropyl groups dominated the more hydrophilic PMMA groups. Addition-
ally, note that the molar concentrations of TCE and MO are not equal; thus, comparisons
were simply made to prove responsive LCST behavior.

Additionally, the same hydrogels (utilized in 40 ◦C MO adsorption in Figure 6b)
were returned to temperatures below the LCST over a total of two temperature swing
cycles and shaken for ~24 h until equilibrium. In these cycles, minimal desorption was
observed, with less than 20% of adsorbed MO released back into the surrounding solution
(Figure 6c). The low desorption could be attributed to the strong hydrophobic interactions
remaining, the entanglement of the pollutant in the polymer chains, and the bulky size of
MO (327.33 g/mol) hindering the mass transfer, compared to the smaller contaminant PCB-
1 (188.7 g/mol) that had a higher desorption capacity in previous studies [17,18]. Overall,
the efficacy of implementing PNIPAm for increased interaction between the active site and
the contaminants MO and TCE above the LCST was shown, as well as the thermoresponsive
nature of the hydrogel itself.

The pH responsiveness of the functionalized membrane samples was shown prior to
the Fe/Pd immobilization process with the release of hydrogen ions and subsequent pH
drop in a solution with a pH > pKa value of PMMA. This response validated the presence
of carboxylic groups in the hydrogel domain of the membrane system. Temperature respon-
siveness, as well as additional pH responsiveness, was shown in the flat sheet PVDF650
membrane with water flux changes at different temperatures and pH levels (Figure 6d).
During the transition from below to above the LCST of PNIPAm, the permeability of the
functionalized PVDF650 membrane increased by approximately 14%, 22%, and 37% for
pH levels of 3.0, 6.8, and 10.5, respectively. These changes indicate the thermoresponsive
nature of membranes with functionalization. It is important to note that these flux values
were obtained after undertaking viscosity corrections with respect to temperature; thus,
flux changes below and above the LCST were solely due to the swelling/shrinking of
the PNIPAm chains, respectively. Furthermore, below the pKa of PMMA, the PMMA
chains are in a collapsed state, which restricts the responsive nature of the PNIPAm chains.
This is seen in the sample at a pH of 3.0 (below the pKa), which had the lowest increase
in flux transitioning above the LCST. Overall, these differences indicate the successful
pH-responsiveness of the membrane after functionalization.
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Figure 6. Methyl orange adsorption interactions with PNIPAm/PMMA hydrogel and flux studies of
PNIPAm/PMMA-functionalized flat sheet membranes. (a) MO (indicated by a red color) solution
with PNIPAm-PMMA hydrogel below and above the LCST of PNIPAm. Adsorption of (b) MO
and TCE onto PNIPAm-PMMA hydrogels below and above the LCST at a pH of 7–8, as well as
(c) two temperature swing cycles with desorption below the LCST at a pH of 7–8. Note that the
40 ◦C of cycle 1 corresponds to the same hydrogels as the 40 ◦C samples from (b). Green bars
represent experimentation at 40 ◦C, and blue-lined bars represent experimentation at 23 ◦C. The
initial concentrations of MO and TCE were ~100 mg/L and 93 mg/L, respectively, and the weight
of the hydrogels utilized was approximately 1.7 g. Error bars represent triplicate samples, except
for TCE data, which represents duplicates. (d) Volumetric water flux changes of a PNIPAm-PMMA-
PVDF650 flat sheet membrane in response to variation in temperature and pH. Green bars represent
experimentation at 36 ◦C, and blue-lined bars represent experimentation at 25 ◦C. Note that these
flux values are corrected for changes in viscosity with respect to changes in temperature. Water flux
is measured at 1.4 bar with an unfunctionalized membrane flux of 3580 LMH. Error bars represent
triplicate samples.

3.3. Pollutant Degradation with Responsive Catalytic Membranes
3.3.1. Steps of the Reductive Degradation Pathway with Corresponding Models

The degradation of TCE with ZVI systems is typically modeled using pseudo-zero-
order or first-order reaction rate kinetics with high and low concentrations of TCE, respec-
tively [50]. In this study, the concentrations of pollutants are relatively low, so the following
pseudo-first-order (PFO) reaction rate relationship was utilized for degradation modeling:

−dC
dt

= C × kobs = C × (ksaρmas) (4)

where kobs is the observed reaction rate constant (1/min), ρm is the iron loading density
(g/L), as is the nanoparticle surface area to mass ratio (m2/g), and ksa is the bimetallic
nanoparticle surface area-normalized reaction rate constant (L/m2/h). It is important to
note that PFO rates have certain limitations, as several assumptions are made: (1) negligible
mass transfer resistance between the liquid and solid boundary layer, (2) irreversible
degradation of TCE, DCE, and other intermediates, (3) TCE adsorbed onto the NP surface
dechlorinates before product desorption can occur, (4) all reactions are isothermal, (5) no
competitive effects between pollutant and product species, and (6) products in gas form
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(i.e., ethylene) are present only in headspace and not in solution (due to low aqueous
solubility) [51].

To create a more accurate mode, the specific phases of this pathway must be considered.
The degradation of TCE via Fe/Pd NPs occurs through several steps, summarized in
Figure 7a. Initially, the ZVI is oxidated (converting to Fe2+ or Fe3+), which releases electrons.
Through a hydrogen evolution reaction, these electrons produce hydrogen gas from the
surrounding H2O in addition to hydroxide (OH−). H2 gas is then adsorbed onto the surface
of the Pd0, along with the contaminant TCE, where hydrogen radicals are produced. These
hydrogen radicals then hydrodechlorinate the TCE contaminants to DCE, ethylene, and
eventually ethane (C2H6).

 

Figure 7. Schematic detailing degradation of TCE via Fe/Pd NPs. This schematic contains (a) an
overview of the processes with a detailed explanation of hydrogen gas generation from iron corrosion,
(b) the multi-step process of the TCE contaminant, including adsorption, degradation, and desorption,
and (c) simplified stoichiometric reaction steps for the overall process. The “*” symbol represents a
radical.

Several mathematical models have been used for the degradation of TCE via Fe/Pd
NPs in batch mode. Summarized in Figure 7b in simplistic terms, there are three main steps
to this process that the model can include [51]:

(1) Mass transfer of TCE (C2HCl3) from the bulk solution to the surface of the cat-
alyst site and subsequent surface adsorption, forming a di-σ-bonded species from the
intermediate (π-bonded):

C2HCl3 + S (active site)
k−1a�
k1a

C2HCl3 − S

C2HCl3 − S + S → C2HCl3 ∗ −S2;

(2) Hydrodechlorination of TCE on the active sites of the NPs with DCE as a product
and eventually ethane:

5
2

Fe0 + 5H2O + 5Pd → 5
2

Fe2+ + 5OH− + 5Pd − H

3
2

Fe0 → 3
2

Fe2+ + 3e−
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C2HCl3 ∗ −S2 + 5Pd − H + 3e− → C2H6 ∗ −S2 + 5Pd + 3Cl−;

(3) Generated products desorb from the catalyst surface and transport into the sur-
rounding bulk solution:

C2H6 ∗ −S2 → C2H6 + S2.

In the second step, note that the hydrogen generation originates from the oxidation of
the ZVI but is a short-lived product and is not included as an individual step. Overall, this
pathway, along with the basic overall reaction steps in Figure 7c, is a simplified version
of the complete process and can be affected by several other factors. For example, the
degradation of TCE produces several compounds that can compete for active sites on the
NP surface if their concentration is high enough [50].

Alternatively, for methyl orange, Fe/Pd NPs facilitate the cleavage of the azo bond
(-N=N-) to -NH groups [52]. This azo bond has a significant absorption peak around
464 nm; thus, degradation and NP activity can be easily quantified by analyzing the
reduction of absorption at this peak using UV-Vis (calibration curve available as Figure S14).
It is important to note that the desorption step of MO is slower than that of TCE, meaning
that significant adsorption of MO onto the NP surface occurs [53], which is a limitation of
utilizing MO as a model compound.

3.3.2. Effect of Temperature on MO Degradation via Fe/Pd Nanoparticles

Bulk diffusion plays a significant role in the degradation process of MO and TCE via
Fe/Pd immobilized in membrane systems and can be modeled using the Wilke–Chang
model or the Stokes–Einstein equation. The Stokes–Einstein equation is described as
follows:

Ds =
kBT

6πμrpart
(5)

where Ds is the bulk diffusion coefficient, kB is the Boltzmann’s constant, T is the tempera-
ture (K), rpart is the solute molecular radius, and μ is the dynamic viscosity of the solvent.
Utilizing the Stokes–Einstein equation, the bulk diffusion coefficients from 5 to 50 ◦C have
been calculated for MO, TCE, and polychlorinated biphenyl (PCB-1, used in prior stud-
ies [18]) in a water solvent in Figure S15. In summary, the bulk diffusion coefficients of
MO and TCE at 25 ◦C were found to be 5.5 × 10−11 and 9.1 × 10−10 m2/s, respectively,
while at 40 ◦C, they were found to be 7.8 × 10−11 and 1.3 × 10−9 m2/s, respectively. This
proves that diffusion itself will increase with system temperature elevation. Additionally, it
is important to note that the larger diffusion coefficient of TCE compared to MO can be
explained by TCE’s smaller molecular size, which decreases resistance to mass transfer.

The activity of Fe/Pd NPs free in solution at both 22.5 ◦C and 50 ◦C was initially tested
with MO to verify the activity of the nanoparticles, the validity of MO as a model pollutant,
the fit of a PFO model, and investigate particle fouling with the pollutant. For pollutant
sampling, the nanoparticles (with paramagnetic properties) were briefly separated from
the surrounding solution via a strong magnet. MO concentration was then analyzed using
UV-Vis at a wavelength of 464 nm, representing the N=N bond that was reduced upon the
Fe/Pd reaction (Figure 8a).

As expected, more rapid degradation of MO occurred at 50 ◦C than at 22.5 ◦C
(Figure 8b), which can be explained by the increased MO diffusivity at the higher temper-
ature (Stokes–Einstein equation). Oxidation of ZVI as well as NP fouling via adsorbed
MO (and subsequent products after reduction) can be observed as the degradation process
begins to deviate from first-order kinetics after approximately 25 min of reaction time.
Low desorption rates (7%) have been reported by Arshadi et al. with MO and metal
nanoparticles, which can be attributed to the formation of a strong metal-dye complex [54].
Additionally, there is a small initial delay in degradation activity, which can be explained
by the transport limitations of MO through the oxygen layer surrounding the NPs as well
as the H2O interacting with the Fe core and subsequent hydrogen generation.
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Figure 8. MO degradation with Fe/Pd NPs in a solution. (a) Schematic of interaction between Fe/Pd
NP and MO, as well as an example of UV-Vis absorbance spectrum before and after degradation
from NPs (initial concentration: ~10 mg/L MO). (b) MO degradation of Fe/Pd NPs at different
temperatures with respect to reaction time. A total of 0.1 g Fe (~10% Pd) in 20 mL vials was used
with a MO concentration of 3 mg/L and a pH of 6.8. Samples were shaken at 100 rpm. Error bars
indicate triplicate measurements. (c) Pseudo-first-order model of MO degradation via Fe/Pd NPs in
solution at two different temperatures. Error bars indicate triplicate measurements.

The experimental data was fitted to a pseudo-first-order model to quantify reactivity
and obtain reaction rate kinetics (Figure 8c). Utilizing data until degradation stopped
(20–30 min of reaction time), the observed reaction rate (kobs) was determined from the
slope of the linear fit to be 0.0208 and 0.0424 min−1 for 22.5 ◦C and 50 ◦C, respectively
(Table 2). A more accurate representation of reaction rate can be obtained by calculating
the surface area-normalized reaction rate constants (ksa), as it normalizes the constants
with respect to NP loading and surface area (average obtained from TEM imaging). It is
important to note that the values for loading and surface area of NPs can vary significantly
depending on membrane weight gain after hydrogel functionalization (available sites of
Fe ion exchange and immobilization) and formed NP size (surface area ratio compared to
mass of NP). Using Equation (4), ksa was calculated to be 0.0118 and 0.0240 L/m2/hour for
22.5 ◦C and 50 ◦C, respectively, indicating a ~two-fold increase in reaction rate constants
from this temperature increase. To eliminate the effect of temperature on the model
values, these constants can be normalized with respect to temperature using the Arrhenius
equation:

ln
k2

k1
=

−Ea

R

(
1
T2

− 1
T1

)
(6)

where R is the gas constant, T is the temperature (K), and Ea is the activation energy
(kJ/mol). After normalization with respect to 22.0 ◦C, the ksa values were roughly equal
(Table 2), indicating that there were no other forces affecting the reactivity at different
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temperatures besides changes in contaminant diffusion. Overall, MO was confirmed to be
an appropriate model for Fe/Pd NP systems, and the effect of temperature on diffusivity
was investigated with appropriate kinetic models, yet a possible limitation of utilizing MO
as a model compound was found (low MO desorption from the NP surface).

Table 2. Observed and surface area-normalized reaction rate constants (kobs and ksa) of batch-mode
MO degradation via Fe/Pd NPs in solution. The average diameter of NPs utilized for calculations
was 36 nm on average.

T (◦C) kobs (1/min) ρm (g/L) as (m2/g) ksa (LMH) Temperature-Normalized ksa (LMH) *

22.5 ◦C 0.0208 5 21.2 0.0118 0.0118
50 ◦C 0.0424 5 21.2 0.0240 0.0108

* Normalized with respect to 22.0 ◦C using the Arrhenius equation and an activation energy of ~23 kJ/mol from
the ZVI system of Shih et al. [55].

3.3.3. Thermo-Responsive Degradation of MO via Catalytic Membranes

The Stokes–Einstein model is appropriate for batch NP experiments, but with catalytic
NPs imbedded into a membrane/hydrogel matrix, the diffusion rate will be significantly
lower due to the crosslinked hydrogel matrix and membrane material. Yang et al. developed
a model that can be fitted to the obtained data for contaminant diffusion in the presence of
a catalytic membrane [56]:

CTCE
CTCE,initial

=

(
DH

l

)(
A
V

)(
t − l2

6D

)
(7)

where D is the diffusion coefficient (m2/s), H is the partition coefficient, A is the membrane
area (m2), V is the permeate solution volume (m3), and t is the time (s). Using Equation (7),
the diffusion coefficient can be derived from the slope and intercept. It is important to note
that, as previously mentioned, several literature sources have found this catalytic process
to be diffusion-limited [39,57,58], which is the motivation for PNIPAm incorporation. Sig-
nificant differences in diffusion coefficients have been reported for PNIPAm-functionalized
membranes in the literature, as 6.6 × 10−11 and 8.7 × 10−11 m2/s at 25 and 35 ◦C, re-
spectively, for PCB-1 [18], showing the validity of Yang et al.’s model and the PNIPAm
functionalization.

Similar to diffusion modeling, though, the previous equations are not adapted for
responsive membranes. The residence time (Equation (8)) within the membrane varies
depending on the temperature and permeate flow rates (which are pressure-dependent)
of an Fe/Pd-PNIPAm-membrane as the void fraction (membrane volume multiplied by
surface porosity) changes above and below the LCST (due to polymer swelling/shrinking).
Wan et al. derived a model to determine the pseudo-first-order reaction constants of such
membranes using the following two equations [46].

τ = Vvoid/(Jw A) (8)

C f inal = Cinitial
τ2

4

[
kobs

2
(∫ ∞

kobsτ/2

e−t

t
dt
)
+ e−kobsτ/2

(
4
τ2 − 2kobs

τ

)]
(9)

where Vvoid is the membrane void fraction, C f inal is the final contaminant concentration,
Cinitial is the initial contaminant concentration, and τ is the residence time (s).

It is important to note that these models are not without their limitations. Foo et al.
present a comprehensive review of different adsorption isotherm systems [59]. Langmuir
and Freundlich adsorption isotherms are typically used for such TCE adsorption reactions,
with assumptions regarding monolayer vs. double layer adsorption. Furthermore, as
previously mentioned, convective flow for HFMs is a current limitation of this work, but
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previously shown models could theoretically be applied to HFM flow to compare diffusion
coefficient changes across the LCST.

The temperature-responsive presence of PNIPAm on the functionalized HFMs contain-
ing Fe/Pd NPs was tested with MO in batch mode. The membranes were cut to 4 cm fiber
length and shaken for 60 min total in a ~5 mg/L MO solution. An incubator shaker was
utilized to control the temperature of the samples below and above PNIPAm’s LCST. Note
that the tested membranes had a NP loading of 5.9 mg iron per g of membrane, determined
from ICP, with approximately 3 mol% of Pd.

Similar to free NPs, a more significant MO degradation versus time was observed
at a higher temperature of 40 ◦C (Figure 9a). Note that control absorbance values (from
shaking HFM without MO presence, ranging from 0.01 to 0.1) were subtracted from
measured values to ensure the change in absorbance was due to MO degradation and not
the release of unbound NPs. When fitted to a PFO model, though, a significant deviation
occurred (Figure 9b) from a linear fit. This is most likely due to the low desorption
rates of MO from the catalytic NPs (as previously mentioned), lower mass transfer rates
overall through membrane systems (as opposed to free catalysts in solution), as well as
the oxidation of ZVI throughout the duration of experimentation (Figure 9c). This could
be an indication of a limitation of the pseudo-models for describing complicated reaction
processes. Furthermore, functionalized membranes were characterized with SEM after
90 min of MO degradation, showing significant surface fouling and some loss of iron NP
structure (Figure 9d), indicating limitations for long-term MO treatment.

Figure 9. Degradation of MO via PNIPAm-PMMA-functionalized 3M HFMs with 5.9 mg iron
per g of membrane and approximately 3 mol% of Pd. (a) MO degradation by PNIPAm-PMMA-
functionalized 3M HFMs below and above the LCST of PNIPAm in batch mode. Concentration
values were normalized based on membrane weight (150–170 mg). Error bars represent triplicate
samples. Samples were shaken at 200 rpm, and the solution pH was roughly 6.5. Non-degraded MO
was analyzed at a wavelength of 464 nm using UV-Vis. (b) Pseudo-first-order fit of MO degradation
data by functionalized HFMs. Error bars represent triplicate samples. (c) Image of 3M membrane
before and after experimentation, indicating significant oxidation of iron (from black to brown color).
(d) SEM image of functionalized membrane after 90 min of MO degradation.
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It is important to note that oxidation of the ZVI NPs is a current limitation of this
technology, as conversion from ZVI (black-colored membrane) to Fe2+ (brown-colored
membrane) depletes the electron-donating source. This can lead to a loss of long-term
activity, leading to the need for regeneration of the ZVI or the introduction of dilute
hydrogen gas. Even though NPs in this study are immobilized in a hydrogel matrix, thus
offering some protection from oxidation, the color change in Figure 9c does indicate a
certain degree of oxidation. For similar membrane systems, our group has reported less
than 20% Fe/Pd initial activity after four degradation cycles over a 3 month period in
water [16]. One promising method for overcoming this limitation is the reduction of Fe2+

via green tea extract instead of sodium borohydride. This method has been shown to
maintain at least 85% of Fe/Pd initial activity in membranes after 3 months of periodic
activity testing [16] and could be implemented in future HFM studies.

In this work, an initial Fe/Pd stability test was performed by storing the NPs in DIW
with different dissolved oxygen (DO) concentrations (~0 ppm and 5.5 ppm). After 24 h of
storage, the samples were analyzed using TEM and EELS (Figure S16). The sample with
minimal DO levels showed a prominent iron core with a small oxidative shell surrounding
it, indicating no noticeable difference from the initial sample (Figure S12). Alternatively,
the 5.5 ppm DO sample showed loss of the iron core with significant NP oxidation as well
as the formation of iron oxide sheets, thus displaying a leading example of the long-term
oxidative limitations of these systems.

Furthermore, the MO concentration did not decrease for both controls (unfunctional-
ized HFM and PNIPAm-PMMA-3M without NPs). This indicated that the decrease in MO
during experimentation with NP-functionalized membranes can be primarily attributed
to catalytic degradation and not adsorption onto the membrane system. Additionally,
the initial delay observed in the free NP samples was not apparent in this system, which
could be due to the PNIPAm in the system overcoming the previously mentioned mass
transfer limitations. Overall, though, it is important to note that, to the group’s knowl-
edge, this is one of the first reported demonstrations of enhancing MO degradation with
the presence of PNIPAm in a Fe/Pd bimetallic system. These findings bring significant
advances to the remediation field by increasing the range of effective contaminants that
these thermoresponsive membrane systems can treat in groundwater sources.

For direct comparison with free NPs as well as with TCE degradation, approximate
observed reaction rate constants were obtained from the slope of the linear PFO model
fit for these functionalized membranes. When correcting the observed constants with
respect to temperature, surface-area-normalized constants were found to be 0.6247 and
0.8147 LMH for 23 ◦C and 40 ◦C, respectively (Table 3), which are comparable to previous
studies with similar catalytic HFM systems [60]. This 30% increase in reaction rate constants
can be attributed to the PNIPAm’s phase transition above LCST (expressing hydrophobic
domains), leading to lower mass transfer limitations during remediation. It is important to
note that, in comparison to the free NPs, the membrane-bound system had significantly
higher ksa values (after particle loading normalization), which further indicates the benefit
of the hydrogel domain incorporation and subsequent increased adsorptive properties
for degradation efficiency. Overall, the efficacy of utilizing PNIPAm’s phase transition to
increase the degradation capabilities of catalytic HFM systems was validated, showing
promising advances for scalable environmental remediation devices.

Table 3. Observed and surface area-normalized reaction rate constants (kobs and ksa) of batch-mode
MO degradation via Fe/Pd-PNIPAm-PMMA-functionalized HFMs in solution. The average diameter
of NPs utilized for calculations was 34.8 nm on average.

T (◦C) kobs (1/min) ρm (g/L) as (m2/g) ksa (LMH) Temperature-Normalized ksa (LMH) *

23 ◦C 0.0114 0.05 21.9 0.6247 0.6247
40 ◦C 0.0247 0.05 21.9 1.3534 0.8147

* Normalized with respect to 23.0 ◦C using the Arrhenius equation and an activation energy of ~23 kJ/mol from
the ZVI system of Shih et al. [55].
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3.3.4. Thermoresponsive TCE Degradation via Catalytic Membranes

After initial testing with the model compound MO, batch degradation of TCE below
and above PNIPAm’s LCST was conducted with PNIPAm-PMMA-functionalized HFMs
containing Fe/Pd NPs (in vials with minimal to no headspace). Septa vial caps were utilized,
along with a volumetric needle, for taking samples, ensuring minimal TCE was lost due
to volatility. Additionally, an incubator shaker was utilized to control the temperature of
the samples below and above PNIPAm’s LCST. A control without membranes was also
utilized to normalize TCE concentrations based on maximum lost vapor during sampling.

Below the LCST (23 ◦C), roughly 65% of TCE was degraded within 90 min of reaction
time, while above the LCST (40 ◦C), 96% degradation was observed within the first 30 min
(Figure 10a). Similar to MO, the primary reduction in TCE concentration was assumed to
occur primarily due to catalytic degradation. A preliminary experiment utilizing PNIPAm-
PMMA-3M membranes (similar weight to experimental) with oxidized NPs (thus inactive)
showed a small decrease (<5%) in TCE concentration (5 mg/L) over 90 min of shaking.
Degradation of TCE was further confirmed to be occurring via analysis of the MS spectrum
of the contaminated solution at t = 0 min and t = 30 min (Figure S17), indicating a higher
chloroethylene signal (~57.0 m/z) at t = 30 min, compared to DCE and TCE (~95 and
130 m/z, respectively), than that of the initial sample at t = 0 min.

Figure 10. TCE degradation with functionalized membrane systems with 5.9 mg iron per g of
membrane and approximately 3 mol% of Pd. (a) TCE degradation by PNIPAm-PMMA-functionalized
3M HFMs below and above the LCST of PNIPAm in batch mode. Each vial contained roughly 4.3–4.6 g
of HFM with minimal headspace. Error bars represent triplicate measurements. Samples were shaken
at 200 rpm, and the solution pH was roughly 6.5. Zero values indicate TCE concentrations less
than the limit of detection (<1 μg/L TCE). (b) Pseudo-first-order fit of TCE degradation data by
functionalized HFMs. Near-zero values under the limit of detection (<1 μg/L TCE) were not included
in the PFO fit for 40 ◦C samples. (c) SEM image of functionalized membrane after 90 min of TCE
degradation.

Furthermore, this data was fitted to a PFO model (Figure 10b), yielding observed
reaction rate constants of 0.0115 and 0.0993 min−1 at 23 ◦C and 40 ◦C, respectively. Unlike
with MO, TCE degradation from these reactive membranes exhibited a stronger fit to the
PFO model (R2 > 0.96), indicating the validity of the model for demonstrating this process.
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Additionally, it is important to note that the TCE concentration utilized in these experiments
was 0.5 mg/L. While technologies to remediate highly contaminated water (>5 mg/L TCE)
are important, systems that can remediate trace-contaminated sources (0.1–1 mg/L TCE) to
be under the maximum contaminant level (MCL) of TCE (5 μg/L) [61] are vital to ensuring
the long-term health of the effected communities by eliminating chronic TCE exposure.
With an analytic limit of detection of 1 μg/L, the ability of the catalytic HFM systems in
this research to reach below the MCL was observed above PNIPAm’s LCST.

The observed constants were corrected with respect to temperature; thus, the resulting
surface-area-normalized constants were found to be 0.5251 and 2.7293 LMH for 23 ◦C
and 40 ◦C, respectively (Table 4). This 420% increase (after temperature correction) can
be attributed to PNIPAm’s expressed hydrophobic domains above the LCST and overall
higher rates of mass transfer between the contaminant and active site. This difference
between MO and TCE degradation increases above the LCST (30% and 420%, respectively)
and can most likely be attributed to the difference in molecule size. The significantly higher
bulk diffusion coefficient of TCE previously mentioned (Figure S15) can also be attributed,
indicating high desorption rates of degradation products from the NP surface and lower
mass transfer limitations overall for TCE compared to MO. This difference also indicates
the limitations of utilizing MO to model catalytic systems with the intended application of
TCE remediation. Additionally, it is important to note that the functionalized membrane
was found to be relatively unchanged (compared to t = 0 min) via SEM analysis after
90 min of TCE degradation (Figure 10c). Unlike the membrane after MO degradation,
this sample showed little surface fouling, with the observed spherical NPs remaining
prominent, indicating this system’s potential for long-term TCE remediation.

Table 4. Observed and surface area-normalized reaction rate constants (kobs and ksa) of batch-mode
TCE degradation via Fe/Pd-PNIPAm-PMMA-functionalized HFMs in solution. The average diameter
of NPs utilized for calculations was 34.8 nm on average.

T (◦C) kobs (1/min) ρm (g/L) as (m2/g) ksa (LMH) Temperature-Normalized ksa (LMH) *

23 ◦C 0.0115 0.06 21.9 0.5251 0.5251
40 ◦C 0.0993 0.06 21.9 4.5342 2.7293

* Normalized with respect to 22.0 ◦C using the Arrhenius equation and an activation energy of ~23 kJ/mol from
the ZVI system of Shih et al. [55].

Overall, incorporating PNIPAm hydrogels into catalytic HFMs shows valid advances
in increasing the TCE degradation capabilities of such systems, which have not been
previously reported in the literature, leading to more effective remediation techniques at
environmentally relevant contaminant concentrations.

It is important to note that further methods can be utilized to optimize water reme-
diation from TCE and other VOCs. While hydrophilic membranes offer lower operating
pressures for convective water flow through traditional filtration, this work implemented
this functionalization process on a primarily hydrophobic HFM. The main benefit of the
membrane hydrophobicity is the ability to utilize membrane air-stripping (MAS) [62,63],
which has been proven to be effective for TCE stripping (in vapor form) from liquid water
sources with polypropylene HFMs [64]. A preliminary experiment was conducted with a
full-sized 3M-HFM module for TCE stripping from a 200 mL solution (initial [TCE] = 3.7 ±
0.2 mg/L), utilizing a MAS set-up (Figure S18). While the control solution only dropped to
3.4 ± 0.1 mg/L TCE, the MAS solution dropped to below the limit of detection (<1 μg/L
TCE) after 60 min of recycle flow, indicating that the 3M HFM’s hydrophobicity allowed
for TCE to be stripped out of the contaminated solution in vapor form. By combining MAS
and Fe/Pd-functionalized HFMs, even higher degradation efficiencies could be achieved,
as degrading TCE in a vapor form can allow for lower mass transfer limitations between
the contaminant and active site, while the water vapor can maintain adequate hydration
for ZVI’s hydrogen gas generation. This process can also separate TCE from other natural
organics (present in real groundwater) that could inhibit/foul the catalyst surface or act as
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active site competition. In this work, functionalization of the lumen side is not a significant
concern, as primary degradation is desired to occur while TCE is in vapor form (present in
pores and the shell side). Overall, the selection of membrane material in this work allows
for potential MAS applications to achieve higher environmental remediation efficiencies in
the long-term.

4. Conclusions

This research investigated the integration of the temperature-responsive polymer, PNI-
PAm, into Fe/Pd-PMMA-functionalized hollow fiber membranes, establishing a significant
step towards the scalability of these systems. Temperature-responsive functionalization
of HFMs was achieved, a synthesis aspect that has not been previously reported in the
literature. After functionalization, the dip-coated flat sheet and HFMs showed weight gains
of roughly 9% and 15%, respectively, indicating significant retention of stimuli-responsive
hydrogel. Due to enhanced hydrophobic interactions between the hydrogel matrix and the
pollutant (expressed at T > LCSTPNIPAm), degradation increases of 30% and 420% for azo
dyes (methyl orange) and VOCs (trichloroethylene), respectively, were observed with the
developed HFM in batch mode, overcoming previously-reported mass transfer limitations
that occur when integrating such catalysts into polymer-membrane matrixes. These find-
ings signified significant novelties in the remediation field, as the range of contaminants
that such membrane systems can treat in groundwater sources has been expanded to MO
and TCE, both previously unreported in the literature with these thermoresponsive sys-
tems. Furthermore, the resulting degradation data was modeled using a pseudo-first-order
model, obtaining surface-area and temperature-corrected reaction rate constants of 0.6247
and 0.5251 at 23 ◦C and 0.8147 and 2.7293 at 40 ◦C for methyl orange and TCE, respectively.
Overall, the implementation of catalytic and temperature-responsive functionalizations into
hollow fiber membrane systems with superior surface area per packing volume provided
novel advances to the field of membrane-based water remediation. This work demon-
strated the capabilities of developing temperature-responsive membrane modules that
can result in treating larger volumes of contaminated water per unit time than current
established filtration methods.

In future work, the effect of natural organic presence can be quantified in relation to
degradation efficiency over long periods of treatment time, thus simulating more realistic
remediation scenarios. The ability of catalytic hollow fiber membranes to degrade VOCs in
a convective mode can be further studied as well, which could prove its efficacy in at-home
water treatment modules with low replacement needs. Additionally, a grafting method
could be established for attaching the polymer/catalyst system to the membrane domain,
furthering the long-term stability and low metal leaching of the resulting filter.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13142041/s1, Section A. Figure S1: Calibration curve of
known TCE concentration (after 100:1 injection dilution) versus the area under the measured peak via
GCMS analysis. Hexane (GCMS grade) was utilized as the solvent; Figure S2: GCMS analysis of TCE
standards. (a) Total ion chromatograph (TIC) of 1 mg/L TCE solution (after 100:1 injection dilution)
and (b) MS spectrum results (counts vs. mass-to-charge) for TCE peak displayed; Figure S3: Volumet-
ric water flux versus applied pressure of flat sheet PVDF400 and PVDF650 commercial membranes;
Figure S4: Full-thickness cross-section SEM image of an asymmetric PVDF400 membrane; Figure S5:
SEM of cross-section 3M-HFM with corresponding schematic of hollow fiber membrane structure,
shell side, and lumen side; Figure S6: FTIR of unfunctionalized and functionalized membrane sam-
ples; Figure S7: SEM image of microfibers holding together 3M-HFM; Figure S8: Fe/Pd particle
size of functionalized (a) PVDF650 and (b) 3M-HFM; Figure S9: Cross-section SEM image of cross-
section pores of 3M-HFM functionalized with Fe/Pd bimetallic nanoparticles, PNIPAm, and PMMA;
Figure S10: Schematic of Fe/Pd NP synthesis in solution; Figure S11: An XRD diffractogram of (a)
freshly made metallic iron (Fe0) particles, (b) freshly made palladium particles, (c) palladium coated
iron particles, (d) deliberately oxidized Fe/Pd particles, (e) regenerated Fe/Pd particles, and (f) Fe2O3
particles [46]; Figure S12: TEM, EDX, EELS analysis of Fe/Pd NPs free in solution; Figure S13: Size
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distribution of Fe/Pd NPs free in solution; Figure S14: Calibration curve of MO standards, analyzed
using UV-Vis; Figure S15: Calculated bulk diffusion coefficients for MO, TCE, and PCB-1 water
contaminants in a water solvent, with respect to temperature; Figure S16: TEM and EEL analysis
of Fe/Pd NPs stored in DIW solutions with different dissolved oxygen (DO) concentrations over a
24 h period; Figure S17: GCMS analysis of contaminant solution during PNIPAm/PMMA-Fe/Pd-
functionalized HFM experimentation above the LCST of PNIPAm; Figure S18: Schematic of MAS
set-up utilized for TCE stripping; Section B. Table S1: EELS analysis of Fe/Pd nanoparticle. Section C.
Supplementary Methods.
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Abstract: In the present work, the chemical synthesis of AgPt nanoalloys is reported by the polyol
method using polyvinylpyrrolidone (PVP) as a surfactant and a heterogeneous nucleation approach.
Nanoparticles with different atomic compositions of the Ag and Pt elements (1:1 and 1:3) were
synthesized by adjusting the molar ratios of the precursors. The physicochemical and microstructural
characterization was initially performed using the UV-Vis technique to determine the presence of
nanoparticles in suspension. Then, the morphology, size, and atomic structure were determined using
XRD, SEM, and HAADF-STEM techniques, confirming the formation of a well-defined crystalline
structure and homogeneous nanoalloy with an average particle size of less than 10 nm. Finally, the
cyclic voltammetry technique evaluated the electrochemical activity of bimetallic AgPt nanoparti-
cles supported on Vulcan XC-72 carbon for the ethanol oxidation reaction in an alkaline medium.
Chronoamperometry and accelerated electrochemical degradation tests were performed to determine
their stability and long-term durability. The synthesized AgPt (1:3)/C electrocatalyst presented
significative catalytic activity and superior durability due to the introduction of Ag that weakens the
chemisorption of the carbonaceous species. Thus, it could be an attractive candidate for cost-effective
ethanol oxidation compared to commercial Pt/C.

Keywords: AgPt nanoparticles; nanoalloy; structural characterization; electrocatalysis; ethanol
oxidation reaction

1. Introduction

The use of alcohols as fuels in electrochemical cells has increased over the last decade
due to their potential application in self-sustainable energy production with minimal envi-
ronmental impact [1–4]. In addition, liquid fuels are safer and more convenient for storage
and transportation than compressed hydrogen. Furthermore, for their high efficiency,
fast refueling, and low outgassing, direct ethanol fuel cells (DEFCs) are considered future
portable power conversion devices [5–9]. Platinum (Pt) is one of the most important noble
metals for manufacturing electrocatalysts used in DEFCs [10]. However, its commercial-
ization is limited by its high cost and decreased oxidation potential due to the ethanol
crossover effect (ECO), electrocatalyst poisoning by chemisorbed intermediate species
during transport, and oxidation of ethanol through the membrane, which results in the
obtaining mixed potentials for the ethanol oxidation (EOR) and oxygen reduction (ORR)
reactions, with a significant loss of their performance [11–14].
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In recent years, particular attention has been paid to designing cost-effective electro-
catalysts with excellent resistance to carbonaceous intermediate species poisoning without
compromising the high catalytic activity of EOR [15,16]. Furthermore, implementing hetero-
geneous Pt-based nanostructures in nanoalloys form with controlled size and morphology
has improved suppression in the adsorption of poisonous species to monometallic Pt [17].
Due to the above, several noble metals (Rh, Pd, Au, Ni, Ru), as oxophilic components
with relatively stable and considerable reactivity, have been used to form Pt nanoalloys,
facilitating the formation of oxygen species at lower potentials to effectively oxidize interme-
diate species through the Langmuir–Hinshelwood mechanism and improve electrocatalyst
stability [18–21].

Moreover, silver (Ag) has been proposed as a functional and beneficial element with
high chemical stability. It has an electronic structure and an atomic radius similar to that of
Pt, fulfilling the conditions for forming substitutional solid solution rules; furthermore, their
implementation in forming bimetallic nanostructures can modify the electronic valence
bands, minimizing activation energies and developing new interfaces promoting electronic
exchange between elements.

The AgPt alloy during the ethanol oxidation reaction can simultaneously promote
the oxidation of intermediates through the activation of the surface sites of Pt to reduce its
poisoning by CO-like species due to weak surface adsorption originating from introducing
Ag atoms to the system [22–25]. Therefore, the modification in the stoichiometric compo-
sition will affect the local elemental arrangement, affecting the electronic structure of the
superficial sites of Pt and modifying its stability and catalytic activity. In addition, control
of the size and morphology during the synthesis of the alloy can result in an increase in the
surface area of the material and a preferential atomic arrangement, improving, in the same
way, its catalytic performance [26].

Based on the considerations described above, this study presents the development of
AgPt electrocatalysts using an easy and flexible synthesis method based on the polyol tech-
nique to obtain alloyed nanoparticles with a controlled size and morphology. In addition,
by varying the molar ratio of the precursors, the relationship between the composition and
its catalytic behavior toward the ethanol oxidation reaction was studied. Electrochemical
measurements confirmed that AgPt nanoparticles with different molar ratios exhibit an
enhanced electrocatalytic performance compared to commercial Pt/C, having the highest
performance, with AgPt (1:3)/C showing better catalytic activity and stability.

2. Materials and Methods

2.1. Materials

AgPt bimetallic nanoalloys, as well as pure Ag-seeds, were synthesized using silver
nitrate (AgNO3, 99.99%) and potassium tetrachloroplatinate (II) (K2PtCl4, 99.99%) as metal
precursors. All nanoparticles (NPs) were synthesized using ethylene glycol (EG 99.8%), as
a reducer agent and stabilized with poly(N-vinylpyrrolidone) (PVP, M = 40,000 g mol−1).
Reagent-grade acetone and isopropyl alcohol were used to carry out nanoparticle wash-
ing. For the electrochemical tests, solutions of potassium hydroxide (KOH, ≥85%) in
deionized water (Milli-Q, 18 MΩ·cm) were used as an alkaline medium, and reagent-
grade ethanol (CH3CH2OH, ≥99.5%). For the electrochemical inks, a solution of Nafion®

117 perfluorinated resin (5% in water), and isopropyl alcohol ((CH3)2CHOH, 99.5%). Com-
mercial platinum on Vulcan XC-72 carbon (20 wt% of filler, PRD.0.ZQ5.10000029756,
Figure S1) was used as a reference sample. All chemicals were purchased from Sigma-
Aldrich (Sigma-Aldrich, St. Louis, MO, USA).

2.2. Synthesis Procedures

The AgPt bimetallic nanoalloys were prepared using the seed-mediated growth polyol
method. Ag seeds were first synthesized by adding 2 mL of AgNO3 (20 mM) and 4 mL
of PVP (50 mM) into ten aliquots every 2.5 min to 10 mL of EG previously heated at
160 ◦C under magnetic stirring and maintaining the reaction for 1 h [27]. Subsequently, to

178



Nanomaterials 2023, 13, 1396

synthesize the nanoalloys AgPt (1:1), 0.5 mL of Ag seeds were dispersed in 5 mL of EG
at 160 ◦C. Then, 1 mL of AgNO3 (50 mM) and 2 mL of PVP (50 mM) were added to the
dispersed Ag seed solution in 10 aliquots every 2.5 min under magnetic stirring. Finally,
1 mL of metal precursor K2PtCl (50 mM) and 2 mL of PVP (50 mM) were added to the
solution using a procedure similar to that mentioned above by aliquots, ending the reaction
with a residence time of 1h at 160 ◦C under magnetic stirring and a last heating ramp
at 190 ◦C for 15 min. A similar procedure was used to synthesize the AgPt nanoalloys
(1:3), modifying only the volumes of the precursor agents K2PtCl4 to 3 mL and twice the
surfactant agent PVP (6 mL). The resulting nanoalloys were washed four times; the sample
was diluted with acetone on every wash and centrifugated at 5000 rpm for 5 min. The
supernatant was subsequently removed, and the sample was redispersed by ultrasound
using isopropyl alcohol. Next, electrocatalysts were prepared by dispersing a known
amount of AgPt NPs solution with 32 mg of Vulcan XC-72 carbon by ultrasonic (UP200Ht,
200 W, 26 kHz) for 5 min; the amount of the NPs was calculated to be 20 wt% of the total
metal phase.

2.3. Structural Characterization

The post-synthesized AgPt NPs were investigated using a UV-Vis spectrophotometer
Metash UV6000 (Shanghai Metash Instruments Co., Shanghai, China) in the 200–800 nm
range. The structural characterization was performed with a Rigaku Ultima IV diffrac-
tometer (Rigaku Co., Tokyo, Japan) using the powder XRD technique in a 2θ range from
30◦ to 90◦ at room temperature. The Hitachi SU8230 cold-field emission scanning electron
microscope CFE-SEM (Hitachi High-Tech Co., Tokyo, Japan) and Jeol JEM-ARM200F scan-
ning transmission electron microscope TEM/STEM (JEOL Ltd., Tokyo, Japan) were used to
analyze the structural, morphological, and chemical properties.

2.4. Electrochemical Characterization

The electrochemical measurements were performed on a BioLogic VSP potentiostat
(Biologic, Seyssinet-Pariset, France) coupled with a standard electrochemical cell in a
three-electrode configuration: a Hg/HgO electrode filled with NaOH (1.0 M) solution
and a graphite bar, used as a reference and counter electrode, respectively, and a working
electrode prepared by depositing 6 μL of catalytic ink on a glassy carbon BASi electrode
(3 mm in diameter). The suspension consisted of 1 mg of the corresponding electrocatalyst,
70 μL of isopropyl alcohol, and 7 μL of Nafion®117 (Sigma-Aldrich, St. Louis, MO, USA)
perfluorinated resin solution (5 wt%) dispersed by ultrasound for 15 min.

At least three different electrochemical profiles were carried out by cyclic voltammetry
(CV) in a potential window of −0.80 to 0.85 V vs. NHE at a scan rate of 50 mVs−1 to inquire
into the oxidation-reduction processes. The electrochemically active surface area (ECSA)
was calculated using Equation (1), and the respective experimental errors were obtained.

ECSA
(

cm2 mg−1
)
=

Q (mC)

Qo(mC cm−2) ∗ MPt or Ag(mg)
(1)

where Q is the electric charge corresponding to the integrated hydrogen adsorption/desorption
region after subtracting the double-layer capacitive current for pure Pt/C, and AgPt/C
bimetallic surface or the oxide reduction peak for pure Ag/C, Qo corresponds to the
specific charge, 0.21 mC cm−2

Pt is used for one-electron transfer reaction of Pt and 0.40 mC
cm−2

Ag [28] to convert the formation of one monolayer of AgOH/Ag2O to the surface area
of Ag.

Electrochemical tests were performed to evaluate the ethanol oxidation reaction (EOR)
using an aqueous solution of 1.0 M ethanol plus 0.3 M KOH as a supporting electrolyte,
unless otherwise indicated. The catalytic performance was evaluated by CV at a scan rate of
20 mVs−1 and a potential window of −0.85 and 0.65 V vs. NHE for the AgPt/C system. In
addition, the stability and CO-like tolerance were researched by chronoamperometry (CA)
measurements for the ethanol oxidation process during 3600 s in the half-peak potential
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(Ep/2). Afterward, two potential cycles in a fresh electrolyte solution were recorded
from the lower potential limit toward the anodic direction for the oxidative desorption of
the intermediated species. In addition, cyclic stability toward the EOR to inquire about
the long-term durability of the electrocatalysts was performed through an accelerated
electrochemical degradation test that consisted of 2500 sweeps of cyclic potential in the
same range of potential at a scan rate of 100 mVs−1.

Before each electrochemical measurement was performed, the adequate aqueous
solution was deaerated by bubbling nitrogen-purging for at least 10 min. After that, all
electrochemical tests were carried out at room temperature. The potential was reported
with respect to a normal hydrogen electrode (NHE).

3. Results

The crystallographic nature of the synthesized bimetallic nanoparticles (BNPs) was
characterized using the X-ray diffraction (XRD) technique. Typical XRD patterns of the
AgPt alloy BNPs are shown in Figure 1. All XRD patterns showed three broad diffraction
peaks that were assigned to (111), (200), and (220) reflections indexed with the face-centered
cubic (fcc) crystal structure with an Fm-3m space group. No other diffraction peaks were
observed in the second phase. These three peaks were observed at different 2θ compared to
pure Ag (JCPDS 04-0783) and Pt (JCPDS 04-0802) structures. The XRD patterns displayed
diffraction peak shifts linear to higher 2θ as the amount of Pt increased in the AgPt BNPs.
This indicated that AgPt (1:3) had a higher composition of Pt than AgPt (1:1). Therefore,
the results suggest that the AgPt BNPs are uniformly alloyed. The miscibility of an alloy
was determined according to the Hume–Rothery rules [29], which indicate that the alloy is
preferred when the crystal structure, atomic radii, valence, and electronegativity of the two
elements are similar; therefore, Ag and Pt are capable of forming AgPt alloys. Furthermore,
the corresponding phase diagram of the elements confirmed that the Ag-Pt system formed
miscible heterogeneous alloys with atomic contents rich in Pt for the concentrations used in
this study (1:1 and 1:3) [30]. Likewise, according to theoretical and experimental studies, the
miscibility and diffusion improve with a decrease in particle size [31]. However, in some
bimetallic nanosystems, it is also necessary to include the surface energy of the elements to
determine their miscibility [32]. Vegard’s law can be an indication of miscible binary alloys
that form solid solution (Equation (2)) [33]:

a = a2

(
1 +

a1 − a2

a2
× x1

)
(2)

where a is the calculated lattice parameter of AgPt BNPs, a1 and a2 are lattice parameters
of two corresponding pure metals, Ag (0.4086 nm) and Pt (0.3923 nm), respectively, and
x1 is the atomic fraction of component 1 (0.5 for AgPt (1:1), and 0.25 for AgPt (1:3)). The
experimental lattice parameter was calculated from the Rietveld refinement, obtaining
0.3996 nm and 0.3965 nm for AgPt (1:1) and AgPt (1:3), respectively. According to Vegard’s
law, the average calculated atomic composition was Ag45Pt55, and Ag26Pt74, these values
were corroborated by energy dispersive X-ray spectroscopy (EDX) analysis. The average
crystallite size was determined based on the broad peak of the (111) plane using Scherrer’s
formula (Equation (3)) [34]:

t =
0.9λ

βcosθ
(3)

where t is the crystallite size, 0.9 is a shape factor that is an attribute of the equipment, λ is
the X-ray wavelength (0.154 nm), β is the full width at half maximum intensity, and θ is the
Bragg angle. The crystallite size values of the AgPt BNPs increased when the Pt content
increased, from 6 nm to 10 nm for AgPt (1:1) and AgPt (1:3), respectively.
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Figure 1. XRD patterns obtained from AgPt bimetallic nanoparticles with different atomic ratios.

Figure 2a shows the results of the analysis using UV-Vis spectroscopy. Several metal
nanoparticles showed the surface plasmon surface (SPR) phenomenon. For Ag, this signal
was between 350 and 600 nm, the position of which depended on the size and morphology
of the nanoparticles [35,36]. An intense absorption band located at 401 nm was observed
in the spectrum corresponding to the Ag seeds. According to some reports, this position
indicates the presence of small particles [37,38].

Figure 2. (a) UV-Vis absorption spectra and (b) fourth-derivative absorption spectra of the obtained
Ag seeds, AgPt (1:1), and AgPt (1:3) BNPs.
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On the other hand, the spectrum corresponding to the AgPt (1:1) bimetallic nanopar-
ticles showed a significant decrease in the signal corresponding to the Ag seeds. This
decrease was more evident when the Pt concentration increased, as observed in the spec-
trum corresponding to the AgPt (1:3) sample. This behavior is because Pt does not show the
SPR phenomenon in the UV-Vis spectrum. Therefore, the alteration of the shape and inten-
sity of the band located at 407 nm depended on the combination of Pt with Ag seed leads.
Sometimes, the Ag absorption band was shifted, wider, or disappeared completely [39].
Some very weak signals can be distinguished in the spectra shown in the figure. However, it
was not possible to determine whether they corresponded to Ag. Therefore, the derivation
process was used to corroborate the type of synthesized nanoparticles, specifically the
fourth derivative with which absorption bands masked by other signals were distinguished.
Figure 2b shows the results of the fourth derivative. As can be seen, in the graph corre-
sponding to the Ag seeds, the same signal was observed in the UV-Vis spectrum at 401 nm.
The graph of the AgPt (1:1) sample showed a signal at 406 nm due to the low concentration
of Pt, without altering the position of Ag. Finally, the graph of AgPt (1:3) showed a signal
at 407 nm, indicating the presence of Ag on the surface of the nanoparticles. The movement
of the signal was attributed to the size increase by adding Ag and Pt atoms to the Ag
seeds. All considerations mentioned above suggest the synthesis of bimetallic nanoalloys.
Concerning the catalytic properties, the formation of AgPt nanoalloys in different atomic
compositions can significantly modify the geometric factor and electron ligand effects,
defining the number of atoms oriented in preferential directions and modifying the electron
density distribution by the formation of missing links, thereby improving the selectivity
and stability of the nanoalloy for specific catalytic reactions [40,41].

Aberration-corrected scanning transmission electron microscopy (STEM) was utilized
for the detailed characterization of the AgPt BNPs. STEM is an invaluable tool for the char-
acterization of nanostructures, mainly using the high-angle annular dark field (HAADF)
detector, which is associated with the atomic number (Z) of the atoms on the specimen.
The contrast in this imaging technique is strongly dependent on the chemical composition
(Z-contrast). Therefore, HAADF-STEM allows easy identification of the elements present in
the sample, elemental composition, and crystal information at an atomic scale. However, in
this particular case, it was difficult to distinguish Ag and Pt as individual atomic columns
by Z-contrast in the image because the atoms were randomly distributed, forming an alloy
in contrast with the ordered alloys, where it was possible to distinguish individual atomic
columns by Z-contrast in the images [42]. Figure 3a shows an HAADF-STEM image of the
AgPt (1:3) BNP. From the image, d-spacings of 0.2299 and 0.1991 nm were obtained, which
corresponded to (111) and (020) planes and were directly revealed in the atomic HAADF-
STEM image. Meanwhile, the corresponding fast Fourier transform (FFT) reflects the fcc
structure along the [101] zone axis (Figure 3b). It is clear that a well-defined truncated
octahedron shape, enclosed by the {111} and {100} facets, appeared in the HAADF-STEM
image. The geometry of the BNP was in accordance with the projection of a truncated
octahedron model along the same direction (Figure 3c). The truncated octahedral shape is
a highly symmetric structure enclosed by six {100} and eight {111} crystallographic surfaces.
The surface energy density of {111} planes is the most stable, followed by {100} planes, and
the other planes are relatively unstable [43]. Due to the catalytic reaction that occurs on
the surface of the electrocatalyst, it is important to synthesize nanoparticles with the most
stable planes [44]. A recent theoretical study reported that the exposed {111} crystal planes
help C–C bond cleavage during ethanol oxidation, resulting in a higher fuel utilization [45].
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Figure 3. (a) HAADF-STEM image of AgPt (1:3) BNP along the [101] zone axis, (b) FFT pattern,
(c) truncated octahedron model along the same direction, (d) atom counts, and (e) Ag and Pt elemental
profiles along the line across the BNPs.

The statistics-based atom-counting method has been applied to the atomic resolution
image by using the StatSTEM program [46]. The statistics-based method relies on the total
intensity of scattered electrons for each projected atomic column. The number of atoms
in each projected atomic column is shown in Figure 3d, where the elements Ag and Pt
distribution are presented randomly on its surface to form an alloy in a 1:3 relation with
a total count of 6932 atoms, indicating the approximated atom composition for these size
nanoparticles. The 2D thermal diagram corresponding to the thickness of the nanoparticle
indicates that the entire perimeter has approximately 4 to 6 atoms; subsequently, a step of
10 and 12 atoms is generated until reaching the center of the particle with a thickness of 16
atoms according to the intensity bar. From these results, the physicochemical behavior of
the nanoalloy for heterogeneous catalysis reactions can be discussed.

The energy dispersive X-ray spectroscopy (EDX)-STEM technique was applied to
investigate the elemental distribution compositional line profiles on the AgPt (1:3) BNPs.
The distributions of Ag and Pt are shown in Figure 3e, which reveals the homogeneous
distribution of Ag and Pt elements across the entire BNP, showing the formation of the
AgPt alloy structure.

The size and distribution of AgPt BNPs were determined by cold field emission
scanning electron microscopy (SEM/STEM). Figure S2 shows the low-magnification BF-
STEM images obtained from the AgPt (1:1) and AgPt (1:3) BNPs. The average particle sizes
were 6.3 nm and 10.4 nm, respectively. The increase in particle size was directly related
to the increase in the volume of the precursor salts used during the synthesis procedure.
Figure 4a,c shows the SEM images of AgPt (1:1) and AgPt (1:3) BNPs supported on Vulcan
XC-72 carbon, which was beneficial to increasing electrical conductivity and reducing
the charge of the metallic phase simultaneously. In addition, the proper dispersion of
nanoparticles acts as an interconnected path for the flow of electrons during electrochemical
evaluations. In addition, the exposed Ag atoms on the surface may significantly enhance the
electrical conductivity of the bimetallic surface, improving electron transport, an essential
step in electrocatalysis [47]. Both samples show a homogeneous distribution and adequate
concentration of nanoparticles on the support material without aggregation, indicating the
effectiveness of the synthesis method for obtaining dispersed bimetallic nanoparticles and
a good sample preparation for further analysis.
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Figure 4. SEM image with its corresponding EDX analysis of (a) and (b) AgPt (1:1), and (c) and
(d) AgPt (1:3) BNPs.

Figure 4b,d shows the EDX-SEM analysis of AgPt (1:1) and AgPt (1:3) BNPs, respec-
tively. The spectra showed the presence of Ag, Pt, and C from the samples, Cu and Al
from the holder samples, and low detection of the Cl element from the remainder of the
precursor salts used. From the EDX analysis, elementary information and atomic (at%)
and weight (wt%) percentages were easily obtained. In addition, the analysis revealed that
the AgPt BNPs maintained the elemental ratio of (1:1) and (1:3). These results agree with
the ratios of the starting precursor salts and those obtained by XRD, UV-Vis, and STEM
techniques.

Prior to analyzing the catalytic activity toward the ethanol oxidation reaction (EOR) on
the as-prepared AgPt/C electrocatalysts, cyclic voltammetry (CV) curves were performed
in 0.3 M KOH solution as an alkaline electrolyte in the absence of ethanol at a scan rate of
50 mVs−1, to gather information on the electrode surface behavior. The electrochemical
profiles were recorded over a potential window of −0.80 to 0.85 V vs. NHE to include the
processes of oxidation/reduction of both metal components.

Figure 5a displays the CV curves for AgPt (1:1)/C and AgPt (1:3)/C electrocatalysts,
together with their monometallic counterparts (Ag/C and Pt/C). The Pt/C electrocatalyst
showed a well-known electrochemical profile. The hydrogen desorption (Hdes) peaks were
at a lower potential. Beyond the double-layer capacitive current, the Pt-oxide region was
observed at around −0.05 V vs. NHE; these anodic processes occurred in the forward scan.
The expected reduction of surface oxide from −0.05 to −0.50 V vs. NHE and the adsorption
of hydrogen (Hads) at about −0.68 V vs. NHE occurred in the backward scan. For the
Ag/C electrocatalyst, Hads/Hdes peaks were not observed due to its electron configuration.
This element had a weak hydrogen chemisorption ability, the same as Au and Cu (group
11 of the periodic table). However, when the forward potential scan reached 0.15 V vs.
NHE, the first stage of formation of silver oxides started [48–50]. Two oxidation regions
(Ox1 and Ox2) were observed. The Ox1 zone between 0.15 V vs. NHE and 0.60 V vs. NHE
was due to Ag (I) oxide formation, a multi-stage process; thus, more than one signal was
noticed. According to the present literature, Ag2O (or AgOH) monolayers originate first
and then, through nucleation and a 3D growth mechanism, Ag2O multilayers. The Ox2
region was due to the subsequent oxidation of Ag2O to AgO and the direct oxidation of
Ag to Ag (II) oxide through a two-electron process, which co-occurred simultaneously in
the same potential range between 0.70 V vs. NHE and 0.85 V vs. NHE. Surprisingly, a
small anodic peak (*Ox3) was observed at 0.66 V vs. NHE when reversing the potential
scan direction. It has been associated with an autocatalytic process in which Ag (I) oxide is
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converted to Ag (II) oxide [48]. This means that the surface forms AgO multilayers through
a non-stoichiometric oxidation process and is a mixed oxide. In addition, the reduction of
the silver oxides takes place. The two cathodic peaks (R2 and R1) were conjugated with
the oxidation signals, which were verified to progressively increase the anodic reverse
potential limit. Figure 5b shows the relationship between the anodic and cathodic peaks
of AgPt (1:1)/C. Thus, for all Ag-based samples, the cathodic peaks corresponded to the
reduction of AgO to Ag2O (R2) and Ag2O to Ag (R1).

−−0.8 −0.4 0.0 0.4 0.8
−0.6

−0.3

0.0

0.3

0.6

0.3 M KOH

−

−0.8 −0.4 0.0 0.4 0.8

−0.2

0.0

0.2

0.4
AgPt (1:1)/C

0.3 M KOH

−

Figure 5. Cyclic voltammograms profiles in 0.3 M KOH solution at 50 mVs−1; (a) for AgPt/C system,
and (b) at the different anodic potential limits for AgPt (1:1)/C.

All oxidation/reduction processes of pure Pt and Ag were present in the bimetallic
electrocatalysts. In essence, these electrochemical reactions occurred at or near the catalyst
surface, suggesting that both metals are electrochemically accessible regardless of the
elemental composition. They were dispersed on the surface of the BNPs, supporting the
presence of an alloy structure. In addition, from Figure 5a, a negative shift in the Pt oxide
reduction peak may be observed on both AgPt surfaces; consequently, the bimetallic surface
transforms more oxygen species because they require less energy than pure Pt/C. As a
complement to the analysis, Figure 5b displays an increase in the current density of the
Pt oxide reduction peak. The hydrogen underpotential deposition (HUPD) region did not
change as the reverse potential limit increased. This behavior supports the synergy between
the Ag and Pt elements. Thus, the generation and reduction of more Pt oxides were favored
when the oxidation of Ag was achieved.

The electrochemical active surface area (ECSA) was determined using CV curves
similar to a powerful surface-sensitive technique. For pure Pt and AgPt bimetallic surface,
the ECSA was determined on the charge associated with the Pt-HUPD region, which is
based on the adsorption/desorption of H atoms. Meanwhile, for pure Ag, the ECSA was
determined by the coulomb charge of the redox reaction of the surface metal. This is the
interaction between the surface atoms and oxygenated species, so the reduction peak of one
monolayer of metal oxides was integrated. The resulting ECSA values are shown in Table 1.
AgPt (1:3)/C presented an ECSA of 19.43 m2 g−1, which was higher than AgPt (1:1)/C
(15.50 m2 g−1). Although the AgPt (1:3) BNPs had a larger size, the lower ECSA to AgPt
(1:1)/C was attributed to introducing more Ag atoms on the surface, which was inactive
toward the HUPD and may have partially blocked the Pt sites. This represents a challenge
for the surface modification strategy, tailoring the local electronic structure to boost the
EOR catalytic performance but not represent a significative sacrifice of the ECSA [51].
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Table 1. Electrochemically active surface area, mass activity, and specific activity of the different
electrocatalysts.

Electrocatalyst
ECSA
m2/g

MA
A/mg

SA
mA/cm2

AgPt (1:1)/C 15.4 ± 0.3 0.29 1.86
AgPt (1:3)/C 19.5 ± 0.3 0.62 3.19

Pt/C 14.5 ± 0.2 0.16 1.15
Ag/C 11.1 ± 0.1 - -

The catalytic response in the presence of ethanol was explored by CV curves performed
in 1.0 M ethanol solution in alkaline media (0.3 M KOH) at a scan rate of 20 mVs−1. The Ag
surface failed to interact actively with ethanol molecules. Since it was catalytically inactive
for ethanol oxidation, the current density was normalized by the Pt charge to obtain the
mass activity (MA), which mainly reflects the cost efficiency between similar electrocat-
alysts, considering that all atoms of the particle were active sites. Figure 6a displays the
catalytic behavior toward the EOR of AgPt (1:1)/C and AgPt (1:3)/C electrocatalysts, along
with commercial Pt/C as a reference. The current density of the forward peak indicates
the maximum reaction rate; thus, it was a principal parameter for insight into catalytic
properties. The AgPt (1:3)/C presented an enhanced MA of 0.62 A mg−1 and for AgPt
(1:1)/C of 0.29 A mg−1, while the commercial Pt/C was 0.16 A mg−1. This result indicates
an MA for AgPt (1:3)/C of 3.9-fold higher than the commercial Pt/C results. This confirms
that alloying with a lower-cost metal in an adequate composition is an effective approach
to achieve superior mass activity and thus cost-effective bimetallic electrocatalysts, using
an engineering perspective to develop electrochemical devices. However, to evaluate the
intrinsic electrochemical performance of the catalyst surface, the specific activity (SA) was
obtained, and the corresponding CV curves are shown in Figure 6b. The AgPt (1:3)/C
presented an enhanced SA of 3.19 mA cm−2 and for AgPt (1:1)/C of 1.86 mA cm−2, while
the commercial Pt/C was 1.15 mA cm−2. This result indicates a SA for AgPt (1:3)/C of
2.8-fold higher than commercial Pt/C. The MA and SA are also present in Figure 6c for
better visualization and are reported in Table 1. Likewise, we noticed new properties, such
as the AgPt (1:3)/C electrocatalyst presenting an onset potential with more negative values
than the rest of the materials. The dashed line in Figure 6d indicates that AgPt (1:3)/C
reaches a SA of 0.1 mA cm−2, 160 mV earlier than the commercial Pt/C, indicating a lower
energy barrier of the reaction, so the EOR was more facile on the AgPt (1:3)/C surface.

A review of the literature supports the advancement of AgPt (1:3)/C compared to
other transition metals as a co-catalyst element toward the EOR. For example, the for-
ward peak current density of the octahedral Pt2.3Ni/C with an average size of 10 nm
displayed an SA of 1.46 mA cm−2, and the authors explained that the improved catalytic
performance implies the octahedral shape and alloying effect [52]. In other work, PtAg
porous nanotubes with delicate 3D porous wall structures showed a specific current density
of 1.97 mA cm−2 [45]. The previous materials showed lower performance than the AgPt
(1:3)/C prepared in this work. With a similar current density, the ethanol oxidation perfor-
mance of the ultrathin PtRu NWs/C was 3.78 mA cm−2 [53]. Additionally, the working
group evaluated the PdPt/C electrocatalyst, showing an SA of 3.27 mA cm−2 [54]; however,
Ru and Pd are expensive noble metals. Therefore, the AgPt (1:3)/C electrocatalyst has
competitive performance toward the OER with the advantage of being a cost-effective
material. More information about comparing the catalytic activity of ethanol oxidation
using Pt-based materials is shown in Table S1.
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Figure 6. Cyclic voltammograms in 0.3 M KOH + 1.0 M ethanol solution at 20 mV s−1 normalized for
(a) mass activity (MA), (b) specific activity (SA), (c) mass activity (MA) and specific activity (SA) at
the maximum point of the reaction rate, and (d) close-up of the initial region of the ethanol oxidation
for AgPt (1:1)/C, AgPt (1:3)/C, and Pt/C electrocatalysts.

As is customary, the stability of the electrocatalysts was investigated using chronoam-
perometry (CA) measurements under alkaline conditions. Figure 7a indicates the highest
catalytic activity maintained on AgPt (1:3)/C after anodic polarization at −0.25 V (vs.
Hg/HgO) for 3600 s. One point of interest was at 360 s (6.5 min). Both bimetallic elec-
trocatalysts exhibited the same EOR oxidation current density, showing 37% retention of
catalytic activity compared to 24% for commercial Pt/C. However, 14.8%, 9.6%, and 2.5%
of the initial performance was sustained on AgPt (1:3)/C, AgPt (1:1)/C, and commercial
Pt/C at the end of the CA test, respectively. During the electrocatalytic process, interme-
diate species, such as CO-like species, were generated, most likely due to the oxidation
mechanism on Pt surfaces [45]. Adsorption of CO on the active site of the catalytic surface
generates CO coverage that easily poisons the electrocatalyst. CO-like binds strongly to
the active surface, causing a decrease in catalytic stability. More and more active sites
are blocked as the reaction progresses if the electrocatalyst cannot perform the oxidative
desorption of the CO-like species in a timely manner, resulting in a rate of decrease in
current density. Therefore, presenting a higher current density implies a high number of
active sites (higher ECSA) and a balance of binding energies between ethanol molecules
and oxygenated adsorbed species (OHads and COads) to observe reasonable EOR activity.
Consequently, the OHads species can proceed from the H2O adsorbed on the active site,
which gives rise to the formation of OH- species. According to the volcano plot, Ag binds
weakly to oxygen species. Meanwhile, the strength of Pt is strong [55]. Combining both
metals in a suitable elemental arrangement could tune the O-binding for the EOR through
an ensemble effect, where specific group arrangements of atoms on the surface are needed
to act as active sites, so that both metals interact in synergy, promoting faster kinetics.
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Figure 7. (a) Residual catalytic activity based on chronoamperometry (CA) measurement at −0.25 V
vs. Hg/HgO for ethanol oxidation reaction in alkaline media and (b) close-up on cyclic voltammo-
grams curves in the anodic scan for AgPt (1:1)/C, AgPt (1:3)/C, and commercial Pt/C electrocatalysts.

To verify the tolerance to poisonous species, following the CA test, with enough time
to observe a stable state in the electrocatalytic response, a couple of voltammetry cycles
were performed in a fresh alkaline solution for the same potential window and from a lower
potential limit toward the anodic direction are displayed in Figure S3. It is assumed that
the visualization of additional peaks or regions is due to the presence of active species that
remained adsorbed on the electrode throughout the stability test. In this case, the effect of
carbonaceous intermediates may be reflected in surface poisoning and correlated with the
resulting stability test. Thus, the superior stability of AgPt (1:3)/C can be seen in Figure 7b,
where a close-up of the anodic scan of the CV curves of Figure S3 is displayed to analyze the
oxidative desorption of carbonous species on the different electrocatalysts. The main peak
potential on AgPt (1:3)/C and AgPt (1:1)/C at −0.21 V vs. NHE was more negative than the
value for Pt/C (−0.16 V vs. NHE); this indicates that the removal of CO-like species is more
facile on the bimetallic surface, which is caused by the weaker CO adsorption strength due
to the possible change in the electronic structure by the incorporation of Ag atoms into the
Pt structure. However, the cover layer was higher on AgPt (1:1)/C. Therefore, the highest
residual EOR activity on AgPt (1:3)/C may have arisen from the lower accumulation of
intermediate carbonaceous species, such as CO, due to its higher ECSA and more effective
oxidation step for such species. In addition, a prominent and broad CO-like oxidation
region on Pt/C might correspond to the two types of COads species due to its binding
energy, which is stronger than AgPt/C samples. In the second cycle, the CO oxidation
region is not observed; thus, a standard CV curve is observed for all materials (Figure S3).

As a strategy, this analysis supports the introduction of a smaller amount of foreign
metal, such as Ag, on the active surface. Ag has a beneficial effect on the catalytic perfor-
mance of the system due to the electrochemical behavior of these alloys, depending on their
synthesis conditions. A successful modification of the surface composition can tune the
electrocatalytic properties of the electrocatalyst by creating a high number of active sites
(high ECSA) and optimizing the adsorption of intermediates. In this case, AgPt (1:3)/C
present the highest Pt content; this ensures sufficient active surface sites, and the small
portion of Ag does not sacrifice the ECSA. Instead, it shows a local change in the electronic
structure that boosts the EOR through weakened Pt-intermediate bonding strength, such
as Pt-CO, to ease the removal of the catalytic surface. Therefore, Ag plays an essential role
in adjusting the inherent adsorption energies of the new catalytic surface.

Long-term stability testing is crucial for using electrocatalysts in fuel cells. In this
sense, accelerated electrochemical degradation tests were performed on AgPt (1:3)/C to
show the best catalytic performance and commercial Pt/C as a control electrocatalyst. The
electrocatalysts were evaluated during 2500 potential scan cycles at a scan of 100 mVs−1

toward the EOR in alkaline media. Figure 8a shows the retention of the catalytic activity
for the evaluated cycles (initial, 250, 500, 1000, and 2500), obtained from the forward
peak of the CV curves recorded at 20 mVs−1 for ethanol oxidation. AgPt (1:3)/C displays
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a lower degradation rate than Pt/C. Thus, the catalytic activity at the end of the test
of 2.49 mA cm−2 for AgPt (1:3)/C and 0.63 mA cm−2 for commercial Pt/C (Figure 8b)
corresponds to a loss of catalytic activity over initial values of 22% and 45%, respectively.
Therefore, higher cyclic stability was confirmed for AgPt (1:3)/C, which suggests that
the combination of two elements that are complementary due to their H- and O-binding
energy. Ag is weak compared to Pt, which is strong, originates a new surface, and through
a synergic effect, can express a balance in the adsorption energies, accomplishing the design
of electrocatalysts with high catalytic activity and durability, simultaneously.
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Figure 8. (a) Evaluation of the percentage of catalytic activity as a function of the number of cycles
during the accelerated electrochemical degradation test, and (b) comparison of the initial and final
catalytic activity for AgPt (1:3)/C and commercial Pt/C electrocatalysts.

4. Conclusions

In the present work, a chemical synthesis methodology based on the polyol method
was successfully developed to obtain AgPt BNPs in different atomic compositions (1:1
and 1:3). The XRD technique determined that the AgPt BNPs present an fcc crystalline
structure in an alloy-type configuration. Through the UV-Vis technique, the changes in
the optoelectronic properties of the nanoalloys produced by the incorporation of Ag and
Pt atoms into the Ag growth seeds were determined. The extinction of the SPR band
characteristic of Ag seeds was defined with the increase in the atomic percentage of Pt,
confirming the formation of AgPt nanoalloys. SEM and HAADF-STEM determined the
particle size, morphology, and distribution of the nanoalloys, obtaining an average particle
size of 6 and 10 nm for the ratios 1:1 and 1:3, respectively. The nanoparticles in both systems
presented a good distribution along the support material (Vulcan XC-72 carbon). On the
other hand, the particles exhibited a truncated octahedral morphology with exposed {100}
and {111} surface planes related to highly stable surface energy densities and selectivity
for specific catalytic reactions. The synergistic interaction between Ag and Pt was studied
as an electrocatalyst for ethanol oxidation, verifying that the ratio between Pt and Ag
significantly affected the electrocatalytic performance, although pure Ag has no activity
toward the EOR. AgPt (1:3)/C presented a new catalytic surface exhibiting a MA/SA
3.9/2.8 times higher than the commercial Pt/C, as well as superior CO-like tolerance and
the best stability. Alloying Pt with Ag is an attractive strategy for designing cost-effective
electrocatalysts. Therefore, AgPt (1:3)/C has the competitive potential of being used as an
electrode material for fuel cell applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13081396/s1, Figure S1. A low magnification SEM-SE
micrograph of Pt/C commercial electrocatalyst purchased from Sigma-Aldrich; Figure S2. Low
magnification BF-STEM micrographs of (a) AgPt (1:1) and (b) AgPt (1:3) BNPs; Figure S3: Cyclic
voltammograms in alkaline media recorded consecutively after chronoamperometry (CA) measure-
ments for Pt/C, AgPt (1:1)/C, and AgPt (1:3)/C electrocatalysts; Table S1. Comparison of the catalytic
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activity of ethanol oxidation using Pt-based materials. References [45,53,54,56–58] are cited in the
Supplementary Materials.
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Abstract: Nitrogen-doped graphene is currently recognized as one of the most promising catalysts
for the oxygen reduction reaction (ORR). It has been demonstrated to act as a metal-free electrode
with good electrocatalytic activity and long-term operation stability, excellent for the ORR in proton
exchange membrane fuel cells (PEMFCs). As a consequence, intensive research has been dedicated to
the investigation of this catalyst through varying the methodologies for the synthesis, characterization,
and technologies improvement. A simple, scalable, single-step synthesis method for nitrogen-doped
graphene oxide preparation was adopted in this paper. The physical and chemical properties of
various materials obtained from different precursors have been evaluated and compared, leading to
the conclusion that ammonia allows for a higher resulting nitrogen concentration, due to its high
vapor pressure, which facilitates the functionalization reaction of graphene oxide. Electrochemical
measurements indicated that the presence of nitrogen-doped oxide can effectively enhance the
electrocatalytic activity and stability for ORR, making it a viable candidate for practical application as
a PEMFC cathode electrode.

Keywords: electrocatalyst; nitrogen-doped graphene oxide; metal-free; long-term operation stability;
oxygen reduction reaction; proton-exchange membrane fuel cells

1. Introduction

It is a common belief that nowadays we are witnessing an extremely exciting progress
for the fuel cells (FCs), mainly due to the recognition of hydrogen as an attractive energy
storage technology [1]. One promising solution represents the proton exchange membrane
fuel cell (PEMFC) technology, which can definitely become a sustainable and clean electric-
ity source. Light vehicles or stationary applications are just a few examples of applications
where low temperature fuel cells can be successfully used.

However, the cost and durability of PEMFCs are still the main hindrances disfavoring
the full commercialization on a large scale. The durability decreases mainly due to the
degradation of FC components, the most important being the electrodes. It is known
that the degradation rate at the cathode-side is higher than that of the anode side and
substantially affects the outcomes of the PEMFC.

In addition, the key contributors to FC degradation are the following: the carbon
support corrosion, loss of catalytic surface area, and deterioration of the membrane elec-
trode assembly. The specific operation conditions inevitably generates a slow kinetic of
the oxygen reduction reaction (ORR) at the cathode. The cathode degradation is the most
significant, thus the development of a highly durable cathode has become a subject of great
interest. The commonly used catalyst in PEMFC is platinum (Pt) due to its good catalytic ac-
tivity. However, the limited abundance, high cost of Pt, as well as the stability and resistance
to corrosion in the operating environment involved considerable efforts to identify some
alternatives for Pt catalyst, but without diminishing the electrochemical performances.
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The research strategy to obtain a high-performance and less expensive ORR catalyst
consisted in two main approaches. The first direction was to diminish the metal catalyst
loading by improving the platinum’s utilization grade by (i) alloying Pt with less expensive
transitional metals (Fe, Ni, Co, so on) or (ii) considering different support material for
the deposition of noble metal particle, such as various types of carbon (graphene-based
materials, carbon nanotubes). The second direction was to use the platinum group metals
(PGMs) and the PGM-free materials. The actual state-of-the-art (SoA) research indicates
that addressing a durable performance metal-free catalyst for oxygen reduction reaction
(ORR) could significantly influence the widespread commercialization of PEMFC-based
applications such as hybrid vehicles [2–5].

On the other hand, the most effective use of catalyst is possible only by considering
a good material with high specific surface area, which can supply as many binding sites,
where the catalyst nanoparticles could be anchored. Extended efforts were dedicated to var-
ious carbon nanomaterials such graphene-based materials, carbon nanofibers, or nanotubes,
as support for anchoring the catalyst nanoparticles. Through innovative nanomaterials,
graphene-based materials have stood out as a remarkable support in catalysis, by consider-
ing the high specific surface area, electrical conductivity, and interesting mechanical and
chemical stability in the specific PEMFC operating conditions. Among graphene materials,
graphene oxide (GO) has received remarkable attention as a valuable class of graphene
derivatives, due to its chemical stability, high conductivity, and ability to form chemical
bonds easily [6–9].

Recent research has shown that the introduction of heteroatoms into the carbon
lattice could significantly improve surface properties, mainly by optimizing the electronic
charge distribution. Thus, doping with p and n type elements (N, B, O, P, S) could be an
efficient way to modify the electrical, chemical, or physical properties of GO. Through the
different heteroatoms evaluated for functionalization/doping, the nitrogen has received
a significant interest, especially due to the fact that it possesses the same atomic size as
carbon, having one more electron than carbon. Thus, the electronic distribution of carbon
atoms is disturbed when nitrogen is introduced into the graphene array.

Up to now, the nitrogen-doped graphene oxide (N/GO) represents one of the promis-
ing non-platinum catalysts mainly due to the advantages of low cost and high catalytic
performance to reduce/replace the expensive Pt-based catalysts in various electrochemical
devices [10–12]. Nitrogen doping disrupts the ideal sp2 hybridization of carbon atoms and
significantly changes the chemical reactivity and electronic properties of GO [13–15]. In
particular, N/GO has been extensively investigated as a promising catalyst for the oxygen
reduction reaction (ORR), especially due to improved electronic properties in the electron
transfer reactions.

Significant progress has been noted with respect to the evaluation of non-PGM ma-
terials considering the development and improvement of innovative carbon structures,
like nitrogen-doped carbon. Recently, the N/GO was demonstrated to act as metal-free
electrode with a better electrocatalytic activity, long-term operation stability for oxygen
reduction via a four-electron pathway in PEM fuel cells. Even the exact catalytic mechanism
is still under debate, N/GO catalyst has demonstrated remarkable results for ORR and a
high stability for FCs. Moreover, it has been noted that N/GO catalysts provided a catalytic
activity comparable to that offered by Pt-based catalysts [15,16].

Thus, many papers were dedicated to the investigation of this catalyst through the
methodologies for the synthesis, characterization, and technologies improvement [17–23].

Investigations about different chemical, physical, and mechano-chemical preparation
procedures were discussed based on the features of N/GO catalysts, in particular regarding
the nitrogen content. The literature presents various published papers for the synthesis
of N/GO. Various substances, such as ammonia, urea, ammonium salts, and organic salts
have been investigated as precursors of N. Until recently, N-doped graphene was prepared
by using one of the techniques presented below: chemical vapor decomposition (CVD), the
discharge of a graphite electrode in the presence of pyridine vapor, thermal exfoliation of
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graphite oxide with NH3, plasma nitrogen treatment of graphene, thermal decomposition,
and solvothermal pathway [24].

The chemical vapor deposition (CVD) is the classic route to prepare the doped-
graphene or N/GO catalysts for industrial and lab scale. However, this method involves
several important disadvantages, namely: introduction of metal impurities (e.g., from Cu
or Ni support) in the final doped graphene; using of gaseous ammonia as nitrogen source
is a very toxic process, thus the additional costs are necessary to meet the special safety
treatments. In this context, a metal-free route is recommended to be developed for the
preparation of N/GO materials [15,25,26].

The CVD process synthesized N/GO directly on copper foil substrate, using urea,
boric acid, and polystyrene as precursors containing carbon and nitrogen. Modifying the
concentration of precursors, the nitrogen-doped concentration can be adjusted from 0.9%
to 4.8%. It was noted that different types of nitrogen could be obtained. Graphene doped
with about 2.1% indicated that N bond configuration was predominated by pyridine N.
However, for graphene doped with 4.8%, the final product consists of 60.2% N-pyridine
content and 39.8% N-pyrrole content. These results specified that the characteristics of
N/GO could be optimized and controlled by modifying the degree of doping [27]. However,
the state-of-the-art nitrogen doping level in N/GO involving the CVD process is between
3 wt.% to 8 wt.% [16,28].

The heat treatment method was involved to prepare N/GO by using a solid carbon
source (e.g., graphene oxide), a nitrogen source (e.g., melamine), and a high temperature
during the heat treatment (between 500–1000 ◦C). Apart from the obvious disadvantage
of the high temperatures, it should be mentioned that it is necessary to use argon gas to
secure the environment in which the carbon nitride polymer is produced. Moreover, it is
very difficult to control the final nitrogen content at the different temperatures used during
the process, which really hinders the large-scale development [23,29].

To date, N/GOs have been predominantly synthesized by various methods of thermal
treatment. A catalyst-free synthesis method has been developed for the preparation of
N/GO by heat treatment of graphite oxide with melamine (as a nitrogen source). The
method included three steps: (i) the melamine molecules were adsorbed on pre-synthesized
graphene oxide (GO); (ii) the melamine was converted to carbon nitride at elevated tem-
peratures (above 500 ◦C); (iii) in the end, once the oxygen groups are removed from the
graphene nanoparticles at high temperatures, the N atoms could dope the network. The
concentration of doped nitrogen can be optimized by modifying the mass ratio between GO
and melamine or by varying the temperature. The highest nitrogen content was 10 wt.%
corresponding to a ratio GO to melamine of 1:5 (calculated as mass ratio) obtained at
700 ◦C. N/GO was prepared by thermal hardening of GO in an ammonia atmosphere.
Oxygen-containing groups on the GO surface have been shown to be fundamental for C-N
bond obtaining during the reaction with GO and NH3. It is important to note that the
biggest N content of 5 wt.% has been obtained at temperature of 500 ◦C.

Latterly, a synthesis method in gaseous phase with graphene substrate has been
performed by considering the plasma process. The nitrogen atoms can partially replace
carbon atoms from graphene structure by using the N2 or NH3 plasma treatment [29]. Gas
annealing method is similar with the previous method in respect to the heat treatment.
The method uses a solid carbon source (e.g., graphene oxide, carbon black) and nitrogen
source (e.g., ammonia) and a high temperature. The main disadvantage of this route is the
huge amount of inert gas used for many hours in the tubular furnace to secure the obtained
N/GO from the air [30].

Even the reaction occurs as a low time-consuming method (up to 1 h), however the
plasma treatment during the reaction involves some special instrumental requirements
for nitrogen plasma generating, namely a high power and pressure, thus not favoring the
scaling of the process at commercial scale [31].

The percentage of N atoms introduced in the GO structure could be controlled in the
domain of 0.11–1.35 wt.%, especially by optimizing the exposure time. Taking into account
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this aspect, the use of plasma protocol not only led to the including of N into the graphene
network, but to increasing the oxygen content too, from approx. 15 wt.% in the case of
graphene, up to approx. 27 wt.% in N/GO. A step-by-step approach was attempted to
reduce GO and to introduce nitrogen in GO network at the same time at room temperature,
by involving of plasma treatment in an atmosphere of a H2 and NH3 gas mixture. Through
this chemical process, the highest nitrogen concentration of about 5.8 wt.% can be obtained,
but the process still remains at the small scale [27–32].

The nanoscale high-energy wet ball milling derives from the previous method and
results in minimal contamination, but involves more difficult operating conditions, thus
the method is difficult to scale-up commercially.

A series of solvothermal and hydrothermal treatments for the preparation of N/GO
have been developed in the presence of cyanuric chloride (N3C3Cl3), Li3N, and CCl4 at
350 ◦C, for 6 h [32].

According to the SoA approaches for producing of N/GO, the conventional chemical
methods such as CVD or thermal treatment have been considered more or less standard
for the preparation of N/GO-based materials. The main disadvantages of the mentioned
processes are mentioned: the preparation methods involved require multiple operating
activities and sophisticated equipment, making the processes unattractive to be transposed
to a larger production scale. Other disadvantages are harsh conditions requiring elevated
temperatures for thermal decomposition and high pressure or supercritical conditions.
Furthermore, these processes result in poorer quality graphene materials (many structural
defects). The preparing of N/GO using a simple synthesis method is still a topical issue in
this context.

The current study introduces an original protocol based on a low time-consuming
method to obtain N/GO, considering a commercial graphene oxide, different nitrogen
precursors (ammonia, urea, nitric acid) and different reducing agents.

2. Experimental

The nitrogen-doped graphene oxide (N/GO) samples were obtained starting from
commercial graphene oxide by a one-step reaction process, under mild reaction conditions
in the microwave field (60–80 ◦C, 800 W). The obtained materials were analyzed by different
compositional, morphological, and structural characterization techniques and various
electrochemical methods.

2.1. Materials

Graphene oxide powder (medium reduced GO, product no.2.1-M) was supplied by
Abalonix Norway. Ammonia (25 wt.%) was purchased from Chimreactiv Romania; urea
(98 wt.%), nitric acid (65 wt.%), ethanol and ethylene glycol were acquired from Alfa Aesar;
Sharlau delivered synthetic grade sodium borohydride.

2.2. Catalyst Preparation

An amount of 250 mg of graphene oxide (GO) powder was well dispersed in deminer-
alized water and then in 100 mL of reduction agent solution (ethylene glycol EG, sodium
borohydride BH4Na, ethanol Et), using both an ultrasonic bath and an ultrasonicator as
well. Ammonia solution was added to the GO dispersion and sonicated again. The result-
ing mixture was placed in a microwave reactor (MARS 6 One touch oven, EMC) for 15 min
under the following reaction conditions: reaction temperature 60–80 ◦C, microwave power
800 W. The reaction mixture, containing a polar liquid, absorbs microwave energy very
quickly. Thus, the temperature in the suspension mass increases rapidly, causing the reac-
tion of the sample in a short time. The reaction product was removed separately, washed
well with deionized water and finally lyophilized. The obtained product (N/GO_A) in
powder form was perfectly dispersible in deionized water (ultrasonic bath, 15 min) and
could be dried and redispersed, being suitable for catalytic material.
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A second route to obtain the nitrogen-based graphene oxide is presented. An aqueous
solution based on urea (2.43 wt.%) was used as a nitrogen source, completely non-toxic
and non-flammable. Nitrogen-doped graphene was prepared using a simple chemical
method, described below. An amount of 250 mg of graphene oxide (GO) powder was well
dispersed in demineralized water and then in ethanol solution, using both an ultrasonic
bath and an ultrasonicator. The urea solution (2.5 g urea 98 wt.%, 100 mL deionized
water) was introduced in the GO-based dispersion, and then ultrasonicated again. The
obtained mixture was introduced into the microwave reactor, under the mentioned reaction
conditions (reaction temperature 60–80 ◦C, microwave power 800 W, reaction time 15 min).
The reaction product was separated, washed thoroughly with deionized water and finally
dried by lyophilization. N/GO_U powder was obtained, as a product also perfectly
dispersible in water.

A third example of nitrogen-based graphene oxide is presented. A dispersion of
GO (250 mg powder in 100 mL demineralized water) was added to 100 mL of reduction
agent solution (sodium borohydride BH4Na), using both ultrasonic bath and ultrasonicator.
Nitric acid solution was added to the GO-based dispersion and sonicated again. The
resulting mixture was inserted into a cell made of Teflon of the MARS 6 One touch reactor.
The reaction conditions were mentioned above. The product obtained was separated by
ultracentrifugation, washed with deionized water and finally subjected to lyophilization.
The final powder-like N/GO_N product was evaluated as a catalytic material.

2.3. Characterization Methods

X-ray photoelectron spectroscopy was carried out by the X-ray photoelectron spec-
trometer (PHI-5000 VersaProbe, PHI-Ulvac/Physical Electronics, Chigasaki, Japan). XPS
measurements were obtained using the monochromatic Al Kα radiation (1486.7 eV). The
photoelectrons were collected under an angle of 45◦. The elemental qualitative analysis was
determined by recording the broad spectra and then identifying various chemical bindings
on the surface; finally, the deconvolutions of high resolution spectra were performed. XPS
curves were interpreted from the PHI-MultiPak software. The atomic concentrations of
the various chemical elements were calculated, considering the sensitivity factors for the
elements identified on the surface, thus achieving a quantitative elemental analysis. The
specific surface area measurements of graphene doped with nitrogen (powder) were per-
formed using the Autosorb IQ Quantachrome equipment by the Brunauer–Emmett–Teller
(BET) method. The nitrogen adsorption and desorption isotherms were measured at 77 K,
and the specific surface area was calculated. The porosity analysis, the pore volume as
well as the pore radius were estimated by considering the Barret–Joyner–Halenda method
(BJH). Before the actual adsorption measurements, the prepared graphene-based materials
were degassed at 393 K, time for 10 h. The elemental analysis was involved for a rapid
and accurate analysis of solid materials to provide the C, H, N, and O concentrations. The
TGA-DSC STA 449 Jupiter Simultaneous Thermal Analyzer (TG-DSC) with operating range
between 25–1650 ◦C and controlled argon atmosphere was used to perform the simultane-
ous analyses of thermogravimetric mass loss (TG) and differential scanning calorimetry
(DSC). For the quantification of carbon, nitrogen, and hydrogen, the combustion method
at 950 ◦C was used, while the pyrolysis process at 1050 ◦C was carried out for oxygen
calculation. The gas was separated by using the SM5A column (molecular sieve) and also
detected by the TCD. The IR spectra (KBr pellets form) were collected on a Bruker Tensor
37 spectrometer in the range 4000–400 cm−1.

Electrode Preparation and Electrochemical Measurements
The ex situ electrochemical analysis was performed by using the VersaSCAN electro-

chemical workstation (Princeton Applied Research) through the following electrochemical
methods: the cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
CV measurements were mainly carried out to evaluate the electrochemical response of
prepared N/GOs in term of stability. Therefore, a catalytic ink was prepared by making a
suspension of the obtained N/GOs samples in C3H7OH (Alfa Aesar, Haverhill, MA, USA),
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deionized water and 5 wt.% Nafion solution (Aldrich, St. Louis, MO, USA) and then sonica-
tion for 3 h. The working electrode (WE, 5 mm diameter, 0.196 cm2) was carefully polished
with 0.3 and 0.05 mm alumina slurry, respectively, and then ultrasonicated in ethanol and
deionized water several times to obtain an almost perfect mirror-like surface. The electrode
was obtained through deposition on pretreated WE of 5 μL from the as prepared catalytic
ink, then the electrode was dried in an oven (at about 40 ◦C for 15 min). After evaporation
of the solvent, the deposited catalyst was covered with 5 mL Nafion solution (0.5 wt.%
in ethanol) to fix the catalyst on the surface. The prepared electrodes were allowed to
dry in air. The conventional three electrodes electrochemical system (Ag/AgCl electrode
and platinum wire as the reference and counter electrode, respectively) was used. The
electrolyte was 0.1 M KOH. The CV potential was evaluated between −0.8 V to 0.3 V, using
various voltage scan rates (25, 50, 75 and 100 mV s−1). EIS measurements were evaluated
in the frequency domain of 0.01 Hz to 100 kHz (in alternating AC voltage of 10 mV).

The in situ electrochemical analysis was performed by using the home-made FC
workstation, composed by: DS electronic load, bubble-type humidifiers. The single FC
was operated at 0.6 V for 1 h for MEA conditioning. A test cell hardware and compression
set designed from Fraunhofer ISE for Baltic Fuel Cells GmbH (Karlsruhe, Germany) was
used for compression with a pneumatic cylinder. The compression force (1.2 N mm−2) was
exclusively on the active area (50 × 50 mm) and not on the seals (no seals on the CCM,
but a radial seal on the compression cylinder). The clamping pressure was controlled by a
pneumatic cylinder so that the cell compression was independent of the GDL thickness,
a ball joint leads to a homogeneous compression. To reduce boundary effects, the GDL
overlaps the CCM area. The temperature sensor was placed in the cooling field, liquid
cooling being applied. Copper parts were used for good heat conduction, but to avoid
corrosion problems, these parts are gold plated. The geometry of the flow channels grooved
in the bipolar plates was serpentine type for both. The humidified gases were introduced
at 60–70 ◦C in countercurrent—flow pressure (atmospheric and applied back pressure of
1 bar). Gas flow rates (H2 fed to anode, air to cathode, and N2 as carrier) were fixed by
using flow controllers. A control system based on NI c-RIO hardware was involved to
control the workstation. The fuel cell was operated at 0.6 V for 1 h for membrane electrode
assembly conditioning.

3. Results and Discussion

A successful synthesis protocol based on microwave method is proposed in this
paper to prepare nitrogen-doped graphene oxides (N/GOs). This was confirmed and
validated by using a chemical, physical, and electrochemical investigation. The electro-
catalytic characteristics of the prepared N/GOs samples are directly connected to the
chemical structure, mainly to the elemental composition and also to the chemical bonding.
The experimental conditions influenced the nitrogen doping ratio, mainly by nitrogen
precursors, both organic and inorganic compounds.

The nitrogen doping could be usually attained through rather severe chemical meth-
ods, such as CVD of nitrogen-containing precursors, high-temperature ammonia treatment
with GO or solvothermal process of GO with nitrogen containing atoms, followed by
annealing at elevated temperatures.

This study explores the challenge to obtain N/GOs under mild reaction conditions, in
a microwave (MW) field, starting from different nitrogen precursors. The protocol could be
a challenge for controlling the doping level, when different types of nitrogen centers were
going to be inserted into the graphene network. Ammonia was used as a first nitrogen
source, this precursor being well known in N1 chemistry. The ammonia molecule has a
pyramidal-trigonal structure, with tetrahedral surfaces, which have a nitrogen atom with a
free pair of electrons in the corner. Ammonia has an amphoteric character and contains
a large amount of nitrogen (82% by mass) and a bifunctional structure. Urea (also called
carbonic acid diamide) is the organic compound with the molecular formula CO (NH2)2,
frequently used in organic reactions, due to its high N content. Nitric acid is the primary
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reagent used for nitration typically in an organic molecule and was the third nitrogen
precursor in this study.

The chemical composition of the prepared samples was investigated primarily by the
elemental analysis using the combustion method (for C, H, N) and the pyrolysis method
(for O). The results indicated the presence of all mentioned elements and the chemical
composition is provided in Tables 1 and 2.

Table 1. Nitrogen-doped graphene oxide obtained by using the microwave method; comparison of N
doping ratio based on experimental condition (inorganic N precursors: ammonia and nitric acid).

Sample
N/Gr

Ammonia
(mL)

Nitric Acid
(mL)

Reduction Agent T (◦C) C % (wt.) N % (wt.) H % (wt.) O % (wt.)

1 44 - EG 80 78.98 7.52 0.94 12.56
2 40 - EG 80 79.35 6.96 0.98 12.71
3 36 - EG 80 80.6 6.68 0.93 11.79
4 44 - EG 60 82.41 5.2 1.16 11.23
5 40 - EG 60 81.99 4.82 1.28 11.91
6 36 - EG 60 82.58 4.18 1.26 11.98
7 44 - BH4Na 80 81.31 5.56 1.07 12.06
8 40 - BH4Na 80 80.87 5.45 1.12 12.56
9 36 - BH4Na 80 80.99 5.41 1.18 12.42

10 44 - BH4Na 60 82.57 5.09 0.96 11.38
11 40 - BH4Na 60 82.59 4.62 1.22 11.57
12 36 - BH4Na 60 82.71 4.21 1.36 11.72
13 44 - Et 80 80.16 5.63 1.16 13.05
14 40 - Et 80 79.92 5.58 1.24 13.26
15 36 - Et 80 79.94 5.29 1.28 13.49
16 44 - Et 60 80.42 4.65 1.19 13.74
17 40 - Et 60 80.44 4.43 1.21 13.92
18 36 - Et 60 80.59 4.16 1.23 14.02
19 - 44 BH4Na 80 82.12 2.68 1.57 13.63
20 - 40 BH4Na 80 82.55 2.44 1.73 13.28
21 - 36 BH4Na 80 81.77 2.23 1.78 14.22
22 - 44 BH4Na 60 81.51 1.98 1.83 14.68
23 - 40 BH4Na 60 81.73 1.81 1.87 14.59
24 - 36 BH4Na 60 81.96 1.33 1.93 14.78

Even the presence of nitrogen in all obtained materials was noted, however the
difference of nitrogen content was generated by different precursors as well as various
reduction agents. This indicated that the highest concentrations of nitrogen were obtained
when ammonia and urea were used as precursors. An important conclusion derives from
the fact that, even if the functionalization of graphene oxide during microwave process does
not require a high pressure or a high temperature, still the heating temperature could be
one of the factors that significantly influences the nitrogen content in synthesized catalysts.

The physical and chemical properties of the materials obtained from different pre-
cursors (such as ammonia, urea and nitric acid) were evaluated and compared. It was
found that ammonia allows for a higher concentration of nitrogen, probably due to its high
vapor pressure which facilitates the reaction of GO functionalization during microwave.
Thus, it has been shown that the microwave can grind easily and even break the bulk
solid powder to chop particles. The microwave reaction occurs in a liquid environment, so
the phenomena of mechanical breakage and cavitation-related effect and shock waves are
limited. This type of mechanism acts in process intensification to increase the reaction rates
or production yields due to its direct (mechanical, thermal, and chemical) and secondary
effects, including turbulence, mechanical vibration, macroscopic heating, emulsification,
and dispersion [33].
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Table 2. Nitrogen-doped graphene oxide materials obtained by using the microwave method;
comparison of N doping ratio based on experimental condition (organic nitrogen precursor: urea).

Sample
N/Gr

Urea
(g)

Reduction
Agent

T
(C)

C % (wt) N % (wt) H % (wt.) O % (wt.)

1 3 EG 80 82.57 3.89 1.25 12.29
2 2.5 EG 80 82.42 3.63 1.28 12.67
3 2 EG 80 82.18 3.59 1.31 12.92
4 3 EG 60 81.84 3.71 1.27 13.18
5 2.5 EG 60 81.73 3.62 1.29 13.36
6 2 EG 60 81.71 3.38 1.32 13.59
7 3 BH4Na 80 81.95 2.25 1.38 14.42
8 2.5 BH4Na 80 82.40 1.93 1.39 14.28
9 2 BH4Na 80 82.19 1.76 1.42 14.63
10 3 BH4Na 60 81.95 1.84 1.49 14.72
11 2.5 BH4Na 60 81.88 1.72 1.52 14.88
12 2 BH4Na 60 81.94 1.54 1.56 14.96
13 3 Et 80 83.61 3.06 1.26 12.07
14 2.5 Et 80 83.39 2.95 1.29 12.37
15 2 Et 80 83.51 2.74 1.33 12.42
16 3 Et 60 83.40 2.91 1.41 12.28
17 2.5 Et 60 83.32 2.77 1.46 12.45
18 2 Et 60 83.46 2.56 1.47 12.51

One material from each group was selected, namely the material with the highest
nitrogen concentration, and their physico–chemical and electrochemical characterizations
will be presented below. The samples were encoded: N/GO_A obtained from ammonia as
nitrogen precursor, N/GO_U obtained from urea as nitrogen precursor, N/GO_N obtained
from nitric acid.

Figure 1a,b reveals the SEM micrographs of the bare graphene oxide and prepared
nitrogen-doped graphene oxide samples. The SEM micrographs of the bare graphene oxide
in Figure 1a reveals the wavy, corrugated, and wrinkled morphology. However, Figure 1a
(left and middle) appears to have fewer similarities. Particularly, Figure 1a (left) does not
seem to match any of the figures in Figure 2. This implies that not all features of the basic
structure remain intact in the nitrogen-doped graphene oxide. Figure 2b has an actual
resemblance only to the pattern of Figure 1a (right): the highest match for N/GO_N and
the least for N/GO_A. This means that the higher content of N%, in fact, changes the
morphology of the basic structure of GO.

Fourier transform infrared spectroscopy (FT-IR) was involved to investigate the func-
tional groups on the surface of the prepared N/GOs. FT-IR spectra shown in Figure 2
indicate mainly, the evidence of oxygen containing functional groups in all samples. The
main characteristic bands were assigned: intense peaks at approx. 1572 cm−1 were assigned
to the skeletal vibrations from non-oxidized graphitic domains from aromatic regions of
GO; small peaks at around 1725 cm−1 correspond to C=O stretching and indicates the fact
that this bond almost disappeared after microwave treatment. According to the literature,
the identification of chemisorbed nitrogen on the GO surface is hindered by its spectral
similarity to epoxy oxygen, which usually exists in the graphene lattice, particularly for
materials obtained by reduction of GO. Thus, the graphene sp2 configuration could re-
strain the graphitic N confinement because the nitrogen atom has almost the same atomic
radius as the carbon atom. The identification is even more complicated since numerous
feasible overlapping vibrational modes exist in the 1150−1600 cm−1 domain. However, a
sharp peak at approx. 1300 cm−1 was clearly identified in the spectrum of N/GO synthe-
sized through the pyrolysis of GO and urea, when the authors hypothesized that N was
chemisorbed on the carbon nanotubes walls and assigned these peaks to C−N and N−CH3
vibrations and pyridinic-N configuration [34]. In general, the pyridinic N bonds with two
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C atoms at the edges or defects of graphene and could contribute with one p electron to the
π system.

   
(a) 

   
(b) 

Figure 1. (a) SEM images of graphene oxide (GO); (b) SEM images of nitrogen-doped graphene
oxide materials prepared by using different nitrogen precursors: N/GO_A (left)—from ammonia;
N/GO_U (middle)—from urea, and N/GO_N (right)—from nitric acid.

 
(a) 

 
(b) 

Figure 2. FT−IR spectra of: (a) GO and (b) Nitrogen-doped graphene oxide materials prepared by
using different nitrogen precursors: N/GO_A from ammonia; N/GO_U from urea, and N/GO_N
from nitric acid.
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However, IR spectroscopy is not appropriate to distinguish between the different
valence states of nitrogen in N/GO, mainly because the specific vibrations of nitrogen in
N/GO materials are coupled with additional vibrations of carbon atoms coming from some
symmetry changes induced by the doping process [34].

Regarding the prepared N/GOs, it is important to note the preservation of some
oxygen functionalities from the initial GO structure namely the carboxyl group, which
increase the conductivity of the doped material, providing an advantage for the application
as electrodes for energy storage devices.

In contrast to the FTIR method, the X-ray photoelectron spectroscopy (XPS) represents
the most appropriate spectroscopic method to remark and highlight between the different
nitrogen bonds in graphene-based materials, especially since the various forms of N provide
significantly different binding energies. The elemental composition of N/GOs was achieved
by XPS measurements. The qualitative analysis of the chemical elements linked to the GO
surface was investigated after obtaining the broad spectra, and the identification of various
types of chemical bonds formed on the surface during the chemical reaction, was achieved
by deconvolution of the high-resolution spectra of the existing chemical elements.

The XPS was the technique used to investigate the surface composition of prepared
materials. The results of X-ray photoelectron spectroscopy measurements, with reference
to the non-doped graphene oxide (GO) and to nitrogen-doped graphene oxides, starting
from different nitrogen precursors, are presented in Figures 3–6. The XPS survey spectra
of the prepared materials outlines three major peaks assigned to Carbon (C1s), Nitrogen
(N1s), and Oxygen (O1s). The C1s peak indicates an intense peak at 284.5 eV, which
correspond to sp2 carbon hybridization and carbon atoms single or double bonded to the
nitrogen atoms or oxygen. The C1s scan was deconvoluted in three major components
located at approx. 284.3, 285.2 and 288.2 eV, assigned to C-C/C=C, C-O/C=O, and C-
N/O-C=O bonding [35]. The peak from 284.5 eV was assigned to the graphitic carbon,
showing that the most part of the carbon atoms were settled in conjugated honeycomb
lattice. The C1s spectra indicated that the N-functionalized carbon where the nitrogen
atoms were bonded within C through a graphitic matrix. The high-resolution N1s spectra
were deconvoluted into three components: pyrrolic nitrogen (399.2 eV), graphitic nitrogen
(399.7 eV), and pyridinic nitrogen (401.6 eV). These components were similar to those
described for nitrogen-doped graphene in [35,36]. The O1s oxygen peaks look broad as a
result of the doping process, indicating the existence of various chemical states for oxygen.
Moreover, the oxygen functionalities for O1s were identified as carbonyl oxygen (531.4 eV),
by using the deconvolution of the peaks corresponding to non-carbonyl oxygen atoms from
esters (532.5 eV), and oxygen atoms from carboxylic functionality (531.7 eV) [14,37]. The
O 1s peak relative to the corresponding C 1s peak observed for nitrogen-doped graphene
indicates a stronger O2 adsorption, which could be an additional advantage as an ORR
electrode for PEM fuel cells.

The presence of large amounts of nitrogen and oxygen atoms on the graphene oxide
surface together with the high porosity as will see from BET measurements could provide
the necessary adsorption sites for the electrochemical response. Thus, a high amount of
N doped in a carbon-based structure could offer the advantage of improving the catalytic
and electrochemical properties. The elemental composition of the surface was carried
out. The nitrogen content was determined by high resolution XPS measurements and the
composition profiles are presented in Table 3.
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(a) (b) 

Figure 3. XPS high resolution spectra for non-doped graphene oxide (GO); (a) Carbon (C1s); (b) Oxy-
gen (O1s).

 
(a) (b) 

 
(c) 

Figure 4. XPS high resolution spectra for nitrogen-doped graphene oxide synthesized using ammonia
(N/GO_A); (a) Carbon (C1s); (b) Oxygen (O1s); (c) Nitrogen N1s.
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(a) (b) 

 

 
(c) 

Figure 5. XPS high resolution spectra for nitrogen-doped graphene oxide synthesized using urea
(N/GO_U); (a) Carbon (C1s); (b) Oxygen (O1s); (c) Nitrogen N1s.

The atomic concentrations of the chemical elements were determined from the areas
of the peaks, taking into account the sensitivity factors of the analyzed elements, thus
performing the quantitative elemental analysis. The concentration of nitrogen dopant incor-
porated into the final samples, according to the peak areas, indicated atomic percentages
of 6.7 wt.%, 3.5 wt.%, and 2.2 wt.%, respectively, for the sample N/GO_A, N/GO_U, and
N/GO_N. It can be noted the high degree of doping obtained in mild reaction conditions,
the highest being for the sample obtained from ammonia as precursor.

Surface area and pore size are factors of most interest in processes involving gas
or liquid interacting surfaces. An important characteristic of porous materials is the
specific surface area of the materials, commonly calculated from the BET equation. The
porous materials having a high specific surface area could offer more active sites and
favor the kinetics and transport properties. The nitrogen adsorption and desorption
curves were analyzed to estimate the specific surface area. The N2 adsorption–desorption
isotherms were analyzed and their shapes correspond to type IV in compliance to the IUPAC
classification. The vertical gas adsorption in the low-pressure range (up to P/P0 = 0.02), as
well as the appearance of a pronounced hysteresis loop between P/P0 = 0.4 and P/P0 = 1.0
are the results of the coexistence of both micropores but also mesopores. The calculated
BET area and the estimated textural properties for pore volume and pore radius are shown
in Table 4.
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(a) (b) 

(c) 

Figure 6. XPS high resolution spectra for nitrogen-doped graphene oxide synthesized using nitric
acid (N/GO_N); (a) Carbon (C1s); (b) Oxygen (O1s); (c) Nitrogen N1s.

Table 3. XPS quantitative analysis—composition profile.

Element
GO

Weight% Atomic%

C1s 82.9 86.61
O1s 17.09 13.39

Element
N/GO_A

Weight% Atomic%
C1s 76.93 80.96
O1s 15.64 12.34
N1s 7.42 6.7

Element
N/GO_U

Weight% Atomic%
C1s 79.73 83.62
O1s 16.47 12.88
N1s 3.8 3.5

Element
N/GO_N

Weight% Atomic%
C1s 80.29 84.22
O1s 17.26 13.58
N1s 2.44 2.2
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Table 4. Textural properties of nitrogen-doped graphene oxides.

Samples
SBET

(m2 g−1)
BJH Pore Volume

(cm3 g−1)
BJH Pore Radius

(A)

GO 421 1.629 19.691
N/GO_A 67 0.196 19.644
N/GO_U 83 0.268 19.675
N/GO_N 117 0.355 19.678

It was found that the specific area was smaller than the estimated surface area for
the original GO material (421 m2 g−1), according to [38,39]. The BET values obtained
for analyzed materials indicated that the chemical doping process during microwave has
caused a decreasing of the specific surface area. The pore volume was diminished in
comparison to that of the original GO structure. This indicated that some mesopores
have been partially clogged due to the doping process. Thus, slightly lower values were
calculated for prepared N/GO, as presented in Table 4.

The nitrogen adsorption–desorption isotherms (Figures 7–9) for these materials can
be classified as representative for Type IV isotherms. These curves indicated well-defined
H3 hysteresis loops which usually are accompanied by the capillary condensation. The
difference between the specific surfaces were caused by the doping effect during the
microwave process.

 
(a) (b) 

Figure 7. (a) N2 adsorption–desorption isotherms; and (b) BJH curves corresponding to N/GO_A.

 
(a) (b) 

Figure 8. (a) N2 adsorption–desorption isotherms and (b) BJH curves corresponding to N/GO_U.
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(a) (b) 

Figure 9. (a) N2 adsorption–desorption isotherms and (b) BJH curves corresponding to N/GO_N.

The difference noted for the calculated specific surface area (SBET) could be correlated
with nitrogen content of each sample. Thus, the SBET for N/GO_A and N/GO_N was
estimated at 67 m2 g−1 and 117 m2 g−1, respectively, while the nitrogen content was
7.42 wt.% and 2.44 wt.% These results indicated that the lowest SBET corresponds to
the highest nitrogen content, possibly due to the obtaining of a chemically more doped
graphene oxide during the microwave reaction. It was found that the lowest specific surface
area corresponds to the GO doped in the presence of ammonia. The hysteresis type indicates
the presence of the micro and mesoporous structure in the N/GOs layers with plate-
like slit-shaped pores. The pore size distribution calculated by BJH method considering
the desorption branch displays a unimodal peak centered at 7 nm. The BJH pore-size
distribution method pointed out the dominant role of mesoporosity, which contributed to
approx. 65.8% of the total pore volume, while the microporosity contributed to approx.
33.2%. The remaining approx. 1% of the total pore volume was caused by macroporosity.

Thermogravimetric analysis (TGA) was employed to investigate the thermal stability
of the prepared nanocomposites. The synthesized nitrogen-doped graphene exhibited
similar curves with good thermal stability. TGA weight loss curves of prepared samples
are presented in Figure 10. It was observed that the obtained thermograms show differ-
ent temperature ranges for the thermal decomposition: an important mass loss in the
decomposition range of 150–300 ◦C, emphasizing the efficient removal of oxygen functional
groups during the chemical process in the microwave field; a continuous mass loss from
300–600 ◦C, possibly due to the loss of sp2 carbon atoms in a hexagonal structure that
occurs between the decomposition temperatures of 320 and 650 ◦C [40], which is associated
with the elimination of certain functionalities specified by FTIR analysis. It is important
to note that the drop in the 20–150 ◦C domain, especially for the sample N/GO_A is
certainly due to the high nitrogen content, and is consistent with the elemental analysis in
Table 1. Analysis of the thermal stability of N/GOs could be related to the nitrogen bonding
configuration (nitrogen functionalities indicated by XPS analysis) in a graphene network,
indicating that the pyridinic-N configuration is mostly dominant, instead of graphitic
N [41]. According to this reference, the pyridinic-N configuration is mostly dominant at
lower doping temperatures. This is precisely the case of the temperature used in actual
experimental studies of N/GO preparation, as the working temperature was 60–80 ◦C
during microwave reaction. However, this aspect may indicate that the nitrogen content is
related to the process temperature in the microwave field, as well as to the degree of doping.
Thus, we can understand that it would be possible to provoke and induce a configured and
selective doping with nitrogen atoms, which is a major breakthrough in optimizing and
tuning the physicochemical properties of nitrogen-doped graphene materials.
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(a) 

 
(b) 

(c) 

Figure 10. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measure-
ments of nitrogen-doped graphene oxides. (a) TGA and DSC curves corresponding to N/GO_A.
(b) TGA and DSC curves corresponding to N/GO_U. (c) TGA and DSC curves corresponding to
N/GO_N.
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According to the literature, the nitrogen-doped graphene could provide a comparable
electrocatalytic activity for the oxygen reduction reaction, and a higher durability and se-
lectivity than the classic expensive Pt-based catalysts. These electrochemical performances
were usually related to the nitrogen functional groups, as well as to the specific properties
of graphene.

This highly doped nitrogen-doped graphene could exhibit electrochemical activity
towards oxygen reduction in alkaline medium providing an affordable industrial alternative
to currently used noble metal-based catalyst, such as Pt, Pd [42,43]. Alkaline electrolytes
have notable importance in FCs research. Among alkaline electrolytes, the aqueous solution
of KOH is of particular interest in PEMFCs operation. Similar to acidic electrolytes, the high
ionic conductivity of alkaline electrolytes improves the performance of FCs by engaging
functional groups attached to electrode material (e.g., –COOH group in graphene, nitrogen-
doped carbon) and electrolyte ions. According to the accepted four-electron associative
mechanism for oxygen reduction reaction referring to the nitrogen-doped graphene in
alkaline solution, the intermediate OH (ads) is formed from O (ads) with the addition of
H2O and one electron. It was presumed that the OH (ads) could be attached to the catalytic
core as well to the active site through a chemical bond. Thus, the ORR active sites can
be determined from the presence of intermediate OH (ads). It is known that the −OH-
attached pyridinic nitrogen after the electrochemical reaction suggests that pyridinic N acts
an important role in the ORR process and the nearby C atoms represent the main active
site, according to existing theoretical and experimental studies [12,43]. Thus, the neighbor
C atoms of pyridinic N influence the atomic charges which affect the ORR: the absorption
of the intermediate products, the formation of a C–O bond, and the disassociation of an
O–O bond.

In order to investigate the electrocatalytic activities of the N/GO, different electro-
chemical measurements were involved in two stages: the initial measurement (beginning
of life BoL) and the final measurement corresponding to the moment when the activity
was diminished with 10% (end of life EoL). The catalytic activity for ORR was studied for
the samples with the highest nitrogen content by CV carried out in a 0.1 M KOH solution.
Before each test, the solution was saturated with oxygen.

The use of various scan rates is a proper methodology in terms of identification of
oxidation and reduction peaks. Figure 11 shows the comparison of the voltametric cycles
of N/GO_A and N/GO_U at different scan rates. Slight shifts in peak potentials were
observed with increasing scan rate indicating some kinetic limitations. Reduction peaks
were determined around of +0.15 and +0.2 V for N/GO_A and 0.05 and 0.15 V for N/GO_U,
respectively. Peaks identified for oxidation were determined around of −0.25 and +0.2 V
for N/GO_A and around of 0.25 V for N/GO_U, respectively. Anodic peak currents were
plotted against square root of scan rate, as shown in Figure 11. The linearity of plots
(R2 = 0.99216; R2 = 0.99064) confirmed that the mass diffusion-controlled electron transfer
in all cases.

The most positive ORR peak potential and the highest peak current of N/GO_A
towards N/GO_U must be discussed considering the difference of nitrogen content from
compared samples. As reported, this content could cause distinct electrochemical proper-
ties, because during N doping, some C atoms are replaced, but some defects also appear
leading to the structural distortions of GO [44].

Doped nitrogen atoms into the graphenic structure act as electron acceptor sites. The
electron-accepting ability of the nitrogen atom can convert the next-neighbor carbon as
positive, leading to a redistribution of spin density and charge density in the vicinity of N
atoms. These properties influence the oxygen absorption and electrochemical reactions for
ORR. As demonstrated, the atomic spin density and charge transfer cause electrocatalytic
capacity for ORR.

The composition-dependent ORR activity is influenced by graphitic N and pyridinic
N, considered to be responsible for the ORR. The spin and charge density was calculated
for the charge transfer and was found that the carbon atoms with charge transfer higher
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than 0.15 can be used as active sites. A calculation regarding the percentage of C atoms
with larger charge density (over 0.15) as function of N content in graphene, indicated that
the active sites of C atoms increase linearly as the N content in graphene grows and the
maximum value of charge transfer also increase with the N content from 0.16 for 8% [44].
Thus, the sample N/GO_A with the nitrogen content of 7.2% have more catalytic reactive
sites than N/GO_U and leads to a relatively better catalytic capability for ORR, which is
consistent with our experimental observations.

 
(a) (b) 

Figure 11. Cyclic voltamograms at different scan rates for N/GO_A (a) and N/GO_U (b) for BoL.
Right bottom insert plot of the dependency of oxidation peak current on the square root of the rate.

Figure 11 shows the CV of oxygen reduction as a large cathodic peak current, demon-
strating the activity of the both samples at the beginning of life moment. Both nitrogen-
doped graphene showed a good onset potential, being known the fact that the onset
potential indicates the catalytic activity of the catalysts. N-doping of graphene leads to the
significant improvement of its functional characteristic in particular the electrocatalytic
activity in oxygen reduction reaction (ORR), which is current-forming process in fuel cells.
Well-defined cathode peaks were obtained for different scan rate. The electrochemical prop-
erties might be attributed to the introduction of defects and nitrogen-containing groups
at the electrode surface, which could accelerate the charge transfer rate across electrode
and ions solution interface. The comparison between N/GO_A and N/GO_U indicates
the highest current for N/GO_A sample. It is quite clear that the oxidation peak and
reduction current corresponding to the N/GO_A electrode are noticeably higher than
those of the N/GO_U electrode, indicating that the first sample significantly improves the
electrochemical kinetics of the redox reaction in air-saturated 0.1 M KOH electrolyte.

The long-term stability of the prepared samples was evaluated by chronoamperometry.
The experiments were performed at a fixed potential of 0.2 V in the saturated KOH solution
for 1000 min at the room temperature and the obtained data are presented in Figure 12.
Both catalysts indicated a constant current decay. The current decreased more slowly
for the N/GO_A electrode than for the N/GO_U electrode, indicating probably a less
accumulation of adsorbed poisoning species.

The investigation using CV analysis after the stability test was taken into account
in order to evaluate the electrochemical activity of the depleted catalyst. The end-of-life
results are presented in Figure 13. Here the linear variation of the peak current with the
square root of the scan rate for both N/GO catalysts is depicted in the insets.

The smallest peak potential difference (ΔEsep) was observed for the N/GO_A
(Figure 13). Consequently, both the electrochemical activities and the reversibility were
more efficient, probably due to the improved electrochemical properties, which could be
attributed to the introduction of defects and nitrogen-containing groups at the electrode
surface, accelerating the charge transfer rate across solution interface.
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Figure 12. Chronoamperometric curves of different catalysts synthesized in the present work in 0.1 M
KOH electrolyte at a constant potential of 0.3 V for 1000 min.

 
(a) (b) 

Figure 13. Cyclic voltamograms at different scan rates for N/GO_A (a) and N/GO_U (b) for EoL.
Right bottom insert plot of the dependency of the oxidation peak current on the square root of rate.

To investigate the electrochemical performance of the proposed N/GO electrode, the
electrical impedance spectroscopy (EIS) was carried out at open-circuit potential. The
Nyquist plot is presented in Figure 14. It was observed that the obtained curves include a
linear part in the frequency between 0.01 Hz and 10 kHz, which suggests a mass transfer
process. Moreover, these are an indication that both charge transfer and mass diffusion
play an important role in the redox reaction. This behavior may be because the lone pair
electron caused by the doped nitrogen improves the electrical conductivity of the electrode
and reduces the electrochemical polarization during the redox reaction.

Performance in the PEMFC represents the key viability test for graphene-based PGM-
free catalysts, due to the fact that the catalyst must facilitate the gas and proton transport
through the cathode thickness and with graphene microstructure to the active sites, which
are properties not provided by ex situ measurements.

Based on the structural characterization presented above, one of the prepared N/GOs
(catalyst with the highest nitrogen concentration) was tested under practical fuel cell
operation conditions, using a single FC with an active area of 25 cm2. A set of PEMFC
measurements were carried out to analyze the cathode performance, following the common
benchmarking practice. After achieving steady-state operating conditions, the polarization
curve was evaluated. The experiments were performed in potentiostatic mode and a
predefined protocol was applied.
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(a) (b) 

Figure 14. Nyquist plots of the catalysts N/GO_A (a) and N/GO_U (b).

Thus, using an N/GO_A -based membrane electrode assembly (MEA), with the
highest power density achieved at 0.5 V was 343 mW cm−2 (720 mA cm−2) and current
density achieved at 0.7 V was 315 mA cm−2.

The performance tests were carried out in potentiostatic mode by sweeping the voltage
from OCV to the final voltage of 0.476 V with 8 mV s−1. The test parameters were the fol-
lowing: temperature in the range of 61–62 ◦C, atmospheric pressure at the anode/cathode,
stoichiometry 1.2 and 2.5 at anode and cathode, respectively. The following were monitored:
the produced current, the flow rates of reactants and the dew point temperature.

A cyclic load profile has been proposed in order to investigate the electrocatalyst
activity, as shown in Figure 15. A stress parameter was considered, in respect to the fuel cell
sweeping voltage, varying between OCV and 0.476 V to accentuate the degradation of the
fuel cell. The reported current density at 0.7 V in these operation conditions is comparable
or even higher than state-of-the-art results related to PGM-free PEMFC [45–47].

 

Figure 15. PEMFC performance using N/GO_A -based MEA. (a) Polarization and power density
curves; (b) current variation profile depending on voltage; (c) flow rates consumed; (d) profiles:
temperature of the PEMFC with MEA based on nitrogen doped graphene, and dew points of
the reactants.
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The above results demonstrate good performance of PEMFC using N/GO-based MEA.
N/GO could be a promising candidate for practical application in cathode electrode under
single FC working conditions. The presence of N/GO can effectively enhance the electro-
catalytic stability for ORR. In this regard, N contributes as spacer between interconnected
3D porous structure avoiding the GO sheets restacking, favoring the transportation of
reactants and product and also could provide many accessible active sites with electrocat-
alytic stability.

4. Conclusions

N/GO catalyst emerges as one of the promising non-PGM catalysts with the advan-
tages of low cost and high ORR catalytic performance to replace expensive PGM catalysts
in electrochemical systems. This work introduces a novel process for preparing of nitrogen-
doped graphene by using microwave treatment under ambient conditions, as simple,
effective, faster and economical protocol. The physical and chemical properties of the mate-
rials obtained from different precursors (ammonia, urea and nitric acid) were evaluated
and compared and it was found that ammonia allows to obtain a higher concentration of ni-
trogen, due to its high vapor pressure which facilitates the functionalization reaction of GO
during microwave. N/GO was obtained with the highest nitrogen concentration of 7 wt%,
a high specific surface and a high porosity which gives the potential as catalytic material.
The BET evaluation suggests that the doping process led to a slight decrease in the specific
surface, but the pore volume was quite well preserved compared to the original graphene
structure. This paper indicates that nitrogen-doped graphene with a high dopant level
could be prepared by starting from a commercially accessible material—graphene oxide,
as raw material, through an optimized designed process for chemical synthesis under the
microwave field. It is believed that this approach can bring many possibilities in tailoring
the chemical properties. Moreover, this route could be a step in the development of other
types of non-metallic graphene-based catalysts by using MW. Furthermore, considering
this cost-effective strategy, it is expected to broaden N/GO beyond fuel cell application.
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Abstract: Herein we investigated hydrophilic surface modification of SiOx containing amorphous
hydrogenated carbon nanocomposite films (DLC:SiOx) via the use of atmospheric oxygen plasma
treatment. The modified films exhibited effective hydrophilic properties with complete surface
wetting. More detailed water droplet contact angle (CA) measurements revealed that oxygen plasma
treated DLC:SiOx films maintained good wetting properties with CA of up to 28 ± 1◦ after 20 days of
aging in ambient air at room temperature. This treatment process also increased surface root mean
square roughness from 0.27 nm to 1.26 nm. Analysis of the surface chemical states suggested that the
hydrophilic behavior of DLC:SiOx treated with oxygen plasma is attributed to surface enrichment
with C–O–C, SiO2, and Si–Si chemical bonds as well as significant removal of hydrophobic Si–CHx

functional groups. The latter functional groups are prone to restoration and are mainly responsible
for the increase in CA with aging. Possible applications of the modified DLC:SiOx nanocomposite
films could include biocompatible coatings for biomedical applications, antifogging coatings for
optical components, and protective coatings to prevent against corrosion and wear.

Keywords: oxygen plasma; hydrophilic; wetting; surface modification; DLC; DLC:SiOx

1. Introduction

Diamond-like carbon (DLC) films are a class of materials that exhibit unique properties,
including high hardness [1], low friction [2,3], and excellent chemical resistance [4]. These
properties make DLC films attractive for a wide range of applications, such as protective
coatings for medical implants [5–7], wear-resistant coatings for mechanical components [8,9],
and anti-reflective coatings for optical devices [10,11].

The wetting properties of DLC films, or the ability of a liquid to spread over the surface
and form a uniform and stable contact angle is a very important factor in determining the
performance and suitability of DLC films for specific applications. Good wetting properties
can enhance the functionality of DLC films in various applications, such as in medical
implants, where wetting properties play a crucial role in controlling the interaction between
the implant and the surrounding biological fluids [12]. DLC films with good wetting
properties can exhibit improved performance in specific applications, such as in optical
devices, where a uniform and stable contact angle can help reduce reflections and increase
optical transmission. Furthermore, hydrophilic DLC films can be effectively utilized in
environments that involve liquids or high humidity [13]. Good wetting properties can
improve the adhesion between DLC films and other materials, which is important in
applications such as tribological coatings and protective [14,15].

The surface energy of DLC films is an important parameter that determines their
wetting and adhesion characteristics [16]. One approach to tailor the surface energy of DLC
films is through the use of plasma treatment. This treatment can be easily applied and
does not require hazardous chemicals or specialized equipment, making it a cost-effective
and scalable method. Plasma treatment involves exposing the DLC film to gas plasma,
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which results in the formation/recombination of functional groups on the surface of the
film. These functional groups can alter the surface energy of the DLC film and improve its
wetting and adhesion properties. For example, oxygen plasma treatment has been reported
to be an effective method to increase hydrophilicity as well as hemocompatibility of DLC
films [17,18]. The formation of oxygen-related functional groups on the surface of the film
after exposure to oxygen plasmas is mainly responsible for the increase in the hydrophilic
character and surface energy of DLC [19,20].

Another strategy to improve wetting properties of DLC is through the use of hybrid
films. Hybrid films are composed of DLC and other materials, such as metallic or organic
compounds, which can affect the surface energy of the film. By carefully selecting the
composition of the hybrid film, it is possible to achieve desired surface energy levels for
specific applications, such as anti-fog coatings on automobile windshields, and biocoatings
on contact lenses [21,22].

In addition to plasma treatments and hybrid films, the surface wetting properties
of DLC films can be also tailored through other methods, e.g., chemical (piranha treat-
ments [23]), photochemical (UV light and 30% hydrogen peroxide), ion implantation [24]
and laser treatment [25]. These methods can also introduce functional groups onto the sur-
face of the DLC film and modify its wetting characteristics. However, chemical treatment
methods can be hazardous due to the highly reactive nature of the chemicals involved,
which can pose safety concerns. Moreover, chemical modification methods may result
in uncontrolled etching of the DLC film, leading to a reduced film thickness and surface
roughness, which can negatively affect the DLC film properties. The photochemical method
may not be effective for thicker films, and the process may require longer exposure times
to achieve desired surface modification. Moreover, photochemical treatment may cause
damage to the DLC film structure, leading to reduced film quality. Ion implantation and
laser treatment can be expensive and require specialized equipment, which may not be
easily accessible. Furthermore, these treatments may cause localized damage to the film
and may not be effective for modifying the entire surface uniformly.

One specific type of DLC film—SiOx containing amorphous hydrogenated carbon
nanocomposite film (DLC:SiOx), which is widely known for its high-hardness (10–20 GPa),
low wear rate (10−5–10−8 mm3 N−1 m−1) and friction coefficient (0.02–0.2), as well as low
internal stresses (<1 GPa) and high optical transmittance (~80–85%) in the visible spec-
trum [11,26–28]. However, very little is known about the surface modification of DLC:SiOx
films with plasma techniques. Herein, we attempt to contribute to this topic by investi-
gating how the wetting properties of DLC:SiOx films are affected upon the atmospheric
oxygen plasma treatment. We established the possible correlations between the oxygen
plasma treatment and the changes it introduces to the surface of the DLC:SiOx film via the
use of water droplet contact angle (CA) measurements, X-ray photoelectron spectroscopy
(XPS), and atomic force microscopy (AFM). It was found that atmospheric oxygen plasma
treatment of the DLC:SiOx film modifies its surface to be effectively hydrophilic. The
wetting properties of DLC:SiOx film deteriorate to some extent with aging in ambient air at
room temperature.

2. Materials and Methods

A commercial high-grade extra clear float glass Pilkington MicrowhiteTM (Sheet Glass
Co., Tokyo, Japan) was used as a substrate material. Hexamethyldisiloxane (HMDSO)
of analytical grade (≥99%, Sigma-Aldrich, Saint Louis, MO, USA) was used as a source
of hydrocarbons, silicon, and oxygen for synthesis of DLC:SiOx films. Deionized (DI)
water with a resistivity higher than 18.2 MΩ/cm at 25 ◦C was used for CA measure-
ments, and was obtained from a Direct-Q® 3 UV water purification system (Merck KGaA,
Darmstadt, Germany).

The Hall-type closed drift ion beam source operating at a constant energy of 800 eV and
a current density of 100 μA/cm2 was used for deposition of DLC:SiOx films at room tem-
perature. The base pressure and work pressure in the vacuum chamber were 2 × 10−4 Pa
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and 2 × 10−2 Pa, respectively. Hydrogen gas (H2) was used for transportation of HMDSO
vapor into the vacuum chamber. Simplified schematic illustrating experimental setup for
DLC:SiOx deposition is shown in Scheme 1.

Scheme 1. Simplified schematic illustrating experimental setup for DLC:SiOx deposition.

Control tests with monocrystalline Si(1 0 0) (UniversityWafer Inc., Boston, MA, USA)
substrates were performed in order to determine deposition rate of DLC:SiOx for H2 gas.
The thickness of DLC:SiOx on Si(1 0 0) was determined using a laser ellipsometer Gaertner
L-115 (Gaertner Scientific Corporation, Skokie, IL, USA) equipped with a He–Ne laser
(wavelength of 632.8 nm). Film thickness of ~100 nm was chosen for the deposition of
DLC:SiOx on glass substrates.

The radio frequency capacitive plasma unit Plasma-600T (JSC Kvartz, Kuvasay, Uzbek-
istan) operating at a frequency of 13.56 MHz and power of 0.3 W/cm2 was used for surface
modification of as-deposited DLC:SiOx films. The atmospheric oxygen plasma treatment
time was varied in the range of 1–5 min.

CA measurements were performed at room temperature using the sessile drop method.
The size of the DI droplets was 5 μL, the wetting angles were recorded after 10 min for all
samples. CA were determined using an active contour method based on B-spline snakes
(active contours) [29]. The CA is reported as an average of five measurements at different
places on the surface of each sample.

AFM experiments were performed with NanoWizardIII microscope (JPK Instruments,
Bruker Nano GmbH, Berlin, Germany) equipped with V-shaped silicon cantilever (spring
constant of 3 N/m, tip curvature radius of 10.0 nm and the cone angle of 20◦) operating
in contact mode at room temperature. Data processing was carried out using a SurfaceX-
plorer and JPKSPM Data Processing software (Version spm-4.3.13, JPK Instruments, Bruker
Nano GmbH).

The XPS measurements were performed employing XSAM800 spectrometer (Kratos
Analytical Ltd., Manchester, United Kingdom). The non-monochromatized Al Kα radiation
(hν = 1486.6 eV) was used for XPS spectra acquisition. The base pressure in the analytical
chamber was lower than 8 × 10−8 Pa. The energy scale of the system was calibrated
according to Au 4f7/2, Cu 2p3/2 and Ag 3d5/2 peak positions, respectively. The C 1s,
O 1s, and Si 2p spectra were acquired at the 20 eV pass energy (0.1 eV energy step), and the
analyzer was in the fixed analyzer transmission (FAT) mode. Spectra were fitted using a
sum of Lorentzian–Gaussian (ratio of 30:70) functions and symmetrical peak shape; while
for graphitic carbon asymmetrical peak shape and 70:30 ratio was used.

3. Results and Discussion

Figure 1 shows typical water droplet profile images of DLC:SiOx films before and after
oxygen plasma treatment for 3 min, as well as the plasma treated DLC:SiOx film, which
was aged for 20 days in ambient air at room temperature. The as-deposited DLC:SiOx
film exhibited water CA of 82 ± 1◦, which is very close to the hydrophobic surface. After
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oxygen plasma treatment for 3 min, the surface of the DLC:SiOx film was modified to
be effectively hydrophilic with complete spreading of water droplet (CA < 2◦) on the
surface. In [17], DLC films deposited using benzene and diluted silane as the precursor
gases were subjected to plasma treatment using various gases such as N2, O2, H2, and
CF4. They found that oxygen plasma treated films exhibited the lowest water CA of
13.4 ± 1.3◦ as compared to other plasma gases. In contrast, our result is significantly better.
Further, we assessed the wetting stability of DLC:SiOx. The water CA on the surface of
the DLC:SiOx film, which was modified using oxygen plasma treatment increased up
to 28 ± 1◦, still maintaining good hydrophilic properties after 20 days of aging. It was
also found that the oxygen plasma treatment time variation (i.e., 1–5 min) of as-deposited
DLC:SiOx films had little effect on the hydrophilic surface modification as in all cases
total surface wetting was observed (Figure 1d), whereas the lowest CA was determined
for the 3 min oxygen plasma treated DLC:SiOx films (CA 28 ± 1◦) after 20 days of aging
(Figure 1d). In Figure 1e, CA measurements indicated that during the first 10 days of aging,
the oxygen plasma-treated DLC:SiOx film rapidly loses its hydrophilic properties to some
extent, after which stabilization is reached with CA ~28 ± 1◦ for the remaining 10 days
of aging. S. Narayan et al. investigated oxygen plasma treatment effect on the wetting
properties of DLC coatings deposited using plasma enhanced chemical vapor deposition
(PECVD) technique [30]. They observed that hydrophilic properties of oxygen plasma
treated DLC coatings rapidly deteriorate within 8 days of aging. Afterwards, better stability
of CA with aging time was observed. However, CA values of >40◦ were reported for
oxygen plasma treated DLC coatings in all cases after 10 days of aging.

 

Figure 1. Water droplet profile images of DLC:SiOx (a) as-deposited, (b) 3 min oxygen plasma treated
and (c) oxygen plasma and aged for 20 days; (d) water CA as a function of oxygen plasma treatment
time of as-deposited and after aging for 20 days; (e) water CA as a function of aging time.

Figure 2 shows characteristic AFM 2D topographical images of the as-deposited and
3 min oxygen plasma treated DLC:SiOx films acquired over 2.0 × 2.0 μm2 area in air using
contact mode. The topography of the as-deposited DLC:SiOx surface exhibits a random
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distribution of surface mounds having different angle orientations to each other, without a
preferred direction. A mean height of the surface structures (Zmean) was determined to be
0.7 nm. The root mean square roughness (Rq) was found to be 0.27 nm. The as-deposited
DLC:SiOx film surface is dominated by the valleys with skewness (Rsk) value of −0.11
and has a platykurtoic distribution (i.e., relatively few high peaks and low valleys) of
surface morphological features with kurtosis (Rku) value of 2.7. In contrast, 3 min oxygen
plasma treated DLC:SiOx film surface exhibited higher Rq value of 1.26 nm with Zmean
value of 3.23 nm, and followed similar distribution of surface morphological features with
Rsk and Rku values of −0.11 and 2.46, respectively. In [31,32] surface morphological analysis
was performed for as-deposited and oxygen plasma treated DLC films. Their results also
indicated an increase in surface roughness after surface modification with oxygen plasma.
This increase in surface roughness was attributed to oxygen ion bombardment during the
treatment process. In our case, oxygen plasma treated DLC:SiOx film maintained very low
surface roughness, and therefore it is suggested that this change had negligible effect on
the wetting properties.

Figure 2. AFM surface topography of (a) as-deposited and (b) 3 min oxygen plasma treated
DLC:SiOx films.

The effect of oxygen plasma surface hydrophilic modification on the chemical states
of DLC:SiOx was investigated employing XPS. The deconvoluted high-resolution XPS
spectra in the O 1s, C 1s and Si 2p regions of the as-deposited, oxygen plasma treated and
20 days aged DLC:SiOx films are shown in Figure 3. The deconvoluted components of
DLC:SiOx films in the XPS O 1s spectra where assigned to C=O (531.2 eV), C–O (532.6 eV),
C–O–C/SiOx (533.1 eV) and O–H (534 eV) chemical bonds [33–37]. It can be seen that after
oxygen plasma treatment the concentration of hydrophilic C–O–C functional groups on
the surface of DLC:SiOx increased considerably, remained stable after 20 days of aging.
The deconvoluted component originating from C–O bonds decreased after oxygen plasma
treatment and also remained stable after 20 days of aging. High-resolution XPS spectra in
the C 1s region were deconvoluted into four components, respectively. A high intensity
peak at 285 eV represents carbon in sp3 hybridization, and it overlaps with C–H and
Si–CHx chemical bonds [38]. A low intensity peak at 284.1 eV was assigned to carbon
sp2 hybridization. The position and asymmetric shape of this component is typical for
graphitic carbon [39,40]. Lower intensity peaks at higher binding energies could be assigned
to O–C=O and C=O chemical bonds. No considerable changes were observed in C 1s region
for oxygen plasma treated DLC:SiOx films. The aging of the DLC:SiOx films resulted in
further oxidation in ambient air, which is indicated by slight increase of C=O component
as well as recombination of sp2 carbon into other functional groups. Two deconvoluted
components of as-deposited DLC:SiOx film in the XPS Si 2p spectrum were assigned to
Si–CHx (102.5 eV) and SiOx (101.1 eV) chemical bonds [38,41]. Two additional components
appeared at 104 eV and 99.8 eV after oxygen plasma treatment of DLC:SiOx, assigned
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to the SiO2 and Si–Si chemical bonds, respectively [41]. After oxygen plasma treatment
the concentration of hydrophobic Si–CHx functional groups on the surface of DLC:SiOx
decreased significantly, and slightly increased after 20 days of aging, which is in good
agreement with CA measurement results. The restoration of Si–CHx chemical bonds is
mainly responsible for CA increase with aging of DLC:SiOx film. The appearance of SiO2
and Si–Si chemical bonds for oxygen plasma treated DLC:SiOx films also significantly
contributed to the effective hydrophilic properties of the surface [21]. The concentration of
these functional groups on the surface of oxygen plasma treated DLC:SiOx film remained
relatively stable after 20 days of aging.

Figure 3. High-resolution deconvoluted XPS spectra in O 1s, C 1s and Si 2p regions of
DLC:SiOx (a) as-deposited, (b) 3 min oxygen plasma treated and (c) oxygen plasma treated
and aged for 20 days.

Based on the findings of this study, several future directions are of the main importance:

• Investigation of the long-term stability of hydrophilic properties of the oxygen plasma
treated DLC:SiOx films under various environmental conditions, such as humidity,
temperature, and exposure to different chemicals.

• Study of the underlying mechanisms of the restoration of hydrophobic Si-CHx func-
tional groups and the ways to prevent or delay this process, enhancing the long-term
stability of the hydrophilic properties of the DLC:SiOx films.

• Investigation of the effect of the hydrophilic DLC:SiOx films on the adhesion, prolifer-
ation, and differentiation of various cell types to explore their potential applications in
tissue engineering and regenerative medicine.
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4. Conclusions

Atmospheric oxygen plasma treatment was used to modify DLC:SiOx film wetting
properties. The surface of the DLC:SiOx film was modified to be effectively hydrophilic
with complete spreading of water droplet (CA < 2◦) on the surface. The CA increased up to
28 ± 1◦ after 20 days of aging in ambient air at room temperature, still maintaining good
hydrophilic properties. AFM analysis indicated that the root mean square roughness of the
film increased from 0.27 nm to 1.26 nm after oxygen plasma treatment. XPS investigation
revealed that the highly hydrophilic characteristics of the oxygen plasma treated DLC:SiOx
is attributed to surface enrichment with C–O–C, SiO2 and Si–Si chemical bonds as well
as significant removal of hydrophobic Si–CHx functional groups. During aging process
of DLC:SiOx film the Si–CHx functional groups tend to restore to some extent negatively
affecting the wetting properties. The modified DLC:SiOx nanocomposite films should
be tested in various applications, such as biocompatible coatings for medical purposes,
anti-fog coatings for optical components, and protective coatings to prevent corrosion
and wear.
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Abstract: In the present study CeO2, MnO2 and CeMnOx mixed oxide (with molar ratio Ce/Mn = 1)
were prepared by sol-gel method using citric acid as a chelating agent and calcined at 500 ◦C. The
silver catalysts (1 wt.% Ag) over the obtained supports were synthesized by the incipient wetness
impregnation method with [Ag(NH3)2]NO3 aqueous solution. The selective catalytic reduction of
NO by C3H6 was investigated in a fixed-bed quartz reactor using a reaction mixture composed of
1000 ppm NO, 3600 ppm C3H6, 10 vol.% O2, 2.9 vol.% H2 and He as a balance gas, at WHSV of
25,000 mL g−1 h−1.The physical-chemical properties of the as-prepared catalysts were studied by sev-
eral characterization techniques, such as X-ray fluorescence analysis, nitrogen adsorption/desorption,
X-ray analysis, Raman spectroscopy, transmission electron microscopy with analysis of the surface
composition by X-ray energy dispersive spectroscopy and X-ray photo-electron spectroscopy. Silver
oxidation state and its distribution on the catalysts surface as well as the support microstructure are
the main factors determining the low temperature activity in NO selective catalytic reduction. The
most active Ag/CeMnOx catalyst (NO conversion at 300 ◦C is 44% and N2 selectivity is ~90%) is
characterized by the presence of the fluorite-type phase with high dispersion and distortion. The
characteristic “patchwork” domain microstructure of the mixed oxide along with the presence of
dispersed Ag+/Agn

δ+ species improve the low-temperature catalyst of NO reduction by C3H6

performance compared to Ag/CeO2 and Ag/MnOx systems.

Keywords: Ag+; CeMnOx; C3H6-SCR of NO; oxide microstructure; HRTEM; Raman; XPS

1. Introduction

Currently, internal combustion engines (ICEs), including diesel engines, are the most
widely used due to their high efficiency and reliability [1]. However, the main disadvantage
of the ICEs is the emission of exhaust gases that pose a serious threat to both the environ-
ment (increasing ozone concentration in the atmosphere and producing acid rains) and the
human health as they are rich in particulates and nitrogen oxides (NO, NO2 and N2O) [2].

In recent years, several methods have been applied to reduce NOx emissions. For
this purpose, selective catalytic reduction (SCR) with hydrocarbons or alcohols (HC- or
HCO-SCR, respectively) has proved to be interesting for their high efficiency and low
cost [3–5]. The main advantage of such reaction is the use of gas mixtures with similar
composition as the exhaust fumes; in this way, the HC and NOx can be simultaneously
abated without feeding additional reducing agents [6]. Furthermore, this process can be
a useful alternative to commercial processes utilizing NH3 or urea as reducing agents [7],
which are the dominant technologies for NOx removing from mobile (vehicles and marine
engines) and stationary sources [8]. Nevertheless, the toxicity of concentrated ammonia, the
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fact that urea must be temporarily stored on board, thus requiring additional infrastructures
for supply and use (additional urea tank to be filled periodically), the costs of ammonia
plants and ammonia slip, which can produce additional pollution [5,9], constitute the main
obstacles that prevent the large use of such systems.

Numerous catalysts such as zeolites, noble metals and metal oxides have been stud-
ied for NOx HC-SCR. The limited use of zeolite-based catalysts is due to hydrothermal
deactivation and high-temperature activity limiting their real applications [10]. From the
pioneer study by Miyadera [11], based on the performance efficiency of Ag/Al2O3, which
showed high NO conversion in HC-SCR with various light hydrocarbons, the silver-based
catalysts are extensively studied as promising candidates for practical use DeNOx systems,
because they exhibit a high efficiency comparable to that of commercial catalysts applied
in NH3-SCR, especially at temperatures above 300 ◦C; moreover, they have a moderate
resistance to water and SO2 [12–14]. An advantage linked to the preferable use of Ag
compared to Pt group metals is a lower oxidation activity of HC/HCO that limits the
oxidation of hydrocarbons or oxygenates in simultaneous total combustion during the NOx
SCR. Previous studies showed that the catalytic properties of silver-alumina catalysts were
related to the Ag loading on the support [15,16]. For low loadings, the Ag exists mainly
in the form of Ag+ or Agδ+, while the catalysts with higher Ag content usually contain
more Ag0 nanoparticles. Another important aspect is the influence of Ag loading on the
catalytic activity. In fact, isolated silver cations (Ag+) and oxidized silver clusters (Agn

δ+)
are proposed to be the active species in the NO-SCR reaction, while metallic silver clusters
(Ag0) are responsible for the nonselective oxidation of hydrocarbons [16]. However, the
practical application of Ag-based catalysts is limited by the low activity at temperatures in
the range of 150–300 ◦C.

Among various supports used for NOx SCR, CeO2 and manganese oxides have at-
tracted wide attention as they feature excellent low-temperature activity [17–19]. The
high efficiency of CeO2-based catalysts is due to the excellent Lewis surface acidity, redox
properties and high oxygen storage capacity [20,21]. The Mn-based oxides are promising
for application at low temperatures due to high NO conversion and good N2 selectivity
in the NO SCR by NH3 [22,23]. Moreover, the Mn-WO3/TiO2 catalysts represent a valid
alternative in the NH3-SCR of NO to the typical V2O5-WO3/TiO2 commercial systems [24].
According to the available literature data, the Ag catalysts supported on Ce and Ce-based
mixed oxides (Ce-Mn, Ce-Zr, Ce-Ti, etc.) are appealing as catalytic materials for NH3 NOx
SCR in exhausts emitted by diesel engines of vehicles and ships in compliance with the
EURO VI and IMO 2020 regulations [14,18,25,26]. However, such catalytic systems remain
poorly understood for CH-SCR. Recently, Ag/CeZr catalysts have been shown to be very
promising for NOx HC-SCR [27], which increases interest in considering other Ce-based
mixed oxides for NOx HC-SCR.

This work is focused on the synthesis and detailed characterization of powder catalysts
based on silver as an active phase supported on Ce, Mn and Ce-Mn reducible oxides and
study of their activity in selective catalytic NOx reduction with propylene. To synthesize
the oxide supports, the citrate sol-gel method was chosen, while an impregnation of
the prepared supports with [Ag(NH3)2]NO3 followed by calcination in air was used to
prepare the Ag catalysts. The citrate sol-gel method allowed preparing the ultrafine oxide
materials and ensured good homogeneity through mixing of the initial components at the
molecular level in solution [28,29]. This synthesis method allows obtaining the supports
with the required elemental and phase composition, optimal specific surface area and
pore size distribution, structural and textural characteristics [30,31]. In turn, the use of
[Ag(NH3)2]NO3 as a silver precursor to prepare the Ag catalysts was expected to ensure
a strong interaction between the Ag precursor and support resulting in stabilization of
silver cations (Ag+) and/or oxidized silver clusters (Agn

δ+) as active species on the catalyst
surface [13,32]. The obtained catalysts were characterized by such methods as X-ray
fluorescence (XRF) analysis, N2 adsorption/desorption, Raman spectroscopy, transmission
electron microscopy with analysis of the surface composition by X-ray energy dispersive
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spectroscopy (TEM/EDX) and X-ray photo-electron spectroscopy (XPS) and were studied in
the NO SCR with C3H6 cofeeding H2 in the reaction mixture. For comparison, the catalytic
activity in terms of NO conversion and selectivity towards N2 was also investigated for the
supports only.

2. Materials and Methods

2.1. Preparation of the Supports

The individual CeO2, MnOx and binary CeO2–MnOx (with a molar ratio of Ce/Mn = 1)
oxide supports were synthesized by sol–gel citrate method. Analytical grade Ce(NO3)3·6H2O
and Mn(NO3)2·6H2O salts (Unihim, St. Petersburg, Russia) were used as Ce and Mn precur-
sors, respectively, and citric acid C6H8O7·H2O (Khimprom, Kemerovo, Russia) was employed
as a chelating agent. All reagents were used directly without any further purification. The
colloidal solutions to synthesize the supports were prepared in a 500 mL ceramic tank using a
heated magnetic stirrer. For this, the required volume of solutions of the corresponding metal
precursors was rapidly added to a citric acid solution at a vigorous stirring with the molar
ratio C6H8O7·H2O/(Me) = 1.2 (pH of solution was ~1–2) followed by heating up to 70 ◦C at a
constant stirring. The above colloidal solutions were hold at 70 ◦C at a constant stirring for 2 h
followed by the gel formation. To age the gel and additionally evaporate water, the resulting
gel was placed in a drying oven overnight at 80 ◦C. The resulting gel was additionally dried
at 120 ◦C (a heating rate was 10 deg/min) for 5 h and then calcined at 500 ◦C for 3 h with a
linear heating rate up to a maximum set temperature of 5 ◦C/min. The synthesized samples
were labelled as follows: CeO2, MnOx and CeMnOx.

2.2. Preparation of Supported Ag Catalysts

Based on the obtained supports, a series of Ag catalysts with a fixed silver content
(1 wt.%) was prepared by incipient wetness impregnation using an aqueous solution of
ammonium silver complex [Ag(NH3)2]NO3 as an Ag precursor. The wetness of the support
was determined by adding drop by drop a known volume of water solution. The volume
and concentration of the impregnating solution for each support were fixed taking into
account its wetness and weight to ensure 1 wt.% of Ag in the final catalyst. The samples
impregnated were dried at 70 ◦C and then calcined at 500 ◦C for 2 h. The obtained catalysts
were designated as follows: Ag/CeO2, Ag/MnOx and Ag/CeMnOx.

2.3. Aging of Supported Ag Catalysts

Samples were aged thermally. Sample powders were heated in air to 650 ◦C at a
heating rate of 10◦/min, calcined at 650 ◦C for 12 h, and then cooled to room temperature.

2.4. Characterization

The prepared samples were studied by several characterization methods, including
X-ray fluorescence analysis (XRF), nitrogen adsorption/desorption at −196 ◦C, X-ray
analysis (XRD), Raman spectroscopy, transmission electron microscopy (TEM) with analysis
of the surface composition by X-ray energy dispersive spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS).

2.4.1. X-ray Fluorescence Analysis

The chemical composition of the samples was analyzed using the XRF-1800 sequential
X-ray fluorescence spectrometer (Shimadzu, Tokyo, Japan).

2.4.2. Low-Temperature Nitrogen Adsorption/Desorption

The specific surface area, total pore volume and average pore diameter were deter-
mined from the low-temperature nitrogen adsorption/desorption (at −196 ◦C) using the
TriStar II 3020 specific analyzer (Micromeritics, Norcross, GA, USA). Prior to experiments,
all samples were degassed at 200 ◦C in a vacuum (10–2 Torr) for 2 h using the laboratory de-
gassing station VacPrep Degasser (Micromeritics). The specific surface area was determined
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by the Brunauer-Emmett-Teller (BET) method; the pore volume and pore size distributions
were determined by the Barrett-Joyner-Halenda (BJH) method using the desorption branch
of the adsorption-desorption isotherm.

2.4.3. XRD

The XRD patterns for the samples were recorded by the X-ray diffractometer XRD-7000
(Shimadzu) with monochromatic CuKα radiation (1.54 Å) in the angle range of 10–70◦ 2θ
and a scanning rate of 0.02 ◦/s. The data were obtained using the Bragg-Brentano geometry.
Crystalline Si (a = 5.4309 Å, λ = 1.540562 Å) was used as an external standard to calibrate
the diffractometer. The phase composition was analyzed using the PDF-2 database (Release
2012 RDB). To refine the lattice parameters and determine the crystalline size, the POWDER
CELL 2.4 full profile analysis program was used.

2.4.4. Raman Spectroscopy

Raman spectra were obtained on the InVia spectrometer (Renishaw, UK) equipped
with the DM 2500M microscope (Leica, Germany) with a 50× objective. For excitation, the
lasers with wavelengths of 532 and 785 nm and a power of 100 mW were used; the spectral
resolution was 2 and 1 cm−1, respectively. To prevent changes in the samples, only 5% of
the full laser power and a 50% beam defocusing were applied.

2.4.5. TEM and EDX

Transmission electron microscopy (TEM) data were obtained using the double aberration-
corrected (Thermo Fisher Scientific Themis Z, Netherlands) electron microscope operated at
200 kV. Images in Scanning-TEM (STEM) mode were taken using the high-angle annular dark
field (HAADF) detector. The local composition of the samples was studied using the Thermo
Fisher Scientific Super-X EDX spectrometer. The samples for the TEM study were dispersed
ultrasonically and deposited on copper grids covered with a holey carbon film.

2.4.6. XPS

The samples were analyzed by X-ray photoelectron spectroscopy (XPS) using the
photoelectron spectrometer ES 300 (Kratos Analytical, UK). Mg Kα (hν = 1256.6 eV) and
Al Kα (hν = 1486.6 eV) X-ray sources were employed to acquire photoelectron spectra.
To perform XPS analysis, the samples were fixed on a sample holder using a scotch-tape.
The core-level spectra, namely, Ag3d, O1s, C1s, Ce3d, Mn2p, Mn3s, and Auger spectra
for silver Ag MNN were acquired to estimate the quantitative composition of the samples
surface as well as to analyze the oxidation state of the elements. The C1s line of the
residual amorphous carbon species with a binding energy Eb(C1s) = 285.1 eV was used
as an internal standard to calibrate the spectra. Such a calibration procedure gave the Eb
value of the U′′′ component of the Ce3d spectrum as Eb(U′′′) = 916.7 eV being consistent
with the literature data for ceria-based catalysts. The spectra were analyzed after Shirley
background subtraction. The Ce3d, Mn2p, and Mn3s spectra were fitted with a combination
of Gaussian and Lorentzian functions. The XPS-Calc program [33,34] was used for spectra
processing. Atomic ratios were calculated using the area of the corresponding peaks with
the consideration of the atomic sensitivity factor for each element [35].

2.5. Activity Tests in C3H6-SCR of NO

All the C3H6-SCR tests were performed in a fixed-bed continuous-flow U quartz reactor
with an inner diameter of 12 mm. The feed gas consisting of 1000 ppm NO + 3600 ppm
C3H6 + 2.9 vol.% H2 + 10 vol.% O2 in He was flowed over the catalyst (120 mg) at a rate of
50 mL·min−1 equivalent to a weight hourly space velocity (WHSV) of 25,000 mL g−1 h−1.
To study the effect of hydrogen presence, catalytic tests without it, where also carried out.
To this purpose the feed gas consisting of 1000 ppm NO + 3600 ppm C3H6 + 10 vol.% O2
in He was used. The conversion values were measured as a function of temperature from
100 ◦C to 500 ◦C with a heating rate of 5 ◦C/min, holding 40 min at each temperature that
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was increased by steps of 50 ◦C. The inlet and outlet gas compositions were analyzed by mass
quadrupole spectrometer (ThermostarTM, Balzers, Liechstenstein) and by ABB detectors,
infrared (Limas 11) for NO, N2O, NO2, paramagnetic (Magnos 206) for O2, and UV (Uras 14)
for CO and CO2 detection.

The NO conversion, selectivity to N2 and N2 yield were calculated according to
procedures described in Refs. [9,12]:

NO conversion (%) :
[NO]in − [NO]out

[NO]in
× 100;

Selectivity to N2 (%) : 1 − [NO2]out + 2[N2O]out
[NO]in − [NO]out

× 100;

N2 yield (%) :
[NO]in − [NO]out − 2[N2O]out − [NO2]out

[NO]in
× 100.

3. Results and Discussion

3.1. Chemical Composition and Textural Characteristics of the Samples

Table 1 shows the XFR data for the prepared Ag catalysts. The composition of the
supports is consistent with those of the catalysts and is not presented in the table. Ac-
cording to the data obtained, there is a good consistency between the real and nominal
chemical compositions.

Table 1. Bulk and surface sample composition according to X-ray fluorescence spectroscopy (XRF)
and X-ray photoelectron spectroscopy (XPS) data.

Sample
Content, wt.% Atomic Ratio, XRF/XPS

Ag Ce Mn Ce/Mn Ag/Ce Ag/Mn Ag/(Ce+Mn)

Ag/CeO2 1.0 80.6 - - 0.016/0.019 - -
Ag/CeMnOx 1.2 58.4 20.4 1.1/1.2 0.027/0.027 0.030/0.033 0.014/0.015

Ag/MnOx 1.3 - 72.7 - - 0.009/0.022 -

Figure 1 shows nitrogen adsorption-desorption isotherms and pore size distributions
for CeO2, MnOx and CeMnOx supports and the corresponding Ag catalysts. Table 2 lists
the values of specific surface area and total pore volume. For all samples, the adsorption–
desorption isotherms belong to type IV according to the IUPAC classification [36]. The
observed hysteresis loops of type H2 indicate the presence of mesopores with a complex
structure in the samples. For the CeO2 and CeMnOx samples, wide hysteresis loops are
observed in the relative pressure range of 0.45–1.0 corresponding to a rather narrow pore
size distribution in the range of 2–10 nm. For the MnOx sample, a narrow hysteresis loop
is observed in the relative pressure range of 0.82–1.0, which corresponds to a wide pore
size distribution in the range of 4–200 nm with a maximum at ~30 nm. The CeO2 and
CeMnOx supports are characterized by the relatively high specific surface area (40 and
51 m2/g, respectively) and total pore volume (0.140 and 0.222 cm3/g, respectively), while
the MnOx sample shows relatively low specific surface area (14 m2/g) and total pore volume
(0.115 cm3/g).
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Figure 1. Adsorption-desorption isotherms (a) and pore size distribution (b) for oxide supports and
Ag/oxide catalysts.

Table 2. Specific surface area (SSA) and total pore volume (V), phase composition, and characteristics
of the crystalline phases revealed (space group (S.G.), symmetry, lattice parameters (a, c), and mean
crystallite size (DXRD)) for oxide supports and Ag/oxide catalysts.

Sample SSA, m2/g V, cm3/g
Phase Composition Structural Parameters

DXRD, nm
Phase wt.% S.G. Symmetry a, Å c, Å

CeO2 40 0.14 fluorite 100 Fm-3m cubic 5.405 - 13

Ag/CeO2 34 0.13 fluorite 100 Fm-3m cubic 5.405 - 15

MnOx 14 0.12
Mn2O3 25 Ia-3 cubic 9.402 - 61

Mn3O4 75 I41/amd tetragonal 5.758 9.457 33

Ag/MnOx 12 0.12
Mn2O3 76 Ia-3 cubic 9.403 - 52

Mn3O4 24 I41/amd tetragonal 5.755 9.466 n.a.

CeMnOx 51 0.22 fluorite 100 Fm-3m cubic 5.406 - 7

Ag/CeMnOx 47 0.22 fluorite 100 Fm-3m cubic 5.413 - 7

The Ag introduction does not significantly affect the isotherms and pore size distribu-
tions in the corresponding samples (Figure 1). The observed decrease in the specific surface
area with a slight change in the total pore volume is apparently due to the support sintering
according to the mechanism of surface diffusion during the calcination step. In general,
the changes observed in the textural characteristics of the Ag/oxide catalysts indicate a
uniform distribution of Ag introduced into the porous space of the supports.

3.2. Phase Composition and Structural Characteristics of Samples

The phase composition and structural features of the CeO2, MnOx and CeMnOx
supports, and the corresponding Ag catalysts were studied by XRD, Raman spectroscopy
with laser excitation wavelengths of 532 and 785 nm, and TEM. Figure 2 shows the XRD
patterns for the samples studied. Table 2 presents the phase composition of the samples and
the characteristics of the crystalline phases revealed during the XRD data analysis. Figure 3
shows the Raman spectra for the samples at two different laser excitation wavelengths; the
use of various laser excitations provides wide information due to the resonance effect of
Raman scattering [37,38]. Figures 4–6 display the high-resolution TEM (HRTEM) images
and high resolution EDX mapping for Ag supported catalysts.
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Figure 2. XRD patterns for oxide supports and Ag catalysts on the basis thereof.
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Figure 3. Raman spectra obtained under (a) 532 nm and (b) 785 nm lasers for oxide supports and Ag
catalysts on the basis thereof.

 

Figure 4. HRTEM image (a) and high resolution EDX mapping (b) for the Ag/CeO2 sample.
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Figure 5. TEM (a), high resolution EDX mapping (b), and HRTEM of indicated regions I (c) and II
(d) for the Ag/MnOx sample.

 

Figure 6. HRTEM image (a) and high resolution EDX mapping (b) taken from the indicated region I
for the Ag/CeMnOx sample.
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3.2.1. CeO2 and Ag/CeO2 Samples

According to the XRD data, the CeO2 sample has a cubic fluorite-type phase with the
lattice parameter a of 5.405 Å and the average XRD crystallite size of 13 nm. The formation
of fluorite-type ceria is confirmed by Raman spectroscopy, with the structural defects being
additionally indicated. Specifically, Raman spectrum for the CeO2 support obtained under
532 nm laser contains the bands at 260, 404, 464, 560, 590 and 828 cm−1 (Figure 3a), while
the one obtained under 785 nm laser is characterized by the bands at 276, 314, 410, 464, 556,
595, and 724 cm−1 (Figure 3b). The intense band at 464 cm–1 is attributed to the F2g band
associated with the Ce–O stretching vibration in the [CeO8] cubic subcell of ceria, and the
weak bands located at 256–260, 404–410, and 590–595 cm–1 are referred to overtones [39].
The band at ~560 cm–1 is associated with the Ce3+ located in the immediate vicinity of the
oxygen defect [39], the band at ~314 cm–1 is attributed to the displacement of oxygen atoms
from the ideal positions of the fluorite lattice [38], and the band at 828 cm–1 is attributed to
the surface peroxide O2

2− species [39,40]. The presence of these bands indicates a defective
structure of cerium oxide obtained by the citrate method.

For Ag/CeO2 sample, no additional Ag-based phases were revealed by XRD, which
is caused by the low Ag content as well as high dispersion of such phases. The lattice
parameter a of the fluorite-type phase remains unchanged (5.405 Å), and the average
crystallite size is 15 nm. These results are additionally confirmed by the HRTEM data
(Figure 4) indicating the ceria crystallites of ~5 to 20 nm in size for the Ag/CeO2 catalyst.
According to the high resolution EDX analysis, silver is evenly distributed over the sample,
however, in some places silver is concentrated as oxide species, which is reduced under
the electron beam. The Raman spectroscopy does not reveal a significant effect of the Ag
deposition on the ceria structure in the Ag/CeO2 sample. Thus, a specific absorption below
200 cm−1 due to the Ag–O–Ce bond vibrations additionally appears in the spectra for the
sample (Figure 3), while other bands remain intact.

3.2.2. MnOx and Ag/MnOx Samples

According to the XRD results, the MnOx sample is characterized by the presence of
two crystalline phases, namely, the tetragonal Mn3O4 and the cubic Mn2O3 in amounts
of ~75 wt.% and ~25 wt.%, respectively (Figure 2, Table 2). The oxide phase crystallites
formed in the MnOx sample are noticeably larger than in the case of the CeO2 sample. The
Mn2O3 phase is rather well crystallized and characterized by the average XRD crystallite
size of 61 nm. The Mn3O4 phase is less ordered and more dispersed, with the average
crystallite size being 33 nm. The Raman spectroscopy data confirm the formation of Mn3O4
and Mn2O3 oxides and additionally reveal the presence of some MnO oxide in the MnOx
sample. Thus, the Raman spectrum for the MnOx support obtained under 532 nm laser
(Figure 3a) is characterized by an intense band at 647 cm−1 and weak bands at 263, 308, 360
and ~480 cm−1 characteristic of Mn3O4 with the spinel structure [41–44]. The intense band
at 647 cm–1 is attributed to the A1g mode of the Mn–O stretching vibration for Mn2+ ions
in tetrahedral coordination, and the weak bands at 263, 308, and 360 cm–1 are attributed to
the Eg, A1g, B2g, and Eg modes, respectively [42]. The spectrum also contains week bands
in the ranges of 150–240 cm–1 and 500–600 cm–1, which are caused by other manganese
oxide phases, i.e., Mn2O3 and Mn5O8. These phases are more reliably distinguished in the
spectrum obtained under 785 nm laser (Figure 3b) due to the resonance effect of Raman
scattering resulting in the presence of well-defined bands at 170, 262, 393, 477, 535 and
580 cm–1 attributed to Mn5O8 modes [45], and the bands at 191, 311 and 621sh cm–1

attributed to Mn2O3 [43,46,47], with those at 286, 367, and 648 cm−1 being assigned to
Mn3O4 with a spinel structure [42,44]. The amount of the Mn5O8 phase seems to be
negligible and is determined by Raman spectroscopy due to the high extinction coefficient.

Signs n.a. means not available due to the correct determination of a full width at half
maximum is impossible.

The Ag introduction is accompanied by the increase in the relative Mn2O3 content
up to 76 wt.% and the decrease in that of Mn3O4 up to 24 wt.% in the Ag/MnOx sample
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according to the XRD results. Besides, the Ag introduction results in the appearance of
well-defined bands at 196, 308 and 625sh cm−1 attributed to Mn2O3 and at 170, 263, 533
and 576 cm–1 attributed to MnO in the spectrum for the Ag/MnOx sample obtained under
532 nm laser (Figure 3a). In the spectrum obtained under 785 nm laser (Figure 3b), the
relative intensities of the bands of Mn2O3 and MnO increase, with the additional bands
assigned to Mn2O3 being distinguished at 191, 393, and 697 cm−1, which is consistent
with the increase in the Mn2O3 content in the sample according to the XRD data. The
average XRD crystallite size for the main Mn2O3 phase is 52 nm, which is consistent with
the presence of Mn2O3 particles revealed by TEM in the Ag/MnOx sample (Figure 5), with
their size varying from 20 to 100 nm. Besides, according to high resolution EDX mapping,
the silver distribution in the sample is less uniform than for the CeO2 sample. The mapping
shows areas depleted (0.15–0.59 wt.%) and enriched (3–36 wt.%) with silver.

Some areas enriched with silver correspond to Ag particles (Figure 5, region II),
however, most other areas enriched with silver correspond to oxidized silver species
(Figure S1) in accordance with the XPS data (see Section 3.3 for details).

3.2.3. CeMnOx and Ag/CeMnOx Samples

The XRD data for the CeMnOx sample indicate the presence of only cubic phase
with the fluorite structure, while individual phases of manganese oxides (MnO2, Mn2O3,
Mn3O4, or MnO) are not found. According to the XRD data, the average crystallite size of
the fluorite-type phase is 7 nm in the CeMnOx sample, which is almost two times smaller
than in the CeO2 sample. At the same time, the parameter a of the fluorite phase of 5.406 Å
indicates the presence of CeO2 phase rather than the Ce1-xMnxO2 solid solution with the
fluorite structure, which should be characterized by a noticeable compression of the crystal
lattice due to the substitution of Ce4+/Ce3+ ions by smaller Mn4+/Mn3+ ions [48,49]. This
finding was confirmed by the Raman spectroscopy and TEM data. The Raman spectra for
CeMnOx sample contain two intense broad bands with maxima at 454 and 644 cm−1 in
the case of 532 nm laser and at 459 and 647 cm−1 in the case of 785 nm laser. In both cases,
absorption below 400 cm−1 is additionally observed as well as the additional shoulder
peaks at 495, 410, 537, 553, 590, and 620–625 cm−1 can be distinguished. The indicated
bands are caused by the individual CeO2 and Mn3O4/Mn2O3 oxides. Such finding is
consistent with the formation of undoped CeO2 according to the XRD data analysis. A
strong broadening of the bands suggests a high dispersion and/or distortion of the oxide
phases presented in the CeMnOx sample in consistency with the HRTEM results indicating
the formation a “patchwork” domain microstructure with rather small crystallite with sizes
from 1.5 to 3 nm enriched by either Mn or Ce (Figure 6). The Mn/Ce atomic ratio is ~3/1
in some domains and ~1/2 in other domains. The interplanar spaces of ~0.33 and ~0.28 nm
are primarily observed for both domain types that are typical for CeO2 fluorite-type (JCPDS
34–0394) and cubic α-Mn2O3 bixbyite structures (JCPDS 41–1442), with the latter being the
oxygen-deficient fluorite-related structure.

The Ag introduction does not affect the crystallite size of fluorite phase and does
not lead to the appearance of additional crystalline phases in the Ag/CeMnOx sample.
At the same time, the Ag introduction leads to a slight increase in the parameter a of
the fluorite-type structure up to 5.413 Å in the Ag/CeMn sample (Table 2). This finding
can be attributed to the formation of Ce3+ ions characterized by larger ionic radius (i.r.)
(i.r. = 1.28 Å for CN = 8) than for Ce4+ ions (i.r. = 0.97 Å for CN = 8 [32]). The latter can
result from the “bulk oxygen pump out” effect caused by the reverse spillover of oxygen
from CeO2 to Ag [50,51]. The Raman spectroscopy data reveal that the Ag introduction
results in some changes in the range of 500–700 cm−1, which confirms the Ce3+ formation
in ceria (appearance of the band at ~553 cm−1 assigned to the defect-induced D1 mode) as
well as indicates the change in the relative content of Mn3O4/Mn2O3 manganese oxides in
the Ag/CeMnOx sample. According to the high resolution EDX mapping, silver is rather
evenly distributed throughout the sample, with the XPS data indicating the primarily
formation of Ag+ ions dispersed on the surface or subsurface of the oxide support matrix
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(see Section 3.3 for details). In some parts, isolated silver nanoparticles are observed
(Figure S2).

Therefore, the use of the citrate method to prepare the CeMnOx support provides
the formation of fluorite-type oxide nanocomposite with the “patchwork” nanodomain
microstructure. This is caused by a good homogeneity achieved through mixing of the
initial components at the molecular level in the gel formed, with the limited solubility
of cerium and manganese oxides resulting in the system disintegration under thermal
treatment in air to form nanodomains enriched with either Mn or Ce.

3.3. Surface Composition of the SUPPORTEd Ag Catalysts

The surface composition of the Ag catalysts was additionally studied by XPS. Table 3
shows atomic ratios of the elements on the sample surfaces. According to the XPS data, the
Ce/Mn as well as Ag/Ce, Ag/Mn, and Ag/(Ce+Mn) atomic ratios on the surface of the
Ag/CeMnOx sample correspond to the nominal ones according to XRF data. This indicates
the uniform distribution of Ce, Mn and Ag in the sample, which is consistent with the
oxide support microstructure formed by the 1.5–3 nm nanodomains enriched with either
Mn or Ce and even Ag distribution over the sample revealed by HRTEM and EDX. For the
Ag/CeO2 sample, the Ag/Ce surface atomic ratio is also rather close to the nominal one,
but the Ag/Mn surface atomic ratio for the Ag/MnOx sample is significantly lower than
the nominal value. The observed deviation of the surface Ag content is associated with the
formation of rather large silver oxide particles (10–50 nm) in the samples (Figure S2).

Table 3. The binding energy Eb(Ag3d5/2), kinetic energy of the AgM4N4.5N4.5 peak, and modified
Auger parameter; AgMNN and Ag3d peak area ratio for all samples.

Sample Ag3d5/2, eV AgM4N4.5N4.5, eV α’, eV AgMNN/Ag3d

Ag/Ce 368.0 355.5 723.5 0.76
Ag/Mn 368.1 356.7 724.8 0.64

Ag/CeMn 367.6 356.1 723.7 0.57

3.3.1. Oxidation States of Cerium and Manganese

Figure 7 shows the Ce3d spectra for Ag/CeO2 and Ag/CeMnOx samples. Based on
the literature data [52], the Ce 3d spectra were fitted with several peaks corresponding
to Ce4+ (V, V′′,V′′′ and U, U′′, U′′′ peaks) and Ce3+ (V0,V′ and U0,U′ peaks) species. The
relative fraction of Ce3+ species calculated as a ratio of the V0,V′ and U0,U′ peak areas to
the one of the overall Ce3d peak was ~10% for both samples.

ο
ο

Figure 7. Ce3d spectra for Ag/CeO2, Ag/CeMnOx. The V0,V′ and U0,U′ peaks corresponding to
Ce3+ species are marked in orange color.
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To correctly interpret the manganese charging state, the Mn2p and Mn3s spectra were
analyzed (Figure 8). The Mn2p3/2 peak maximum is characterized by Eb(Mn2p3/2) = 641.4 eV.
Such Eb is often observed for Mn2O3 and Mn3O4 oxides [53,54]. Analysis of the splitting
between the Mn2p1/2 peak maximum and shake-up satellite gives ΔEsat = 10.3 eV. Such ΔEsat
value also indicates the formation of Mn2O3 and Mn3O4 oxides [55]. Analysis of the multiplet
splitting of the Mn3s spectra was also used to identify the Mn oxidation state. For Ag/Mn
and Ag/CeMnOx samples, the ΔE is ~5.4–5.6 eV (Figure 8b). According to the literature data,
such Mn3s multiplet splitting is typical for Mn2O3 and Mn3O4 oxides [53–55]. Thus, analysis
of the Mn2p and Mn3s core-level spectra indicates the preferential formation of Mn3+ species
in the composition of Mn2O3 and/or Mn3O4 oxides.

Figure 8. Mn2p (a) and Mn3s (b) spectra for Ag/MnOx and Ag/CeMnOx. To facilitate the comparison,
the intensity of the Mn2p spectrum for the Ag/Mn sample was reduced 2 times.

3.3.2. Oxidation State of Silver

To analyze the Ag oxidation state in the samples, the core-level Ag3d spectra and
Auger spectra AgMNN were collected (Figure 9). The Ag3d spectra for all samples can be
fitted with one Ag3d spin-orbit doublet peak with a binding energy of the Ag3d5/2 peak
Eb(Ag3d5/2) being in the range of 367.6–368.1 eV. The Eb(Ag3d5/2) = 367.6 eV is usually
considered characteristic of the oxidized silver species, while the Eb(Ag3d5/2) values of
~368.0 and 368.1 eV are related to the metallic silver species [56,57]. However, it is known
that the exact Eb(Ag3d5/2) value is rather sensitive to the size of the silver particles, their
interaction with the support and possible charging effects. To get reliable data on the
oxidation state of silver in the samples, the modified Auger parameter (α’) calculated as a
sum of the binding energy of Ag3d5/2 peak and the kinetic energy of M4N4,5N4,5 Auger
peak were considered. Figure 7b shows the corresponding Auger spectra. Analysis of the
α’ values (Table 3) indicates that in the Ag/MnOx sample, silver exists in the oxidized
state similar to the one in Ag2O species [56,57]. Ag/CeO2 and Ag/CeMnOx samples are
characterized by the lower α’ value. Such α’ value was detected for the Ag+ ions in the
composition of inorganic salts [33,57]. Thus, the formation of Ag+ ions dispersed on the
surface or in the subsurface region of the oxide support matrix can be proposed. The
ratio of the AgMNN and Ag3d peak areas is rather similar for all samples. Slightly higher
AgMNN/Ag3d value for the Ag/CeO2 sample might indicate higher degree of surface
localization of the silver species.
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Figure 9. Ag3d (a) and AgMNN (b) spectra for Ag/CeO2, Ag/MnOx, and Ag/CeMnOx.

3.4. Catalytic Performance

The obtained catalysts and the related support oxides were investigated in the NO SCR
with C3H6 in the temperature range from 100 to 500 ◦C using H2 2.9 vol.% as a reductant in
the reaction mixture. All the figures herein reported are related to catalytic tests carried out
in presence of hydrogen in the reaction mixture, unless differently specified.

Figure 10 shows the results of HC-SCR with propene over the Ag supported cata-
lysts. The NO conversion over these catalysts declined in as follows: Ag/CeMnOx (44%) >
Ag/MnOx (37%) > Ag/CeO2 (28%).

In the C3H6-SCR process, the Ag/CeMnOx catalyst shows a sharp increase in NOx con-
version from 250 ◦C, reaching maximum NOx conversion of 44% at 300 ◦C, and it is much
active as compared to the Ag/MnOx and Ag/CeO2 catalysts (Figure 10a). Subsequently,
the NOx conversion gradually decreases at 350 ◦C. This indicates that the combination of
Ce and Mn oxides plays an important role in improving the HC-SCR activity at low temper-
atures. Figure 10b,c show the selectivity to N2 and N2 yield in C3H6-SCR: the Ag/MnOx
catalyst exhibits the highest selectivity to N2 in the whole temperature range (250–500 ◦C)
reaching values around 97–98% between 300–500 ◦C, while the N2 yield that was close
to 35%, at 300–350 ◦C, decreases with increasing temperature (>350 ◦C) indicating that
undesired products such as N2O are formed faster at higher temperatures. Ag/CeMnOx
shows similar trend to Ag/MnOx as for the N2 selectivity at 250–300 ◦C, achieving values
close to 90%. However, it suffered a fast decline of N2 yield at T ≥ 350 ◦C. Ag/CeO2 is the
worst catalyst in terms of NO conversion and selectivity to N2.

In the temperature range of 175–500 ◦C, a high contribution due to the C3H6 oxidation
is observed for all the catalysts, with more than 80% of conversion being achieved at 175 ◦C
for the Ag/CeMnOx. By comparing the NO and C3H6 conversion curves, it emerged that
the propene oxidation by the oxygen present in the reaction mixture occurs alongside
the C3H6-SCR of NO and above 350 ◦C (when the NO conversion declines) becomes the
main reaction.

For comparison reasons, the C3H6-SCR of NO was also investigated for the CeO2,
MnOx and CeMnOx supports (Figure 11).
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Figure 10. NOx conversion (a), selectivity to N2 (b), N2 yield (c), and C3H6 conversion (d) over
Ag/MnOx, Ag/CeO2 and Ag/CeMnOx catalysts.

According to the results, CeMnOx was the most active among the investigated oxides,
although the NO conversion is relatively low in the absence of Ag particles, as can be seen
in Figure 11a. The values registered for CeO2 and MnOx are even lower than those for
CeMnOx. A similar trend was observed as far as N2 selectivity and yield. Therefore, the
results imply that Ag loading significantly improves the NO SCR.

Figures 10d and 11d show the C3H6 conversion curves in C3H6-SCR at different temper-
atures for the samples studied. For the CeMnOx and MnOx samples, the C3H6 conversion
steadily increases between 150 and 200 ◦C reaching 100% at 250–300 ◦C (Figure 11d). For
CeO2 a sharp increase occurs at 300–400 ◦C and a total C3H6 conversion is achieved only at
500 ◦C. Conversely, as above mentioned, the silver catalysts exhibit higher activity than the
corresponding supports reaching ~100% conversion at 250–350 ◦C (Figure 10d). It is worth
noting that in all cases, for Ag catalysts and the supports, CO2 was the main product detected
by the C3H6 oxidation with negligible amounts of CO (less than 1–2%), according to the
carbon mass balance. However, we cannot exclude that secondary products, such as acetic
acid (see below Scheme 1), can be formed on the catalyst surface and they are fast oxidized to
CO2.
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Figure 11. NOx conversion (a), selectivity to N2 (b), N2 yield (c), and C3H6 conversion (d) over
MnOx, CeO2 and CeMnOx oxide supports.

 

Scheme 1. Proposed scheme of NO reduction on Ag2
+ clusters.

An important aspect to consider is the presence of H2 in the NO-C3H6 reaction
mixture [27]. In fact, it is well known that the addition of H2 determines a promoting effect
on the C3H6-SCR (“hydrogen effect”) [58]. Such effect results in an increased percentages
of strongly adsorbed and decomposed nitrates on the catalyst surface and in the conversion
of these adsorbed species into –NCO and –CN, which are supported to be the key surface
intermediates for the HC-SCR reaction [59,60].

In this respect, the reaction mixture containing 2.9% of hydrogen was used as a
standard. To study the effect of hydrogen addition, the catalytic properties of Ag/CeMnOx
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and Ag/MnOx samples, as the most perspective, were studied using H2-free reaction
mixture. Figure 12 shows the results obtained. The activity and selectivity of the Ag/MnOx
catalyst were notably lower without hydrogen in all temperatures studied (see Figure 10
for comparison). Whereas, the Ag/CeMnOx catalyst shows similar catalytic performances
in the absence of hydrogen as compared with those in the presence of hydrogen.

Figure 12. NOx conversion (a), selectivity to N2 (b), and N2 yield (c) over Ag/MnOx and Ag/CeMnOx

catalysts without H2 addition in the reaction mixture. Open symbols and dash line are data registered
in presence of H2 over the Ag/CeMnOx catalyst, reported for comparison.

To study the catalyst stability, the samples were thermally aged. Figure 13 shows the
results on SCR study using standard reaction mixture obtained for aged samples. According
to the data obtained, the thermal aging results in deactivation of the Ag/CeO2 sample and
notable decrease in catalytic efficiency of the Ag/MnOx sample, while the performances of the
Ag/CeMnOx catalyst was practically unchanged, which was assigned to a rather high stability
of its phase composition and textural characteristics as compared with those of Ag/CeO2 and
Ag/MnOx samples (for details see Supplementary Materials, Tables S1 and S2).

Figure 13. NOx conversion (a), selectivity to N2 (b), and N2 yield (c) over aged Ag/MnOx, Ag/CeO2

and Ag/CeMnOx catalysts. Open symbols and dash line are data for the Ag/CeMnOx catalyst (not
aged), reported for comparison.

Thereby, the results obtained indicate that the 1%Ag/CeMnOx showed the highest
catalytic efficiency in both catalytic properties and stability among studied catalyst, with
its activity and selectivity being comparable or superior as compared with those previously
reported for 1%Ag/CeZrOx catalyst (Table 4) [27]. Thus, the 1%Ag/CeMnOx showed com-
parable NO conversion of 46% and significantly higher N2 selectivity of 86% as compared
with 50% NO conversion and 30% N2 selectivity 1%Ag/CeZrOx under H2-free conditions
those resulting in superior overall efficiency (40% N2 yield vs 15% N2 yield). The hy-
drogen addition in the reaction mixture results in notable improvement of both activity
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and selectivity of the 1%Ag/CeZrOx catalyst, with the NO conversion increasing up to
80%, N2 selectivity increasing up to 60%, and N2 yield increasing up to 48%. The effect
of hydrogen addition on the 1%Ag/CeMnOx catalyst performance was less noticeable,
with the NO conversion decreasing up to 44%, N2 selectivity increasing up to 91%, and N2
yield remaining 40%. Despite the slightly inferior overall efficiency of the 1%Ag/CeMnOx
catalyst in these conditions, it showed high stability after aging, which makes it promising
for further CH-SCR catalyst development.

Table 4. Comparison of catalytic efficiency (of the 1%Ag/CeMnOx catalysts with similar catalysts
available literature data.

Catalyst
Reaction Conditions NO Reduction Efficiency

Ref.NO,
ppm

O2,
vol.%

C3H6,
vol.%

H2,
vol.%

WHSV, mL
g−1 h−1

X(NO),
%

S(N2),
%

Y(N2),
%

1%Ag/CeMnOx 1000 10 3600 2.9 25,000 44 91 40 This work

1%Ag/CeMnOx 1000 10 3600 - 25,000 46 86 40 This work

1%Ag/CeMnOx
(aged) 1000 10 3600 - 25,000 44 90 40 This work

1%Ag/CeZrOx 700 3 700 0.5 45,000 80 60 48 [28]

1%Ag/CeZrOx 700 3 700 - 45,000 50 30 15 [28]

WHSV is the weight hourly space velocity; X(NO) is NO conversion, S(N2) is N2 selectivity and Y(N2) is yield.

As previously discussed and reported in literature [58], different Ag species such as
isolated silver cations (Ag+), oxidized silver clusters (Agn

δ+), and metallic silver clusters
(Agn

0) can been observed in the Ag catalysts and HC-SCR catalysts; the oxidized silver
species (Ag+ and/or Agn

δ+) play an important role, in fact they are proposed to be the
active species in the NO-SCR reaction with propene, whereas the Agn

0 metallic clusters
are responsible for the nonselective oxidation of hydrocarbons. Thus, NO adsorption with
dimer formation was shown to be favourable on the supported silver Ag2

+ clusters followed
by its reduction with HC or alcohol to form N2 and N2O [61]. The NO reduction activity
was clarified to be controlled by partial oxidation of C3H8 mainly to surface acetates [59].
Scheme 1 presents the proposed scheme of NO reduction on Agn

δ+, specifically Ag2
+,

clusters based on the literature data.
Based on the so far reported literature, the catalytic performance of supported Ag

catalysts is controlled by many factors, including morphological, structural and electronic
ones. In the present work, the citrate sol-gel method has produced a mixed oxide CeMnOx
(with molar ratio Ce/Mn = 1) with “patchwork” nanodomain microstructure, where silver
is uniformly distributed as Ag+ and/or Agn

δ+ species that are supposed provide NO
adsorption to form N2O2 dimers that are subsequently reduced with propylene to form
N2 at low temperatures. At high temperatures (>300 ◦C), the competitive total propylene
oxidation seems to lead to the decrease in the catalyst activity in the NO reduction.

4. Conclusions

The Ag/CeO2, Ag/MnOx, and Ag/CeMnOx catalyst with 1 wt.% Ag were success-
fully prepared using a combination of citrate sol-gel method for support synthesis and
incipient wetness impregnation with [Ag(NH3)2]NO3 aqueous solution to deposit the
active component. The used approaches provided the formation in the CeMnOx of a charac-
teristic “patchwork” domain microstructure that along with the presence of well dispersed
Ag+/Agn

δ+ species strongly interacting with the support, produced a catalyst with higher
NO-SCR performance and perfect stability compared to Ag/CeO2 and Ag/MnOx systems,
achieving 44% NO conversion at 300 ◦C under a WSHV of 25,000 mL g−1 h−1 and selectiv-
ity to N2 close to 90%. At temperatures above 300 ◦C, a high contribution from the C3H6
oxidation was observed for all catalysts. Since it is well agreed that for an efficient NO SCR
catalyst it is required to increase the NO conversion values and to expand the temperature
range of operation, it can be concluded that this achievement may be associated with the
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investigation of different Ag loadings and as well with the decrease of CeO2 molar fraction
in a CeMnOx mixed oxide, while maintaining its microstructure.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13050873/s1, Figure S1: HAADF STEM (a) and high resolution
EDX mapping of indicated region (b) for the Ag/MnOx sample; Figure S2: HRTEM image (a) and
high resolution EDX mapping (b) for the Ag/CeMnOx sample. Table S1: Specific surface area
(SSA) and total pore volume (V) of supports and catalysts determined by low-temperature nitrogen
adsorption/desorption data; Table S2: Phase composition of aged samples and characteristics of their
crystalline phases according to XRD data.
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Abstract: This life cycle assessment (LCA) study focused on comparing the environmental per-
formances of two types of synthesis strategies for polyethyleneimine (PEI) coated silica particles
(organic/inorganic composites). The classic layer-by-layer and the new approach (one-pot coacervate
deposition) were the two synthesis routes that were tested for cadmium ions removal from aqueous
solutions by adsorption in equilibrium conditions. Data from the laboratory scale experiments for
materials synthesis, testing, and regeneration, were then fed into a life cycle assessment study so
that the types and values of environmental impacts associated with these processes could be cal-
culated. Additionally, three eco-design strategies based on material substitution were investigated.
The results point out that the one-pot coacervate synthesis route has considerably lower environ-
mental impacts than the layer-by-layer technique. From an LCA methodology point of view, it is
important to consider material technical performances when defining the functional unit. From a
wider perspective, this research is important as it demonstrates the usefulness of LCA and scenario
analysis as environmental support tools for material developers because they highlight environmental
hotspots and point out the environmental improvement possibilities from the very early stages of
material development.

Keywords: one-pot coacervate deposition; layer-by-layer deposition; inorganic/organic composites;
life cycle assessment; eco-design

1. Introduction

The discharge of a wide variety of pollutants into the aquatic environment from an-
thropogenic activities (i.e., agricultural, industrial, and urban waste) causes many concerns
in relation to water resource quality, ecosystems, and human health [1]. Among the various
water pollutants, heavy metal ions [2], pharmaceuticals [3,4], pesticides [5], dyes [6], and
halogenated flame retardants [7] are part of the priority/emerging pollutants and are
characterized by low concentrations (in the ng/L and μg/L range), toxicity, carcinogenic
and mutagenic effects, and bio-accumulative behavior. These characteristics can generate
significant impacts both on human health and living organisms in the aquatic environment
and pose significant challenges for water/wastewater treatment technologies [8]. Numer-
ous water and wastewater treatment processes have been developed and employed for
their removal or destruction, for example, membrane processes [9–11], ion exchange [12],
coagulation and flocculation processes [13], adsorption on different sorbents [14,15] and
oxidation processes [16,17]. Due to cost-effectiveness, high efficiency, and ease of opera-
tion, adsorption is one of the most attractive and applied technologies worldwide [2,18].
Traditional sorbents, such as activated carbon, zeolites, clays, etc., are often incapable of
providing high removal efficiencies of these pollutants due to their relatively low sorption
capacity [18]. To improve the sorbent’s performance, nanotechnology is used to shape or
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modify materials based on carbon, bio-materials, metal oxides, silica, engineered nano-
materials, magnetic and non-magnetic nanoparticles, and nanocomposites [14,19]. These
novel materials have unique properties such as high adsorption capacity, large surface area,
surface-free energy, stability, selectivity, and reusability [20,21].

Many studies have investigated the performance of using composite materials for
water and wastewater treatment. For example, Menazea et al. [22] studied the interaction
between the chitosan/graphene oxide composite and divalent heavy metals (Ni2+, Cu2+,
As2+, Cd2+, and Pb2+) as an effective removal from wastewater. The results indicate that
graphene improves the stability of chitosan and its adsorption reactivity for heavy metal
ions. Senguttuvan et al. [6] prepared a polypyrrole/zeolite nanocomposite by chemical
oxidation and obtained good removal efficiency of reactive blue and reactive red from the
synthetic solution.

To enhance their sorption capacity and selectivity, the surface of such sorbents needed
to be functionalized with organic or inorganic reagents to provide adsorption sites [20].
For example, the silica microparticles surface was modified with a high number of amino
(–NH2) and carboxylic (–COOH) groups of polyelectrolytes [23], while magnetite (Fe3O4)
nanoparticles were functionalized with thiol (–SH) and carboxylic (–COOH) groups using
meso-2,3-dimercaptosuccinic acid [24]. Depending on the functional groups of nanocom-
posite sorbents, different interaction mechanisms with pollutants can occur, for example,
electrostatics, coordinative bonds, and hydrophobic forces.

With respect to their synthesis, different methods were used to obtain nanocomposite
sorbents, which were able to interact with inorganic/organic pollutants based on a com-
bination of their structural durability and functional group availability. Nosike et al. [25]
synthesized via one deposition a new mercury sorbent based on a zeolitic imidazolate
framework (ZIF-90) assembled onto the poly(acrylic acid) (PAA) capped Fe3O4 nanoparti-
cles and cysteine. The sorbent exhibited fast kinetics and a good sorption capacity for Hg2+.
Based on the emulsion templating concept, Semenova et al. [26] developed nanocompos-
ite particles of polyethylenimine (PEI)–silica and investigated the adsorption capacity of
copper ions. PEI-silica nanocomposites exhibit a great adsorption capacity for inorganic
metals due to a large number of functional groups. Bucatariu et al. [27] fabricated the same
type of composite utilizing a layer-by-layer (LbL) technique in which PEI and the PAA or
PEI4-Cu complex and PAA were alternately deposited and cross-linked with glutaralde-
hyde (GA) onto silica microparticles. The obtained multilayered composites were used in
multiple sorption cycles for copper ions (Cu2+) from an aqueous solution. The sorption
experiments showed that the amount of loaded Cu2+ was dependent on the amount of the
organic part, while the kinetics of sorption depended more on the number of functional
groups available inside the (PEI)n film. Moreover, some review articles briefly present the
nanocomposite sorbents used in water and wastewater remediation [21] and recent devel-
opments in the synthesis and characterization of composites based on polyelectrolytes [28].
Alternatively, Khan et al. [29] investigated the usage of green nanosorbents for the removal
of pharmaceutical contaminants in water and wastewater systems.

However, most of these novel nanocomposite sorbents are still being studied on a
laboratory scale. Furthermore, their potential environmental performance has not been
sufficiently studied. Subsequently, there is a knowledge gap on the production feasibility,
environmental performance, emissions, wastes, impacts on human health, and the develop-
ment guidelines for these innovative materials. The development of these nanomaterials
should be in accordance with the principles of sustainable development and green chemistry
(waste prevention, design and use of safer chemicals, use of renewable energy and raw
materials, and use of less hazardous chemicals) [8,30]. In order to support these princi-
ples and to evaluate environmental performance, life cycle assessments (LCA) could be
applied. LCA enables the identification and quantification of the impacts generated on the
environment, human health, as well as resources and emissions throughout the life span
of a product or service (i.e., from raw material extraction, production, use, and disposal,
including recycling and reuse) [31].
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A recent study proposed and investigated how scenario-based LCA may be used to
forecast potential environmental impacts and sustainability hot spots during the design
and synthesis phases of two LbL synthesis routes to develop silica//PEI microparticles [8].
From then, the available literature found only a few LCA studies to evaluate the synthe-
sis of nanocomposite sorbents for water/wastewater remediation. For instance, Lawal
et al. [32] investigated the impact that was generated by the synthesis of hexagonal boron
nitride-magnetite (Fe3O4) nanocomposites when used as adsorbents for the removal of
Cr(VI) ions from aqueous solution, while Garcia-Gonzalez et al. [33] performed an LCA
study to determine the environmental impacts associated with the production of silicate-
titanate nanotube chitosan beads, the usage to remove cadmium from wastewater, and
for recycling. The studies highlighted that electricity and chemical consumption were the
main inputs contributing to the total impact at a laboratory scale production. However,
most studies define approaches and strategies for safe design in the early production of
innovative materials in the area of nanotechnology through LCA or combining LCA with
risk assessment and socio-economic assessment [34–36].

The objective of this study is to investigate how LCA can be used to evaluate and
compare the environmental performance of two synthesis routes to obtain nano-structured
materials containing an inorganic silica core that is coated with cross-linked PEI. The
two synthesis strategies are layer-by-layer polymer deposition and one-pot coacervate
deposition. Our investigation considers the very early stages of product development
and is aimed at identifying, quantifying, and comparing the environmental impacts that
may arise from the chemicals, synthesis operations, and processes by means of LCA.
Initial product testing (removal of Cd2+ ions from synthetic wastewater by adsorption at
equilibrium) and sorbent regeneration are also included in the LCA analysis and used
to define a comprehensive functional unit that could depict environmental impacts more
objectively. Another study objective is to develop and use these early environmental profiles
to investigate several scenarios related to the eco-design of these materials. This study
brings new insight into how LCA can be used as a material design instrument that enables
the evaluation of environmental aspects related to nanostructured material synthesis by
comparing two different synthesis routes and evaluating three eco-design criteria.

2. Materials, Methods and Methodology

2.1. Composite Material Synthesis, Characterization and Testing

From a technical point of view, the synthesis goals were to obtain organic/inorganic
composite materials that would combine the structural stability of inorganic support with a
polymeric phase with a high affinity for heavy metal ions and other pollutant species. For
this purpose and considering our previous experience [2,8,27,37], the silica microparticles
have been used as inorganic support, and where the solid surface was covered (by two dif-
ferent methods) with the polymeric phase: (1) the layer-by-layer deposition of water-soluble
PEI and PAA and (2) direct deposition of the organic part using an innovative one-pot
interpolyelectrolyte coacervate precipitation, with less material and energy consumption
and lack of toxic by-products formation, as presented in Figure 1.

In the layer-by-layer technique, polyelectrolyte films are alternatively deposited on
silica microparticles. The procedure consists of introducing the silica core particles (4 g) in
200 mL of a PEI (Mw = 25,000 g·mol−1) aqueous solution (5·10−3 mol·L−1, pH = 9.5) for
1 h at room temperature, then by washing them in distilled water to remove the excess
polycation and then introducing the newly formed silica/PEI composite in 200 mL of PAA
(Mw = 10,000 g·mol−1) solution (5·10−3 mol·L−1, pH = 3.5). Finally, particles are thoroughly
rinsed again with ultrapure water. This procedure was repeated until nine polymer layers
were deposited onto the silica surface, forming the silica//(PEI/PAA)4.5 composite.
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Figure 1. Inorganic/organic composite synthesis routes (adapted with permission after [2]; copyright
2022, Elsevier).

In the second strategy, the coacervate was generated in situ by the non-stoichiometric
combination of PEI, used as polycation, and PAA or with poly(sodium methacrylate)
(PMAA) (Mw = 1800 g·mol−1), used as polyanions.

The second step of the one-pot synthesis through the in situ precipitation of the
coacervate is similar to the LbL technique and consists of a chemical cross-linking reaction
(in presence of glutaraldehyde, GA) at two different molar ratios between the aldehyde
and amino groups, which yielded two cross-linking degrees (r = 0.1 and r = 1). The last
synthesis step was the extraction of the unreacted polymeric cations (PEI) and anions (PAA
or PMAA) from the cross-linked organic shell in a strongly basic medium.

These materials were tested in single-element sorption experiments, which targeted the
removal of Cd2+ ions from aqueous solutions [2]. The influence of different parameters was
investigated and enabled the estimation of the experimental maximum sorption capacity, as
presented in Table 1 [2]. Subsequently, these data were used to calculate the functional unit
(mg ions Cd2+ removed). It has to be noted that a total of eight nanostructured composites
have been obtained by layer-by-layer and four by one-pot synthesis, respectively, but the
LCA analysis only includes the materials with the best removal efficiency for Cd2+ ions
(which are bolded in Table 1).

Table 1. Synthesis routes and experimental data (adapted from [2]).

Synthesis
Method

Composite
Material

r

Thermogravimetric Analysis Experimental Data

IsothermOrganic
Content, %

Calculated Maximum
Sorption Capacity,

mg Cd2+/g Composite

Maximum Sorption
Capacity, mg Cd2+/g
Composite Material

LbL IS/(PEI/PAA)4.5 0.1 4.2 27.449 16.0 Sips
One-pot IS/(PEI-PAA)c 0.1 10.8 70.583 67 Toth
One-pot IS/(PEI-PMAA)c 0.1 15.7 102.607 69.6 Toth

LbL IS/(PEI/PAA)4.5 1 10.1 66.008 26.67 Toth
One-pot IS/(PEI-PAA)c 1 20.8 135.938 82.8 Toth
One-pot IS/(PEI-PMAA)c 1 15.5 101.300 76.2 Toth
One pot Q/(PEI/PAA)c 0.1 3 19.606 6 Toth

Note: IS—inorganic silica core, Q = quartz sand, PEI—polyethyleneimine, PAA—Polyacrylic acid, PMAA—
poly(sodium methacrylate), c—coacervate, r—aldehyde to amino molar ratio.
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2.2. Life Cycle Assessment Methodology
2.2.1. Goal and Scope Definition

The goal of the LCA analysis was to evaluate the potential environmental impacts
caused by the production and use of nano-structured composite materials obtained by LbL
and one-pot synthesis routes, which were subsequently used for the removal of Cd2+ ions
from aqueous solutions. The analysis uses a cradle-to-gate approach which includes the
following foreground processes: laboratory-scale synthesis processes for inorganic/organic
composites and testing (adsorption) processes for the removal of Cd2+ ions from synthetic
wastewaters. Testing has included repeated sorption/desorption cycles to evaluate the loss
of the adsorbent and the evolution of the sorption capacity after repeated cycles. Testing
data were used to compute the functional unit for the LCA study. The background system
included processes for chemicals and energy production. The analysis did not include
transport and disposal processes. Two functional units were defined and used to compare
the two synthesis methods, i.e., 1 g of synthesized and purified composites to focus on
the synthesis steps, and 1 mg of Cd2+ ions were removed to evaluate the heavy metal ion
removal efficiency, which is the main functionality of the engineered materials.

2.2.2. Life Cycle Inventory

The life cycle inventory (LCI) data of the inorganic/organic composite materials
synthesis was obtained during the laboratory scale experiments, as well as during their
testing. The LCI data for the foreground system included primary data generated in the
synthesis and testing procedures (repeated cycles of sorption Cd2+ ions sorption followed
by sorbent regeneration), as presented in Table 2. The background system incorporates the
production of electricity (considering the Romanian electricity mix), chemical production,
and wastewater treatment, and these data were sourced from the Ecoinvent 3.3 database.
As no additional co-products were obtained from the syntheses, all the environmental
impacts were allocated to the obtained inorganic/organic composites.

Table 2. Inventory data per 1 g of silica//PEI composites.

No Inventory Entries
IS/(PEI/PAA)4.5

(r = 0.1 LbL)
IS/(PEI-PAA)c

(r = 0.1 One Pot)
Comments/Ecoinvent Process

Composite material g 1 1
Materials/fuels

1 Silica particle g 0.99 0.99 SiO2 sol gel method
2 Ultrapure water g 2120 123.6 Water, ultrapure, at plant/GLO U
3 Poly(ethyleneimine) mg 43 51 Ethylenediamine
4 Poly(acrylic acid) mg 56 456 PAA-water dispersion (by radical polymerization)
5 Glutaryc anhydride g 0.0135 0.06 Acetic anhydride from acetaldehyde

7 Sodium hydroxide g 1.6 1.28 Sodium hydroxide
(50% NaOH)

9 Hydrochloric acid g 0.365 0.292
Emissions to water

10 Amine, tertiary g 0.01075 0.0102
11 Glutaraldehyde g 0.05 0.012

12 Chemically polluted
water g 162.5 123.6

13 Acrylic acid g 0.09 0.0092

Usually, to compile LCI, databases (e.g., Ecoinvent) are used because they provide
easy-to-use data and comprise average data for the large-scale production of chemicals [38].
This, however, is of little help in the case of the particular lab-scale syntheses of highly
engineered materials because these use special chemical compounds or special manufac-
turing synthesis (fine chemicals), which are not usually covered in these databases or are
not scope-adequate in terms of their input/output structure or associated environmental
impacts. To overcome these uncertainties, some of the inventory entries have been modeled
individually in accordance with previous research studies [38,39]. PEI was modeled based
on several data available in Eco-invent (ethylenediamine and ring opening polymerization
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of aziridine); for the poly(acrilic acid), a radical polymerization reaction was modeled
based on Zahran et al. [40] and Ristic et al. [41], while the glutaraldehyde was modeled as
acetaldehyde. The silica particles used in the synthesis were commercially available, but
they were modeled considering a sol-gel co-precipitation reaction protocol [42]. The output
flows from these synthesis processes refer to the excess materials which were modeled as
waterborne pollutants.

LCI analysis based on the data in Table 1 clearly shows that the one-pot synthesis
route significantly uses fewer chemicals (with one magnitude order smaller values). With
respect to the quantities used to obtain 1 g of nanocomposites, it may be noticed that the
silica core particle accounted for 99% of the particle mass, and the ultrapure water which
was used for repeated rinses (in the case of the LbL synthesis) was the chemical with the
highest used quantity.

2.2.3. Life Cycle Impact Assessment

The life cycle impact assessment (LCIA) was performed according to the
ISO 14040:2006 [43,44] recommendations at the level of classification and characteriza-
tion steps by using the ReCiPe 2016 method at the midpoint. This LCIA method includes
18 impact categories [45]. SimaPro 9.1.0.11 software was used to compile the inventory
and to perform the life cycle impact assessment. LCIA has considered the cradle-to-gate
approach as previously presented and covered by the inventory description. Current LCIA
methodologies do not account for the environmental impacts that are related to nanomate-
rials release into the environment because there is a lack of characterization factors, fate,
and toxicity data related to these compounds.

3. Results and Discussion

3.1. Environmental Profiles

The two synthesis routes for the composite materials are very similar in terms of the
chemicals involved but pretty different considering the operational steps they involve.
The layer-by-layer technique comprises a series of successive submersions of particles in
solutions and mild agitation and rinsing with ultrapure water, while the one-pot method
only employs a single step for the polymeric coating of the inorganic support particle. It
is important to note that no electricity or heating is required for any of these synthesis
routes. One of the main advantages of these materials is that their synthesis occurs at a
normal temperature and that no organic solvents are required, as PEI and PAA are among
the water-soluble polymers. Considering the inventory modeling as presented before, the
general environmental profiles for two similar particles are presented in Table 3.

Table 3. Environmental impacts of composite silica/PEI materials (per functional unit).

Impact Category Unit Symbol
Impacts Per 1 g

IS/(PEI/PAA)4.5—
r = 0.1 (LBL)

Impacts Per 1
g IS/(PEI-

PAA)c—r = 0.1
(One-Pot)

Impact
Ratio
One

Pot/Lbl

Impacts Per 1 mg
Cd2+ Removed

byIS/(PEI/PAA)4.5—
r = 0.1 (LBL)

1 mg Cd2+

Removed by
IS/(PEI-PAA)c—

r = 0.1
(One-Pot)

Impact
Ratio
One

Pot/Lbl

Global warming kg CO2 eq CC 6.93 × 10−2 6.94 × 10−2 100.2% 4.33 × 10−3 1.04 × 10−3 23.9%
Stratospheric

ozone depletion kg CFC11 eq OD 3.45 × 10−8 3.40 × 10−8 102.0% 2.07 × 10−9 5.05 × 10−10 24.4%

Ionizing
radiation kBq Co-60 eq IR 3.46 × 10−3 3.40 × 10−3 98.1% 2.16 × 10−4 5.07 × 10−5 23.4%

Ozone formation,
Human health kg NOx eq OF-HH 5.21 × 10−4 5.20 × 10−4 99.9% 3.25 × 10−5 7.77 × 10−6 23.9%

Fine particulate
matter formation kg PM2.5 eq PM 1.37 × 10−4 1.38 × 10−4 100.6% 8.59 × 10−6 2.06 × 10−6 24.0%

Ozone formation,
Terrestrial
ecosystems

kg NOx eq OF-
ECO 7.58 × 10−4 7.58 × 10−4 100.0% 4.74 × 10−5 1.13 × 10−5 23.9%

Terrestrial
acidification kg SO2 eq TA 2.92 × 10−4 2.94 × 10−4 100.7% 1.82 × 10−5 4.39 × 10−6 24.0%

Freshwater
eutrophication kg P eq FE 5.69 × 10−5 3.17 × 10−5 55.8% 3.56 × 10−6 4.74 × 10−7 13.3%
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Table 3. Cont.

Impact Category Unit Symbol
Impacts Per 1 g

IS/(PEI/PAA)4.5—
r = 0.1 (LBL)

Impacts Per 1
g IS/(PEI-

PAA)c—r = 0.1
(One-Pot)

Impact
Ratio
One

Pot/Lbl

Impacts Per 1 mg
Cd2+ Removed

byIS/(PEI/PAA)4.5—
r = 0.1 (LBL)

1 mg Cd2+

Removed by
IS/(PEI-PAA)c—

r = 0.1
(One-Pot)

Impact
Ratio
One

Pot/Lbl

Marine
eutrophication kg N eq ME 6.14 × 10−6 2.81 × 10−6 45.7% 3.84 × 10−7 4.19 × 10−8 10.9%

Terrestrial
ecotoxicity kg 1,4-DCB TTOX 1.36 × 10−1 1.37 × 10−1 101.0% 8.48 × 10−3 2.05 × 10−3 24.1%

Freshwater
ecotoxicity kg 1,4-DCB FTOX 1.46 × 10−3 1.46 × 10−3 99.9% 9.11 × 10−5 2.17 × 10−5 23.8%

Marine
ecotoxicity kg 1,4-DCB MTOX 2.04 × 10−3 2.05 × 10−3 100.6% 1.27 × 10−4 3.06 × 10−5 24.0%

Human
carcinogenic

toxicity
kg 1,4-DCB HC-

TOX 2.05 × 10−3 2.03 × 10−3 99.3% 1.28 × 10−4 3.03 × 10−5 23.7%

Human
non-carcinogenic

toxicity
kg 1,4-DCB HNonC-

TOX 4.05 × 10−2 4.08 × 10−2 100.7% 2.53 × 10−3 6.08 × 10−4 24.0%

Land use m2a crop eq LAND 1.97 × 10−3 1.96 × 10−3 99.7% 1.23 × 10−4 2.93 × 10−5 23.8%
Mineral resource

scarcity kg Cu eq MIN 1.10 × 10−4 1.10 × 10−4 100.2% 6.88 × 10−6 1.65 × 10−6 23.9%

Fossil resource
scarcity kg oil eq FOS 2.87 × 10−2 2.87 × 10−2 100.0% 1.79 × 10−3 4.28 × 10−4 23.9%

Water
consumption m3 WAT 1.12 × 10−2 9.17 × 10−3 81.9% 7.00 × 10−4 1.37 × 10−4 19.6%

The data in Table 3 present the environmental impact values that were obtained by
considering each functional unit of the LCA study (1 g composite material obtained and 1 mg
Cd2+ ions removed). If one compares these environmental profiles on a g/g basis, it may
be observed that the two syntheses routes generate similar impact values in most impact
categories, with some difference in the freshwater and marine eutrophication and water use
categories, where the one-pot synthesis route had less than half of the impacts conducted by
the layer-by-layer route. If we refer to absolute impact values, 1 g of the composite material
generates about 0.069 kg CO2 eq in the climate change category, 0.134 kg 1,4-DCB in the
terrestrial eco-toxicity category and 9.1–11.2 L of water in the water use category.

When comparing the composites considering the other functional unit (mg Cd2+ ions
removed), it is clear that the one-pot synthesis generates considerably lower impacts than
the layer-by-layer method; one-pot composites generate only around 24% of the LbL
impacts, with the exception of the eutrophication categories, where the impacts are even
less (10.9 and 13.3 %).

In Figure 2, the impact profile structure for obtaining composite materials is presented.
The two impact profiles are similar, with the most important contributor being the silica
core particle in most of the categories. This is, of course, due to the very high proportion
(99%) of the silica core in the overall mass of the composite particles.

(a) (b)

Figure 2. Environmental profile structures of the composite materials (a). LbL- IS//(PEI/PAA)4.5

(r = 0.1); (b) One-pot IS//(PEI/PAA)c (r = 0.1).
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To better understand the contribution of other chemicals in the environmental pro-
files, in Figure 3, only the contribution of the polymeric part of the synthesized materials
is displayed.

(a) (b)

Figure 3. Environmental profile structures of the polymeric particle coating materials (a). LbL-
IS/(PEI/PAA)4.5 (r = 0.1); (b) One-pot IS/(PEI/PAA)c (r = 0.1).

By analyzing the impact profile structures presented in Figure 3, one may notice that for
the composite particles obtained by LbL (Figure 3a), the most important contributor is the
use of ultrapure water, which has the highest impact in all categories, except on freshwater
toxicity FTOX 9.8%. This is due to the fact that ultrapure water is used in large volumes
for dilutions and repeated rinses in the case of LbL synthesis. Ultrapure water impacts
are largely due to electricity use for its production and, as presented in Figure 3a, has the
highest contribution in the marine (ME) and terrestrial (TE) eutrophication categories (over
99% of the total impact).

In addition to ultrapure water use, hydrochloric acid, and sodium hydroxide are also
important contributors in both syntheses. These chemicals are used for the extraction
of unreacted polymeric species and have a much higher impact than the actual species
involved in obtaining the nanostructured materials, which only have minor contributions
to the general impact profile.

In the case of the composites obtained by the one-pot route (Figure 3b), the PEI
generated between 5.3 % (WAT) and 79.8% (TE) for most of the categories, making it the
most important contributor among the chemicals. The second most important contributor
was hydrochloric acid which, similarly to the PEI, generated high impacts in almost all
categories. Hydrochloric acid was used as a pH regulator in the single-step synthesis and
as an extractor for the unreacted PEI and PAA.

We may notice that the actual synthesis processes had only minor contributions in the
toxicity-related categories, and this was due to the wastewater volumes generated after the
nanostructured composite particles were rinsed and purified. These impacts account for a
maximum of 71.7% for the LbL method and 5.1% for the one-pot route in the freshwater
toxicity category (FTOX).

By analyzing these environmental profiles, it is possible to identify major contributors
to different impact categories. The next step in this analysis would be to identify where
changes should be made in the syntheses chain of operations. For this, in Figure 4, the
individual contribution of each synthesis step is presented for the layer-by-layer deposition
(Figure 4a) and the coacervate deposition (one-pot) synthesis (Figure 4b). These profiles
exclude the contribution of the core silica particle because it was clear that these had the
most important share in the total impact (Figure 2). The profiles in Figure 4a depict a greater
impact of the actual synthesis step in the case of the layer-by-layer deposition method,
as compared to the extraction and crosslinking phases. This situation is due to the large
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quantities of water which were used to rinse the nanostructured composite particles after
each layer deposition.

(a) (b)

Figure 4. Environmental impacts induced by the synthesis steps (a). LbL deposition; (b) One-
pot synthesis).

In the case of the one-pot route, there is a more balanced distribution of impacts
across categories between the synthesis and extraction process, while the crosslinking
demonstrated a slightly higher share (Figure 4b).

3.2. Eco-Design Scenarios

The environmental analysis results, which were presented in the previous section,
indicate the most important impact contributors that were used as a rationale for studying
a series of eco-design scenarios aimed at minimizing the environmental impacts of the
one-pot synthesis route. The LbL route has been excluded because it clearly had the worse
environmental performance compared to the one-pot method (Table 1). Therefore, focusing
on the one-pot reaction route, the scenarios are considered in their potential to replace some
of the chemicals in the following sequence.

• Scenario 1: Replacing the silica support particle with inert (quartz) sand.
• Scenario 2: Changing the crosslinking agent concentration (CH2 to NH2 ratio from 1

to 0.1)
• Scenario 3: Replacing Poly(acrylic acid) with sodium poly(metacrylate).

Scenario 1 considers the replacement of the highly engineered silica support particles
with simpler inert quartz particles. To investigate this scenario, the one-pot synthesis
route was used to obtain a batch composite quartz/polymeric sorbent starting from a
batch of selected sand (70 microns) which was coated with a PEI/PAA polymer in a
similar fashion to the silica-cored materials [46]. This composite material was characterized
and tested, and it showed very promising results in terms of polymeric content (approx.
3% wt), including very good stability (loss of sorption capacity of approximately 7% after
5 repeated sorption cycles of Cu2+ ions), and a good sorption capacity for Cd2+ ions
(6 mg Cd2+ ions/g composite material). Compared to the previous attempts of synthesizing
quartz-cored particles through the LbL method [37], these results were very promising
from an operational point of view. However, if we compare the environmental impacts
generated in scenario 1 with a reference situation given by a correspondent silica core
particle, as presented in Figure 5, one may notice that the environmental situation does
not improve.
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(a) 

 
(b) 

Figure 5. Environmental impacts according to the reference case and Scenario 1 (a). Actual impact
values (b). Probability distribution of differences between the reference case (IS/(PEI/PAA)c (r = 0.1)
and Scenario 1 (quartz/(PEI/PAA)c (r = 0.1)).

On the contrary, in most categories, the impacts increased because, on the one hand,
the inert quartz-cored composite had a considerably lower retention capacity for cadmium
ions (albeit much better than the previous LbL attempt), and, on the other hand, the specific
impact profile had some high impacts (mainly due to electricity which is used in the initial
sieving of the sand particles). Scenario 1 generated slightly lower impacts in the following
categories: ozone formation (−14%), freshwater ecotoxicity (−45%), marine ecotoxicity
(−10%), human non-carcinogenic toxicity (−13%), and land use (−52%).

It has to be noted that because these profiles are based on laboratory-scaled data, a
high degree of uncertainty characterizes these scenario results. Uncertainty was evalu-
ated by means of a Monte Carlo analysis (1000 rounds), which enabled the estimation
of confidence intervals for the most likely impact value (usually the mean or median,
depending on the fitted probability distribution), as well as some statistic parameters which
describe the goodness of approximation. The uncertainty analysis is based on default
standard uncertainty values as presented in the EcoInvent 3.3 database for background
processes, while for the foreground data (used to compile the life cycle inventories), specific
uncertainties were estimated as 10% of the coefficient of variability for each measure. In
some cases, greater variability was considered. For example, by considering a uniform
distribution of electricity-related variability (e.g., a 0.5, 1.0, or 1.5 kW powered motor for the
sieving device), a very high uncertainty was obtained, especially in the impact categories
related to electricity use (IR—ionizing radiation, FE—freshwater toxicity and HC_TOX
human carcinogenic toxicity), as presented in Figure 5 where uncertainty is depicted as the
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95% confidence interval for each impact category. This very high uncertainty hinders a
comparison with the reference case, especially where the impact values of the compared
situations (including the lower confidence limit) are similar. To overcome this drawback, a
comparative Monte Carlo analysis includes that in which the runs estimate the probability
that one event is more likely to occur than another based on individual variability data.
Such a comparison is presented in Figure 5b, where the blue (negative) represents the
probability that the reference case has lower impacts than Scenario 1, and the red bar
(positive) represents the probability that the reference case is higher than Scenario 1. It was
thus possible to make a clear distinction among the impact categories that were affected by
the highest uncertainty: in the IR category, there was only a 0.4% chance that Scenario 1
would have a higher impact than the reference situation, while in the human carcinogenic
toxicity category, this probability was 1.4%.

Scenario 2 considers reducing the concentration of the crosslinking agent with a
10-fold factor in an attempt to avoid strong composite cross-linking, which could generate
a slightly looser polymeric layer over the core particle. Strong crosslinking is generally
associated with the strong packing of polymeric chains, which translates into less acces-
sibility for pollutant species to reach active sorption sites but improves the superficial
density of functional groups [28,47]. On the contrary, low composite cross-linking degrees
(e.g., 1:10) can improve the accessibility for active functional groups while lessening the
stability of the organic layer. The environmental profiles that were presented previously
demonstrated that the impact share of the crosslinking agent (glutaraldehyde) was small
in all impact categories; therefore, whatever environmental benefit would this change
create, it would come from improving the technical performance of the product. This was
confirmed experimentally and can be observed in Table 1, where all the maximum sorp-
tion capacities increased when the crosslinking concentration increased (when comparing
similarly structured materials).

In Figure 6, a comparison between a reference case which considers the removal
of Cd2+ ions through sorption on particles with a 0.1 crosslinking ratio (CH2 to NH2-
concentration), and Scenario 2, which considers the use of the same type of particle, but
with a much higher crosslinking ratio (1:1) shows that from an environmental point of view,
it is worth cross-linking the polymeric chains at stronger values, as the impacts decrease.
By using a more concentrated crosslinking agent (1 M glutaraldehyde), it is possible to
decrease environmental impacts by approximately 35% in all categories. This is because, in
this case, both situations have similar uncertainties in terms of values, and an uncertainty
analysis is not required.

Figure 6. Scenario 2 vs. the reference case comparison of environmental impacts.
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In Scenario 3, the replacement of the PAA with PMAA was studied. The results
presented in Figure 7 demonstrate that by making this change, it is possible to have lower
impact values from 7.91 to 9.26% in all categories, except for water consumption, where
this difference was 14.33%.
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Figure 7. Scenario 3 vs. the reference case comparison of environmental impacts.

4. Conclusions

This study showcases how life cycle assessment can be used to evaluate the eco-design
options for early-stage material development and engineering while allowing the environ-
mental sustainability of novel materials when used for wastewater treatment processes
to be evaluated. This LCA study is focused on the comparison of the technical and envi-
ronmental performances of two types of synthesis strategies for PEI-coated silica particles
(organic/inorganic composites), which were tested for Cd2+ ion removal from aqueous
solutions. Laboratory experiments of materials] synthesis and testing (consisting of re-
peated cycles of pollutant loading and sorbent regeneration) enabled the identification
and quantification of types and values of environmental impacts that were associated
with these processes, and three eco-design strategies based on materials substitution were
investigated. Concretely, the silica-core particle was found to have the most important
contribution to the overall environmental impact profile. The scenario which had con-
sidered replacing the highly engineered porous silica core particle with a simpler quartz
sand particle did not lead to better environmental performances, despite its promising
functional performance. This evaluation demonstrated that the material functionality, as an
expression of its technical performance, represented a key aspect in the representation and
estimation of the environmental performance of novel materials. From a practical point of
view and from the perspective of the material developer, it is important to consider as early
as possible in the product development process the eco-design criteria that can evaluate
the prospective environmental sustainability of novel materials. At the same time, the LCA
results have pointed out that aspects such as functional unit definition, inventory data gaps,
data estimation, and associated uncertainties have to be carefully considered and analyzed
when interpreting the LCA results. Further research should include the investigation of
environmental impacts that are associated with the nano-structured particles released in
the environment, which are likely to occur during the use and post-use phases of their
life cycle.
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Abstract: In recent years, research has focused on developing materials exhibiting outstanding me-
chanical, electrical, thermal, catalytic, magnetic and optical properties such as graphene/polymer,
graphene/metal nanoparticles and graphene/ceramic nanocomposites. Two-dimensional sp2 hy-
bridized graphene has become a material of choice in research due to the excellent properties it
displays electrically, thermally, optically and mechanically. Noble nanomaterials also present special
physical and chemical properties and, therefore, they provide model building blocks in modifying
nanoscale structures for various applications, ranging from nanomedicine to catalysis and optics. The
introduction of noble metal nanoparticles (NPs) (Au, Ag and Pd) into chemically derived graphene
is important in opening new avenues for both materials in different fields where they can provide
hybrid materials with exceptional performance due to the synergistical result of the specific properties
of each of the materials. This review presents the different synthetic procedures for preparing Pt, Ag,
Pd and Au NP/graphene oxide (GO) and reduced graphene oxide (rGO) composites.

Keywords: reduced graphene oxide (rGO); noble metal nanomaterials (NPs); catalytic activity

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) represent one of the top researched
power generation devices that convert the chemical energy of hydrogen directly into elec-
tricity [1]. Because this technology is clean as well as efficient, it provides an option for
applications such as power generation on a large scale, co-generation of power and heat,
backup and off-grid energy sources as well as transportation and mobile applications.
Serving as one of the main problems that requires solving is the inferior kinetics of the
oxygen reduction reaction (ORR) as well as the fuel cell reactions, which require a signif-
icant number of precious metals, leading to high costs of production. Poor performance
and robustness of the catalysts being used as part of the electrodes is another significant
problem to solve for PEMFCs [2]. Various materials and methods have also been proposed
to solve these problems. Thus, one approach in this regard was replacing the carbon black
in the catalyst layer with graphene. Over the last few years, numerous studies were carried
out to evaluate the potential of using graphene-based materials in energy applications.
Their large surface area, outstanding mechanical characteristics and superior electrical
conductivity coupled with the workability of graphene have been the reasoning behind this
attention [1]. Globally, there is a growing demand for nanostructured materials, as they are
the key elements in enabling tools for renewable energy and hydrogen storage as well as
indicator applications. Materials based on graphene have been shown to be very promising
in achieving this goal due to their interesting properties, resulting in the conduction of
a large number of theoretical and experimental studies [3]. With graphene being a flat
monolayer of hexagonally arranged sp2-bonded carbon atoms bundled in a 2D figure-like
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network, it has been offered considerable attention from the experimental and the theoreti-
cal communities alike. Considering its superior electronic characteristics, graphene sheets
offer potential solutions for the manufacturing of nanocomposites [4] and in the fabrica-
tion of field-effect transistors [5], dye-sensitized solar cells [6] as well as electrochemical
sensors [7], electromechanical resonators [8] and lithium-ion batteries [4]. Graphene-based
composite materials are capable of improving both electronic and thermal conductivity [9].
Moreover, graphene can provide stable mechanical support to active electrode materials,
which can result in a potential composite for supercapacitor applications [10]. Noble metal
nanoparticles (NPs) are a major topic for various fields such as electronics, sensing and
catalysis as well as medicine and energy storage, as they exhibit unconventional physical
and chemical properties [11]. In the last few decades, scientists have been especially inter-
ested in nano catalysis due to NPs satisfying nearly all the criteria of an ideal catalyst. They
are of extremely small size and they present high surface-to-volume ratio, outstanding
shape-dependent properties, uniformity in particle-size distribution while having a truly
heterogenous nature and they are reusable with a near-constant efficiency [12]. The disper-
sion of metal nanoparticles on graphene sheets potentially offers a new way of developing
catalytic, magnetic and optoelectronic materials [9]. However, the stability and catalytic
activity of NP-based materials are limited due to their severe aggregation in aqueous media.
More recently, graphene oxide (GO), which is a 2D material with a high specific surface
area, when used as a platform to load NPs, has shown improvements in the stability and
catalytic performance of the resulting NPs@GO nanocomposite [13]. Graphite oxide is a
material that is produced through the oxidation of graphite leading to an increased inter-
layer spacing and the functionalization of its basal planes. Reproducible GO properties can
be obtained depending on the state of preparation and on the graphene crystal, powders
and particle size in relationship with the careful control of the water content of the applied
acids, temperature conditions, length of time and drying conditions [3]. Graphene oxide
(GO) is a two-dimensional carbon nanomaterial composed of carbon atoms organized in a
hexagonal lattice, forming a flat sheet and containing oxygenated groups. GO has been a
topic of interest for many applications (e.g., material science, nanomedicine, environmental
technology and biotechnology) due to the extraordinary properties it exhibits, such as
thermal resistance, electrical conductivity, optical transparency, chemical versatility and
mechanical strength [14]. The GO-based materials also show remarkable properties, while
chemical, thermal or other methods can be used in order to decrease the oxygen content,
resulting in reduced graphene oxide (rGO). GO has been proven to be a very competent
carbon support for the decoration of various metal nanoparticles due to it having signif-
icant surface area/active surface sites and its available nanosheets on both sides. The
highly synergistic effect between nanoparticles and their uniform dispersion due to GO
directly leads to an increase in the performance of the material [15]. The properties of both
graphene and graphene oxide allows them to be used in several fields, especially for the
preparation of nanocomposites and catalytic performances [16]. In noble metal/graphene
nanocomposites using Pd, Pt, Au and Ag nanoparticles, the graphene oxide and metal salts
are completely reduced. After decorating metal NPs on GO surfaces, the nonlinear optical
properties can be significantly improved [3].

The novelty of this work is the comprehensive analysis of the state-of-the-art synthesis
scalable methods for preparation of noble metals that are supported on graphene oxide.
At the nano level, the compact atomic organization gives special properties for materials,
such as electrical resistance or conductivity, precisely the properties for which noble metals
are used. Noble metals represent limited group of metals including elements such as
ruthenium, rhodium, palladium, silver, rhenium, osmium, iridium, platinum and gold.
These elements are defined by two chemical properties that differentiate them from the rest
of the metals—corrosion resistance and stability in oxidizing agents.

This work aims to update new synthesis methods of graphene functionalized with
noble metals (Pt, Au, Ag and Pd) and to introduce new catalysts in fuel cell applications
and renewable technologies. The paper undertakes an analysis of the recent research in the
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field and highlight the advantages of using noble metal nanostructures in catalytic applica-
tions. This new information comes in addition to works from the literature that focus on
biomedical applications or biosensors [17], diagnosis or therapy [18] and less in fields such
as fuel cell technologies, renewable energy and hydrogen storage [19,20]. Thus, Section 2
will address the theme “Methods of Synthesis NPs@GO Nanocomposites”, followed by
Section 3 with examples of catalyst applications “Advantages and disadvantages of the
synthesis methods of noble metals functionalized on graphene oxide” and ending with
Section 4, “Conclusions”.

2. Methods of Synthesis NPs@GO Nanocomposites

The last allotropic form of carbon graphene has demonstrated that it possesses remark-
able physicochemical properties (specific surface area between 1500–2600 m2 g−1) [21,22]
that can be exploited for many electrochemical applications. Graphene possesses a single
layer as a carbon sheet with the thickness of an atom. Graphene oxide (GO) represents the
oxidized form of graphene and is considered in recent years as a suitable raw material for
the manufacture of graphene. The most used method for obtaining graphene oxide, starting
from graphite, is the Hummer chemical oxidation method. This method is shown schemati-
cally in Figure 1. This technique was also modified by other researchers in order to obtain
an improved quality of graphene oxide. The obtained graphene oxide is subsequently
dried and reduced using different reducing agents to improve electrical conductivity. To
reduce graphene oxide, different reductants can be used (hydroiodic acid, hydrazine hy-
drate, hydrobromic acid, sodium borohydride, hydrochloric acid, sulfuric acid, ascorbic
acid and dextrose) in order to eliminate the oxygen functional groups for the considerable
improvement of electrical conductivity. The presence of different functional groups in
graphene oxide influences the hydrophilic behavior, which is due to the level of oxidation.
In addition, the multiple layers of GO are the consequence of a strong electrostatic charge
but also of hydrophilicity, which can facilitate a good dispersion for anchored metals. The
reduction in GO (specific surface area around 380–1000 m2 g−1, peak at 2θ = 11.2◦) [21] is a
classical method for obtaining a graphene-like structure. Reduced graphene oxide can be
obtained by different chemical, thermal or photo-thermal reduction methods. Depending
on the methods used, the produced rGO (specific surface area between 389.9–670 m2 g−1,
peak at 2θ = 25.8◦, electrical conductivity: 103.3 S·cm−1 and ID/IG = 0.2) [23] approaches
more or less close to the pure graphene structure. Among the reducing agents we mention
inorganic chemical agents (for example, sodium borohydride) or organic (for example,
phenyl hydrazine hydrate or hydroxylamine). Thermal reduction usually takes place in an
inert atmosphere at elevated temperatures.

Figure 1. Hummer’s method.

In order for graphene to be electrochemically active, it is often used to modify the
carbon structure by functionalizing it with different types of noble metal elements. This
functionalization will be dealt with in this review.
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The reported methods aimed at the synthesizing of different metal nanoparticles
(MNPs)/rGO nanocomposites involve chemical reduction, electrochemical deposition,
thermally assisted method, photochemical reduction, microwave irradiation and sono-
chemical reduction. In most of these methods, a suspension of GO based on water or
ethanol is allowed to react with a metal precursor in the presence of a reducing agent
such as hydrazine hydrate, ascorbic acid, sodium citrate or glucose in order to obtain a
simultaneous reduction in both the metal ions and the GO resulting in the production of
MNPs/rGO composites.

2.1. Chemical Reduction

Chemical reduction is the most commonly used method to effectively immobilize
NPs on GO and rGO. This method involves noble metal ions in solution being reduced
to NPs on GO nanowires through additional reductants such as NaBH4, ascorbic acid,
sodium citrate or hydrazine (Figure 2). Usually, the GO and rGO dispersion is firstly mixed
with noble metal salt solutions, following which the noble metal ions begin adsorbing on
the GO and rGO nanosheet surface through electrostatic interaction. Following this, the
reducing agents in the mixture reduce the noble metal ions adsorbed in NPs on GO and
rGO nanowires [24].

Figure 2. Chemical reduction synthesis of noble metal nanocomposites.

The three fundamental steps constituting the reduction process are as follows:
(1) adsorption/reduction, (2) nucleation and (3) growth. The presence of oxygen-containing
functional groups on the surface of the GO and rGO favors the adsorption of free metal ions
through electrostatic interactions, followed by the reduction in metal ions by a reducing
agent and finally the growth of NPs on the GO and rGO sheets. In spite of the formation
of MNPs by chemical reduction being a facile process, this technique is limited due to
difficulties sterned from size and morphology of the NPs, which can potentially result in
polydisperse and large sizes of on GO and rGO surfaces [18].

Guo et al. [24], through the use of the chemical co-reduction method, synthesized a
series of Pt-Ni/rGO catalysts with different Pt/Ni molar ratios and a total metal concen-
tration of 0.99 mM. The production of these catalysts was performed through the rapid
injection of KBH4 to reduce H2 PtCl6 and Ni(NO3)2 in the experiment at a temperature
of 273 K and in an N2 atmosphere. X-ray powder diffraction (XRD) was used for the
characterization of the detailed crystalline phases of the Pt-based NPs loaded on partially
reduced GOs. The XRD results for the Pt/rGO catalyst displayed four diffraction peaks
of (111), (200), (220) and (311). The peaks seen in the Pt40-Ni60/rGO catalyst model were
shifted to a high angle range suggesting the formation of ally structured Pt-Ni BNPs loaded
on rGO. Transmission electron microscope (TEM) images clearly visualized the uniform
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distribution of the Pt and Pt-Ni NPs on the rGO with an average size of about 3.4 and
2.6 nm; these results were consistent with the ones from the Scherrer formula. This indicates
that the size of the Pt40-Ni60 BNPs of Pt40-Ni60/rGO catalyst could be reduced through the
doping of Ni. Furthermore, the lattice stripe spacing of 0.220 nm can be assigned to the (111)
lattice planes of Pt. The HRTEM image of Pt40-Ni60 BNPs showed a lattice stripe spacing of
0.206 nm, value which is intermediary between the lattice spacing of crystalline Pt (111) at
0.226 nm and Ni (111) at 0.203 nm. This serves as a further indicator that the rGO-supported
Pt-Ni BNPs possess an alloy structure. Moreover, elemental mapping images of the catalyst
revealed that the C and O elements were uniformly distributed in the entire sample, and
that Pt and Ni elements were aggregated into particles, thus serving as confirmation of the
formation of alloy-structured Pt-Ni BNPs. After an XPS characterization of the Pt/rGO
catalyst, the C 1s spectrum typically showed four peaks at 284.75, 284.86, 286.9 and at
287.6 eV, which assigned the characteristics of C-C, C=C, C-O and C=O, respectively.
The fact that O 1s XPS spectrum can be deconvoluted into peaks corresponding to O=C
(at 531.7 eV) and O-C (at 532.88 eV) can be used as an explanation for the incomplete
reduction in the function groups (hydroxyl, carboxyl, etc.) of GO during the co-reduction
process. Pairing peaks assigned to metallic Pt0 4f(7/2) and Pt0 4f(5/2) were located at
71.32 and 72.2 eV in the Pt 4f spectrum with one other pairing peak assigned to oxidized
Pt(2+) 4f(7/2)and Pt(2+) 4f(5/2), being located at 72.2 and 75.62 eV, respectively. The first
pairing peaks in the Pt/rGO catalyst were found to have higher binding energies than the
bulk Pt 4f(7/2) and Pt 4f(5/2) (71.1 eV and 74.4 eV, respectively) by approximately 0.22 eV
and 0.1 eV, which is an indicator that the Pt NPs were positively charged.

In another study [25], cobalt was used in the fabrication of AgPdNPs supported on
rGO. Firstly, NaBH4 was used to reduce Pd (2+) and Co (2+) with the resulting amorphous
Co3(BO3)2 and AgPd on the surface of the rGO. The amorphous Co3(BO3)2 can be removed
simply through etching with H3PO4. Using this method, the prevention of the aggregation
of AgPd nanoparticles is effective, thus obtaining well-dispersed AgPd nanoparticles. The
rGO catalyst supported by the AgPd nanoparticles was used for the catalytic transfer hydro-
genation of nitro-compounds at room temperature using H-COOH as hydrogen donor. This
obtained catalyst has a high catalytic efficiency, which is a result of the highly dispersed
bimetallic nanoparticles coupled with the synergistic interaction between the metallic
nanoparticles and the support. TEM showed that the AgPd particles of Ag0.1Pd0.9/rGO
catalyst were effectively dispersed on the rGO lamellar support. The obvious lattice fringe
found in the representative high-resolution TEM image of Co6Ag0.1Pd0.9/rGO demon-
strated the good crystallinity of the AgPdNPs. It resulted in a lattice spacing of 0.23 nm,
value between the (111) lattice spacing of face-centered cubic Ag at 0.24 nm and Pd at
0.22 nm. This implies that AgPd has formed as an alloy structure. It was found that the form
of the AgPd nanoparticles was not uniform; however, there was a narrow size distribution
averaging at 4.3 nm ± 0.9 nm. The XRD patterns of AgPd hybrids in Co6Ag0.1Pd0.9/rGO
catalysts observe a diffraction peak located between the Ag (111, 2 theta = 38.03 deg) and
Pd (111, 2 theta = 40.10 deg) diffraction peaks, further suggesting the formation of the AgPd
alloy. As AgPd has been incorporated by Co3(BO3)2, no AgPd peak of Co6Ag0.1Pd0.9/rGO
could be observed, which is further attested by the TEM results. A nitrogen adsorp-
tion/desorption analysis was carried out at 77 K in order to determine the porosity of
Ag0.1Pd0.9/rGO and Co6Ag0.1Pd0.9/rGO. Co6Ag0.1Pd0.9/rGO was found to have a low
specific surface area of approximately 6 m2 g−1, which was attributed to the high amount
of Co3(BO3)2 occupying the surface of the rGO. By comparison, in Co6Ag0.1Pd0.9/rGO, an
increased absorption of nitrogen (310 m2 g−1) can be observed. After removing Co3(BO3)2
by etching with H3PO4, (Co6)Ag0.1Pd.0.9/rGO results in high porosity, which serves in
facilitating reactant diffusion to the metal nanoparticles. (Co6)Ag0.1Pd0.9/rGO presents
a higher surface area (278 m2 g−1) than Ag0.1Pd0.9/rGO (135 m2 g−1). XPS measure-
ment results showed that Ag and Pd alike in the (Co6)Ag0.1Pd.0.9/rGO catalyst are found
in reduced states. The electronic states of Pd0, 3d5/2 and 3d3/2 can be detected at
335.83 eV and 341.11 eV, respectively. The spectra of the Ag 3d and Pd 3d observed

265



Nanomaterials 2023, 13, 783

attest that (Co6)Ag0.1Pd0.9/rGO is made of metallic Ag and Pd, serving as additional
confirmation of the effective synthesis of the AgPd alloy. Pd2+ peaks were detected at
338.14 eV and 343.48 eV, which can be attributed to the oxidation of metallic Pd in an
environment containing oxygen.

Abbasi and co-workers [26] synthesized Pd nanoparticles using PdCl2 and NaBH4
as a strong reducing agent and polyvinyl alcohol (PVA) as stabilizing agent. During
the chemical process, the palladium Pd2+ from the salt solution was reduced to Pd◦ as
nanoparticles. A total of 120 mL of distilled water, 0.88 mL of freshly prepared 2% polyvinyl
alcohol (PVA) solution and 2.15 mL of 0.02 M PdCl2 solution were immediately added,
resulting in a yellow-brown solution. A 0.1 M NaBH4 solution (0.86 mL) was then slowly
added to the reaction mixture while stirring vigorously. Observing an immediate color
change to brown served as an indicator for the formation of Pd NPs. Following UV–Vis
spectroscopic analysis, the palladium nanoparticles present the absorption spectrum of
4.1 p.m. It was found that the absorption peak of the Pd2+ precursor no longer appears at
420 nm, with this peak disappearing being an indicator for the complete reduction in the
Pd2+ nanoparticles to Pd◦. After three measurements, a size of 122 nm was found. The zeta
potential of the palladium nanoparticles was immediately at −3.91 ± 3.85 mV, as shown.
Regarding the stability of Pd NPs, although the zeta potential showed lower values, the
synthesized nanoparticles were stable at room temperature and did not show any sign of
agglomeration during the last 12 months.

Shu et al. [27] used a mildly tempered process of oxidation to obtain the in situ
oxidation of PdIr alloy on NGs (nitrogen-doped graphene), (PdIrO/NGs). K2PdCI4
(36.6 mg) and H2IrCl6·6H2O (7.7 mg) were dispersed in deionized water and then mixed
under strong stirring. The obtained solution was added to the NGs dispersion with stirring,
and then the NaBH4 mixture was slowly dispersed into the aqueous solution. The obtained
dispersion reacted in an ice bath under an N2 atmosphere for 300 min. The powder result-
ing from vacuum filtration, washing and lyophilization was calcined at 250 ◦C to obtain
PdIrO/NGs. The same steps excluding calcination were used to synthesize the PdIrO/NGs
catalyst. The XRD patterns of PdIrO/NGs, PdIr/NGs and Pd/NGs showed a broad peak
between 20◦ and 30◦, which was identifiable as the proprietary peak of NGs. The two
diffraction peaks of 39.4◦ and 45.8◦ for Pd/NGs were found to correspond to the (111) and
(200) planes of metallic Pd, respectively. The pattern revealed through XRD of PdIrO/NGs,
which evidently showed a positive shift of the diffraction peak between 39.4◦ and 40.7◦
in comparison to the peak of Pd/NGS, it was an indicator of the high formation quality
of the Pd-Ir alloy. In addition, in the XRD pattern of PdIrO/NGS, three diffraction peaks
can be clearly observed at 33.9◦, 41.9◦ and 54.8◦, which correlate to the (101), (110) and
(112) planes of PdO. Following the XPS analysis, a deconvolution of the Pd 3d spectra was
discovered into two groups at 340.6 eV 335.3 eV, whereas the peaks discovered at 342.4 eV
and 336.9 eV in the spectra may relate to PdO/2/2 and Pd 3d5/2. A significant increase in
the concentration of PdO and IrO2 in PdIrO/NGS can be observed, meaning that the alloy
was oxidized. TEM analysis showed a uniform monodispersion of the nanoparticles on the
NGS surface with a slight decrease in particle size observed after alloy formation and with
a significant increase following calcination. EDS mapping demonstrated the homogeneous
dispersion of C, N, O, Pd and Ir in PdIrO/NGS. BET (Brunauer–Emmett–Teller type IV)
isotherms indicated that additional mesopores can be obtained in PdIrO/NGS, as they are
in agreement with the pore dimension distribution curves. The largest specific surface
area is that of PdIrO/NGS, with a higher limit of 122.4 m2 g−1 while PdIrO/NGS, with
a value of 96.9 m2 g−1 and with a value of 40.9 m2 g−1, have lower surface areas. This
demonstrates that large BET surfaces and meso-porous structure are used to improve
electrocatalytic activity.

Teffu et al. [28] synthesized Pd-rGO using electroless palladium deposition by im-
mersing the rGO in a sodium hypophosphite-based plating bath. The electroless plating
bath, which contained 50 mL of sodium hypophosphite (10 g L−1) as reducing agent and
5 g of rGO, was subjected to constant stirring (300 rpm) for 30 min at 50 ◦C, followed by
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adding PdCl2, 160 mL of NH4OH (28%) and 27 g of NH4Cl, respectively. A total of 50 mL
of plating solution was added to the bath solution and the mixture was stirred for 30 min to
allow Pd plating on the surface of the rGO sheets. The mixture was filtered, washed with
ultrapure water and dried overnight at 80 ◦C. As observed from the XRD patterns in the
case of Pd-rGO, the characteristic peak at 2θ = 24◦ is attributed to the (002) planes of the
chemically reduced GO stack, which is an indicator for the effective reduction in GO by
hydrazine hydrate. At the same time, it was found that the two diffraction peaks centered
at 2θ of 39 and 45◦ can be attributed to the (111) and (200) reflections of the Pd nanoparticles,
respectively. Investigation on the thermal stability of the fabricated Pd-rGO nanocomposite
was performed using thermogravimetric analysis (TGA), with the results concluding that
Pd-rGO shows a 15% loss of weight for the entire investigated temperature range (up to
560 ◦C). At 100 ◦C, the slight lost weight was caused by the loss of adsorbed water, while the
losses of up to 400 ◦C are a result of the decomposition of residual hydroxyl and carboxyl
functional groups. The FTIR spectra of Pd-rGO nanocomposite showed, as is expected,
either the disappearance or the significantly reduced intensity of the FTIR peaks belonging
to rGO after the reduction process, which serves as confirmation of the formation of Pd
nanoparticles on rGO. Further observation showed very low band intensities in Pd-rGO,
with some even disappearing, with reference to the rGO spectrum. This implied that the
palladium incorporation on the rGO is on the surface of the graphene oxide sheets.

Rajkumar et al. synthesized [29] NP Au@Pt by two chemical methods. Au@Pt NPs
were initially synthesized using Fren’s method: HAuCl4 was placed in a triple-neck flask
connected to a condenser under strong stirring. This was heated to a boil, following which
a solution of sodium citrate was quickly inserted and then the mixture was brought to a
boiling temperature again. The boiling process was maintained for 10 min, with stirring
being maintained for an additional 15 min post removal of the heat source. This solution
was then naturally cooled to room temperature. Seed-mediated growth was the second
method used to synthesize Au@Pt NPs. H2PtCl6, deionized water and prepared Au-NPs
were mixed in a beaker. This obtained mixture was refrigerated afterward to 4 ◦C followed
by slowly adding NaBH4 under stirring to obtain Au@Pt NPs. The nanostructures and
morphology of multi-walled carbon nanotubes (MWCNTs) and GO/MWCNT dispersion
were conducted by TEM and showed interlaced tubular structures with an average diameter
of approx. 20 nm. Several lamellar structures integrated with carbon nanotubes (CNTs)
could be observed upon the supplementation of GO, essentially scattering the CNTs. The
Au-NPs showed a typical spherical structure with a particle diameter of approximately
13 nm. The reduction by hydroxyl groups of chloruretic ions on sodium citrate resulted in
the formation of Au NPs. Synthesizing Au@Pt NPs resulted in a slightly increased particle
size while for GO/MWCNT/Au@Pt NPs, the successive drop method was employed
in the copper mesh. Au@Pt NPs were pre-applied on the GO/MWCNT surface, thus a
new three-dimensional sensing interface for glucose sensing was constructed. Spectra
obtained through Raman of MWCNTs, GO/MWCNTs and GO/MWCNTs compatible
with Au@Pt NPs showed all characteristic Raman bands of MWCNTs at 1572 cm−1 and
1345 cm−1 relating to G and D bands. D comes from the disordered carbon structure, and the
G band from sp2 hybridized carbon atoms. The intensity ratios (IG/ID) of the two peaks
(G and D) have different values for different samples, with 0.93, 0.85 and 0.72 for MWCNT,
GO/MCNT and GO/MWCNT/Au@Pts NPs, respectively. The escalation in ID indicated
an expansion of the disordered carbon structure when supplementing GO and Au@Pts
NPs, which demonstrated the effective construction of GO/MWCNT/Au@Pt NPs.

2.2. Thermally Assisted Method

The thermally assisted method is one of the important methods used to fabricate
NPs@GO nanocomposites more simply at high temperature (Figure 3) [13]. Thermally
assisted synthesis is an easy and efficient method used to immobilize NPs on GO. The speed
of the process makes the size and the distribution of the NPs@GO, in this case, difficult
to control.
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Figure 3. Thermally assisted synthesis of noble metal nanocomposites.

Abdulhusain et al. [30] prepared Ag-ZnO-rGO ternary nanocomposites by an in situ
hydrothermal process in the presence of 1,8-diamino-3,6-dioxaoctane (DDO). The nano-
photocatalysts possessing attractive physicochemical properties led to the idea of using
a different procedure for the enhancement of Ag-ZnO-rGO nanocomposite properties in
applications related to water treatment. Preparation of the appropriate nanocomposites at
a lower temperature and for a shorter time have led to in situ synthesis being the chosen
method. A 1,8-diamino-3,6-dioxaoctan was utilized in the synthesizing of the ternary
Ag-ZnO-rGO nanocomposites, since the generous DDO carbon chain acts as a limiting
factor to the accumulation of nanostructures. Firstly, graphene oxide was dispersed in
distilled water resulting in solution A. Following this, zinc nitrate hexahydrate was in
an aqueous mixture containing DDO, which resulted in solution B. The next step was
the preparation of the silver nitrate aqueous solution. Finally, solutions A and B were
mixed, while also pouring ethanol into the mixture. The resulting transparent suspension
was placed in an autoclave and conditioned at 140 ◦C for an interval of 120 min. The
collected precipitate was washed several times with distilled water and ethanol before
being dried. The percentage weight of Ag was adjusted in order to attain the product with
the highest performance. Moreover, studies were conducted on the effect of 1, 8-diamino-3,
6-dioxaoctan on the size distribution, morphology and purity of the product. Finally, the
nanocomposite was exposed to degradation using a pollutant (RhB—rhodamine-B) in
order to study its photocatalytic activity. Studies were performed to evaluate the changes
in photocatalytic performance of the product by varying the pH and the concentration
of Ag and the dye itself, respectively. The largest percentage of dye degradation was
observed at a concentration of 10 ppm, with the pH of the mixture regulated to 11. The
increased performance of the photocatalyst in alkaline media can be attributed to absorbed
hydroxyl anions at the surface of the photocatalyst. Based on kinetic studies, photocatalytic
reactions follow pseudo-first order with holes and hydroxyl radicals being critical active
agents for photocatalysis. It is worth noting that the used synthesis process for this type
of nanocomposite can be further applied for the rest of the nanocomposites due to its
simplicity and eco-friendliness.

Rudra et al. used the thermally assisted method in synthesizing Au-Mn3O4-decorated
graphene oxide and Au-Mn3O4 nanocomposite [31]. It was synthesized as follows: GO
was added to distilled water in a beaker and sonicated for 30 min and this solution was
then placed into screw cap tubes. Afterward, manganese acetate was added to the reaction
mixture and the gold (III) solution. In order to balance the pH, sodium acetate was added to
the solution. The screw cap tubes were stored in modified hydrothermal (MTH) conditions
for 24 h. The sample was then washed several times with deionized water before being
dried under vacuum to result in the Au-Mn3O4-decorated GO nanocomposites. The XRD
results showed that the diffraction peaks correspond to (101), (112), (200), (103), (211), (204),
(105), (303), (321), (224), (116), (305) and (413) planes of the Mn3O4, respectively. The peak
positions at 2θ = 38.45◦, 44.34◦, 64.47◦, 77.35◦ and 81.70◦ support the presence of Au (0)
with the corresponding planes being 111, 200, 220, 311 and 222. Raman analysis shows a
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sharp peak at 658 chm−1 for the Au-Mn3O4/GO composites, which was attributed to the
Mn3O4 decorated on the GO. The material’s morphological features and elemental contents
were investigated using TEM and EDX analysis. The GO image shows the typical flake-like
layered material whereas the image of the AuMn3O4 composite has a nanorod morphology
owing to the growth of Mn3O4 nanorods from the Au (0) nucleation centers.

Wang et al. presented the preparation of Ag/CeO2 anchored on reduced graphene
oxide (rGO) nanocomposite. Ag/CeO2-rGO is considered to be a simple, recyclable and
sustainable photocatalyst for the esterification of aldehydes at room temperature under
visible light irritation [15]. The catalyst was prepared as follows: 5 mmol of Ce(NO3)3·6H2O
and 0.5 mmol of AgNO3 were slowly added to 1.8 mg mL−1 GO aqueous solution with
constant stirring and followed by the addition of 0.5 mmol polyethylene glycol molecular
weight 4000 (PEG 4000) and 20 mmol urea. The reaction mixture was transferred to an
autoclave for the hydrothermal reaction at 185 ◦C for about 24 h. After cooling in the
autoclave, the obtained solid sample was washed with deionized water and ethanol, then
dehydrated at 50 ◦C in a hot air oven for 12 h. XRD analysis showed two additional peaks at
25.5 and 38.19 degrees, corresponding to the (002) plane of rGO and (111) planes with metallic
phases of Ag. The specific surface area of reduced graphene oxide-embedded Ag/CeO2 was
found to be 292.6 m2/g with a maximum of the pores in ranges from 5 to 15 nm.

Das et al. synthesized using thermally assisted method Pt-M/GNPs (graphene
nanoplatelets) (M = Ni, Fe and Cu) of catalysts. The adsorption isotherm showed that the
use of 0.2 g of metal precursor over 0.1 g of GNPs yielded the highest metal loading [1].
Pt-M/GNPs catalysts were characterized from a physical point of view using XRD analysis,
thermogravimetric analysis (TGA), inductively coupled plasma mass spectrometry analysis
(ICP-MS), high resolution transmission electron microscopy analysis (HRTEM) and Raman
analysis. XRD was used on the synthesized catalyst samples to determine the development
of metal crystal structures on the GNPs support. The samples were scanned between
10◦ < 2θ < 90◦. The distinct diffraction for the Pt/GNP catalyst corresponds to the (111),
(200), (220) and (311) planes of Pt in the face-centered cubic crystal structure. TGA analyses
were carried out between at a temperature ranging from 25 to 1000 ◦C with a 10 ◦C min−1

heating rate under air atmosphere. TGAs were used on the GNPs support material in order
to determine the total metal loading. The results showed that the weight content of the
metal nanoparticles (Pt-Ni, Pt-Fe and Pt-Cu) were approximately 24.0–30.0 wt%. ICP-MS
analysis was employed in order to establish the composition of the Pt-M/GNPs catalysts.
The results showed that the Pt loading (% by weight) was between 17.5% and 25.4% and
the metal loading (% by weight)was 3.40% Ni, 1.40% Fe and 3.20% Cu. The particle size
and morphology were investigated using TEM, considering its capability for imaging at an
atomic scale. The average particle size was found to be 1.7 nm for Pt-Ni/GNPs, 1.6 nm for
Pt-Fe/GNPs and 2.1 nm for Pt-Cu/GNPs. Raman spectroscopy was used to find ID/IG, the
ratio between the intensities of the D band and the G band, a measure commonly employed
to characterize the defect concentration in samples of graphene. The ID/IG values of the
Pt-Ni/GNPs, Pt-Fe/GNPs and Pt-Cu/GNPs catalysts were discovered to be 0.230, 0.340
and 0.470, respectively [1].

Xue et al. used the thermally assisted method to anchor Pt nanocrystals onto three-
dimensional (3D) porous boron and nitrogen double-doped reduced graphene oxide–
carbon nanotube frameworks (Pt/BNrGO-CNT) [32]. They used the solvothermal method
to obtain different BNrGO/CNT feeding ratios in the 3D Pt/BNrGO-CNT catalysts. To
obtain this result, a mixture of CNT powder and GO solution NH4[BF4] is reacted for
24 h at 180 ◦C inside a high-pressure reactor. Afterward, a formulated (BNrGO)5-(CNT)5
support material is inserted into the ethylene–glycol mixture containing K2PtCl4, and
additional processing at 120 ◦C is performed for a duration of 12 h in order to obtain the
final product. Another ration of BNrGO-CNT was also prepared. The results obtained
through ICP-MS determined the Pt loadings for the Pt/(BNrGO)3-(CNT)7, Pt/(BNrGO)5-
(CNT)5, Pt/(BNrGO)7-(CNT)3, Pt/(BNrGO)9-(CNT)1, Pt/rGO, Pt/CNT and Pt/C catalysts
at 18.20, 18.80, 18.70, 19.40, 18.40, 19.00 and 19.60 wt%, respectively. Pt particles show
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interplanar spacings of 0.223 nm and 0.195 nm, accurately corresponding to the (111) and
(200) planes of face-centered cubic Pt crystals. Through TEM it can be observed that the
Pt/BNrGO-CNT hybrid is composed mainly of the four types of elements (C, B, N and
Pt), with these four components being uniformly distributed throughout the whole sheets.
XRD reveals that the aforementioned diffraction peak appears at approximately 2θ = 25.0◦
for Pt/rGO and Pt/BNrGO-CNT. The three characteristic diffraction peaks of metallic
Pt correspond to the (111), (200) and (220) crystal planes within the cubic Pt structure.
The intensity ration between D and G (ID/IG) of the GO, rGO and Pt/rGO samples was
determined as 0.87, 1.04 and 0.96, respectively, proving the presence of several topological
flaws in the carbon structures. Conversely, the ID/IG of Pt/BNrGO-CNT proved a low 0.76,
hinting towards the fact that the incorporation of low-defect CNTs into the rGO skeletons
can be used as a means of reducing the density of defects of the hybrid system. The
specific surface areas are 226 m2 g−1 and 240 m2 g−1 for Pt/BNrGO-CNT and BNrGO-CNT
hybrids, respectively.

Grad et al. prepared Pd/rGO and Pd-Au/rGO catalysts through wet impregnation
of GO using an aqueous mixture of metal salts. The resulting mixture of GO and metal
ions was then processed through thermal treatment in (H2 + Ar) mixture [33]. The Pd/rGO
catalyst was prepared using GO and PdCl2 solution in diluted HCl by wet impregnation,
resulting in 10 wt.% palladium on rGO. The target Pd-Au/rGO with metal concentrations of
7.5 wt.% Pd and 2.5 wt.% Au was obtained similarly through wet impregnation, employing
a mixture comprising PdCl2 and HAuCl4 aqueous solutions. In both cases, the impregnated
samples were dried at ambient temperature followed by thermal reduction in Ar. Afterward,
it was thermal treated in a (H2 + Ar) mixture (10 vol.% H2) for 30 min at 250 ◦C. The resulting
surface areas determined using the BET method are 210 m2/g for Pd/rGO and 206 m2/g
for Pd-Au/rGO. The XRD profiles for both of the catalysts display the (002) graphene
reflexion situated at 23◦ for Pd/rGO and at 23.7◦ for the Pd-Au bimetallic catalyst, as well
as the metal reflexions: Pd (111) at 39.9◦, Pd (200) at 46.4◦ for Pd/rGO and one metal
reflexion situated at 38.9◦ for Pd-Au/rGO. Size of the metal crystallite calculated by XRD is
5 nm for Pd/rGO and 3.5 nm for Pd-Au/rGO. The bimetallic catalyst displays a distance
between the carbon layers of 0.378 nm, whereas the Pd/rGO catalyst displays a distance of
0.386 nm, with the medium number of graphene layers for Pd/rGO being 4 and for Pd-
Au/rGO being 5.5. The burning temperature for the palladium containing catalyst is
517 ◦C, while the Pd-Au bimetallic has a much lower value at 447 ◦C. The ID/IG intensity
ratio of the D and G bands is 0.90 for Pd/rGO and 0.85 for Pd-Au/rGO; values were
obtained from Raman spectra [33].

2.3. Microwave Irradiation Method

In recent years, microwave irradiation has been used as an eco-friendly method
in the synthesizing organic, inorganic and inorganic–organic hybrid materials due to
its well-known advantages over conventional synthetic methods. The size as well as
distribution of NPs synthesized using the light or microwave irradiation method could be
easily controlled compared to reductant-assisted or thermal-assisted reduction method, by
changing the intensity, power and irradiation time of the light or microwave (Figure 4).
Another important property of microwave irradiation synthesis is that along with the
reduction in metals, simultaneous reduction in graphene oxide is possible [13].

Wojnicki et al. synthesized Au/rGO. They first dissolved metallic gold in aqua regia
to obtain the Au(III) chloride complex [34]. A Magnum II (Ertec, Poland) 600 W microwave-
heated digestion system was used to obtain Au/rGO. The parameters of the microwave-
heated digestion system were set to a temperature of 523 K using microwaves at a frequency
of 2.45 GHz for 10 min. The pressure in the reaction vessel increased from atmospheric to
approximately 40 bar. XRD showed that the intensity of diffraction lines ascribed to GO
(001) and graphite (002) crystal planes was much smaller when compared to the intensity
of Au (111) line. The average value of the AuNPs diameter was calculated at 12 nm. The
high-resolution Au spectrum confirmed the presence of metallic gold by XPS. XPS peaks
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were ascribed to Au 4 f7/2 with a binding energy 84 eV and spin-orbit energy shift of
3.7 eV. The ratio of the intensities of the D and G bands (ID/IG) presented by the Raman
spectra of the investigated samples proved to be equal to 0.60 for GO, 0.63 for rGO and
0.81 for Au/rGO, respectively. The obtained ID/IG values are directly proportional with
the number of structural defects in the sample.

Figure 4. Microwave irradiation synthesis of noble metal nanocomposites.

Gold nanoparticles decorated on rGO were prepared using the microwave-assisted
process (MW). The procedure has demonstrated remarkable advantages as eco-friendly
method for Au/rGOs obtaining with simultaneous reduction in graphene oxide and for-
mation of gold nanoparticles by an innovative one-step process. The characterization of
prepared samples demonstrated good chemical stability and controllable morphology. The
samples were used for membrane electrode assembly development and tested in operation
of proton exchange membrane fuel cells. The electrochemical stability of the innovative
Au/rGO-based cathode was analyzed using several accelerated stress tests (ASTs) by con-
sidering the cycling potential protocol. The electrochemical analysis considering the I-V
study, cyclic and linear voltammetry has provided improved performances in comparison
with the standard commercial cathode. The aggressive AST indicated an excellent stability;
thus, the authors reported an improved electrocatalyst for oxygen reduction reaction with
higher stability and durability for fuel cells. Moreover, the paper indicates the possibility
of extending the protocol using the microwave-assisted process for obtaining other noble
metal nanoparticles supported on rGO [35–39].

A single-step route to obtain platinum/platinum-cobalt uniformly distributed nanopar-
ticles supported on reduced graphene oxide was developed recently. This route provides
significant advantages such as its low cost, low time-consuming nature and high yield in
comparison to state-of-the-art chemical methods used to prepare efficient Pt/rGO catalyst.
The morphology of prepared samples has been evaluated by specific techniques, while
the electro catalytic durability has been evaluated using the electrochemical performances
in fuel cells [40,41]. Significant performance and stability in PEM fuel cells was demon-
strated. The produced Pt-rGO-based membrane electrode assemblies were studied for
stability under fuel starvation in comparison with commercial Pt/C-based membrane
electrode assemblies. The electro-chemical activity was studied and the electrochemical
response indicated the higher stability during degradation test under fuel starvation in
comparison with commercial Pt/C catalyst. These results extend the applicability of de-
scribed preparation protocol to other noble/transition metal nanoparticles supported on
graphene-based materials.

2.4. Ultrasonication Method

The ultrasonic method (Figure 5) leads to the rapid heating of the liquid to tempera-
tures of 5000 K in a few nanoseconds, resulting in microbubbles with an effective effect.
These microbubbles act as chemical reactors. Oxidative and reducing radicals are generated
in the cavitation effect during sonolysis. Sonication in the range of 20 to 1000 kHz leads to
the formation of MNPs from metal precursor solution. The collapse of these microbubbles
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leads to the generation of high temperatures inside the bubbles [18]. Ultrasonic testing
techniques are widely accepted for testing materials in many industries, including power
generation, steel, aluminum, titanium production, airframe manufacturing, jet engine
manufacturing and shipbuilding [42].

Figure 5. Ultrasonic-assisted synthesis of noble metal nanocomposites.

Li et al. synthesized the AuPs/rGO through a mixture of 4 mg/mL GO suspension
and 0.48 mg/mL AuPs solution with a volume ratio of 1:1; it was then sonicated for 1 h.
After the AuPs/rGO was reduced by hydroiodic acid, it was washed with deionized water
and then dried in air. The images of AuPs/rGO composite by SEM showed the uniform
distribution of the AuPs on the surface of rGO. XRD measurements and the corresponding
calculated results are consistent with the SEM images. The AuPs composites are inserted
into the layered graphene sheets. The diffraction peak is 2θ = 8.84◦ for rGO to 2θ = 7.86◦ for
AuPs-rGO. XRD measurements are consistent with the SEM images. The Raman spectra of
both the AuPs-rGO and pure rGO film show a wide band at 2400 cm−1~3200 cm−1 [43].

Tran et al. prepared the Ag/GO nanocomposites through the ultrasonication method.
Ag/GO nanocomposites were synthesized with GO, double-distilled water and sonicated
for a duration of 10 min, after which AgNO3 was added. Centrifugation at 12,000 rpm was
used to separate the final Ag/GO nanocomposites, which were then washed with double-
distilled water [44]. The FTIR spectrum of GO reveals several proprietary peaks situated
at 3224, 1724, 1226 and 1050 cm−1 for hydroxyl -OH, carboxyl -COOH, epoxy C-O-C and
alkoxyl C-O. After anchoring with AgNPs, the epoxy stretching mode at 1226 cm−1 is no
longer present, while peaks that are indicative of different oxygen functional groups remain
well-preserved. Nanocomposites of GO and Ag/GO reveal a diffraction peak at 2θ of 10.1◦
in the XRD patterns relating to the (002) crystal plane of GO nanosheets. In addition to the
distinctive diffraction peak of GO, the Ag/GO nanocomposites also exhibit a number of
separate peaks at 2θ of 38.1, 44.2, 64.5 and 77.5 degrees, which can be attributed to the (111),
(200), (220) and (311) facets of typical fcc metallic Ag (JCPDS No. 04-0783), respectively. The
patterns revealed by XRD demonstrate the effective adhesion of AgNPs to GO nanowires.
The ID/IG ratio of the GO increased from 0.87 to 0.92 when the GO was anchored with
AgNPs. The C/O atomic ratio found in the Ag/GO nanocomposites is greater than that
of the GO, with the values obtained by XPS analysis being 2.6 for Ag/GO and 2.0 for GO.
FTIR showed the characteristic peaks for Ag/GO centered at 284.8, 287.0 and 288.5 eV,
respectively, for C=C, C-O and C=O. XPS analyses determined an atomic percentage of
Ag of 2.46.

Bi et al. prepared PCN-222 and Ag+-decorated PCN-222 (zirconium-metalloporphyrinic
metal–organic framework) using ZrCl4, meso-tetra(4-carboxyphenyl) porphine, benzoic
acid and AgNO3. The solution was ultrasonically dispersed and dissolved in a mixture of
N, N-dimethylformamide and acetic acid. Preparing the Ag+-decorated PCN-222@EDTA-
GO-CS (CS-chitosan) foam required AgNO3, ZrCl4, H2TCPP and benzoic acid that were
ultrasonically solvable in the N, N-dimethylformamide [45]. The Ag+-decorated PCN-222
showed clear crystal lattices and the TEM-EDS mappings revealed the even dispersion of
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Ag, C, N, O and Zr elements. The characteristic peaks of PCN-222 at 1709, 1640, 1603, 1549,
1402, 967, 801 and 719 cm−1 were obtained through the use of FT-IR spectra. The peaks in
binding energies at 367.5 eV and 373.5 eV arose from the presence of Ag+ ions.

Mehmandoust et al. prepared Pt/CQDs@rGO nanocomposite (CQDs—carbon quan-
tum dots) by ultrasonication method [46]. The Pt/CQDs@rGO nanocomposite is prepared
using the GO dispersion, aqueous sodium citrate and ammonia solution for the CQDs,
following which H2PtCl6 was added to the solution. In the XRD patterns, the characteristic
peaks of (002) obtained at 11.0◦ (d002 = 0.85 nm), 28.9◦ and 24.0◦ were for GO, CQDs
and Pt/CQDs/rGO, respectively. After the reduction process, the diffraction peaks are
observed at, respectively, 46.9◦, 55.7◦ and 81.6◦, corresponding to (111), (200) and (220)
planes of the face-centered cubic (fcc) structure of Pt. The crystallite sizes of GO, CQDs
and Pt/CQDs@rGO are 54 nm, 17 nm and 38 nm, respectively. The large crystallite size
of Pt/CQDs@rGO shows the aggregation of Pt nanoparticles. D and G bands have been
detected using Raman spectroscopy at 1350 cm−1 and 1580 cm−1 for graphene oxide,
1350 cm−1 and 1580 cm−1 in the case of GQDs and at 1357 cm−1 and 1590 cm−1 for
Pt/N-CQDs@rGO nanocomposite. The values of the ratios between the intensities of the D
and G bands (ID/IG) are 0.88 and 0.94 and have been calculated for GO and Pt/CQDs@rGO,
respectively. The EDX investigation exhibits all essential elements such as C, O, Na, Cl and
Pt individually from Pt/CQDs@rGO nanocomposite.

Mariappan et al. presented the study of Ag/rGO prepared with glucose, vitamin C
and NaBH4 as reducing agents through the ultrasonication method [47]. The Ag/rGO
is prepared using GO, polyvinylpyrrolidone is dispersed in double-distilled water by
continuous sonication for 2 h and afterward, AgNO3 and glucose are added. The same
experimental procedure is repeated for vitamin C and NaBH4. The Ag/rGO samples have
peaks at 2θ values of 38.13◦, 44.34◦, 66.44◦ and 77.44◦, which agree with the cubic crystal
structure of the Ag NPs. The grain sizes of the Ag NPs are 28 nm, 25 nm and 22 nm for
GAg_G, GAg_V and GAg_S, respectively. Through Raman spectroscopy, a graphitic band
(G band) at 1590 cm−1 and a disorder band (D band) at 1365 cm−1 can be observed. The
absorption bands at 257 nm for GAg_G, 268 nm for GAg_S and 270 nm for GAg_V. ID/IG
ratios have been measured at 1.26 for GAg_S, 1.19 for GAg_V and 0.94 GAg_G.

Aljafari et al. prepared Pd/GO using the sonication technique. This process used GO,
palladium acetate and glucose. The pH was adjusted using NaOH [48]. The diffraction
peaks noticed at 40.1◦, 46.6◦, 68.0◦, 82.1◦ and 86.4◦ match with Pd (111), Pd (200), Pd 220),
Pd (311) and Pd (222), respectively. The absorption bands for Pd NPs are 260 nm and for
Pd/rGO are 265 nm.

Mao et al. [49] synthesized the graphene oxide sheets decorated by silver nanoparticles
using the sonication method. This process used graphene oxide colloid, AgNO3 and cetyl
trimethylammonium bromide. The final product is graphene oxide sheets that are decorated
by silver nanoparticles. The peaks at 38.31◦, 44.41◦, 63.51◦ and 77.71◦ can be assigned to
the (111), (200), (220) and (311) crystalline planes of silver, respectively, which shows that
the silver nanoparticles are composed of pure crystalline silver. The particle diameter of
silver nanoparticles is about 10 nm. The band of silver nanoparticles is at about 414 nm.

For the preparation of graphene materials doped with metal nanomaterials, the
synthesis methods are very important to ensure the best dispersion of the metal par-
ticles and the narrowest distribution of their size, because both significantly affect the
electrocatalytic activity.

In Table 1 we presented the synthesis method according to the noble metals used.
In conclusion, we can state that the chemical reduction method is specific to the noble
metal Pd, the thermally assisted method is specific to the noble metals Au, Ag and Pt, the
microwave-assisted method is specific to the noble metals Au and Pt and the ultrasonication
method is specific to all four noble metals present in our study (Au, Ag, Pt and Pd).
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Table 1. Synthesis method depending on the nature of the introduced metal.

Metals Method References

Pt40Ni60/rGO

Chemical reduction

[24]

(Co6)Ag0.1Pt0.9/rGO [25]

PdNPs [26]

PdIrO/NGs [27]

Pd-rGO [28]

Au@PdNPs [29]

AgZnO-rGO

Thermally assisted method

[30]

AuMn3O4-rGO [31]

Ag/CeO2-rGO [15]

Pt-Cu/GNPs [1]

Pt-Ni/GNPs [1]

Pt-Fe/GNPs [1]

Pt-BNrGO [32]

Pd/rGO [33]

Pt-Au/rGO [33]

Au/rGO
Microwave-assisted method

[34–39]

Pt/rGO [40,41]

Au/rGO

Ultrasonication

[43]

Ag/GO [44]

Ag-PCN-222 [45]

Pt-CQDs/rGO [46]

Ag/rGO [47]

Pd/rGO [48]

Ag/rGO [49]

3. Advantages and Disadvantages of the Synthesis Methods of Noble Metals
Functionalized on Graphene Oxide

In recent years, different methods have been proposed for the synthesis of nanopar-
ticles deposited on a graphene support. The choice of the most suitable method has the
greatest importance in terms of the structure and catalytic efficiency of the catalysts. Table 2
presents the advantages, disadvantages and applications of the most known methods used
in the synthesis of nanoparticles deposited on a graphene support.

Table 2. Advantages and disadvantages of the synthesis methods of noble metals functionalized on
graphene oxide.

Method Advantages Disadvantages Application Ref.

Ultrasonication

� High temperature (5000 K) in a few
nanoseconds;
� Friendly environmental conditions;
� Dual frequency conditions are used
to substantially reduce the likelihood
of any physical damage to the
graphene sheets.

o Low concentration of GO
suspension for overcoming the
activation energy barrier;
o Particle size dimensions are
difficult to control during
ultrasonication.

- Fuel cell application;
- Biomedical application;
- Electrochemical sensor
applications.

[50–53]
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Table 2. Cont.

Method Advantages Disadvantages Application Ref.

Thermally assited
method

� Possibility of variation of the
electronic properties of the graphene
oxide photoreduction composite;
� Photo-electrochemical reduction
process is simple and also inexpensive;
� Increase in charge redox reaction
and ion diffusion via photovoltaic
effect.

o The level of reduction in
certain groups on the surface
of graphene oxide is not very
relevant.

- Supercapacitor
application;
- Hydrogen production;
- Electrochemical sensor
applications.

[54–57]

Pulsed laser ablation in
liquids (PLAL)

� Could provide a green synthesis
strategy of GO metal nanocomposites;
� Short reaction time—from several
hours to a few minutes;
� Does not involve toxic chemicals.

o Lack of optimized
parameters of the PLAL
method for improving the
yield and desired properties of
carbon nanomaterials;
o The importance of the effect
of the liquid carrier medium
on the GO optical properties.

- Biomedical application;
- Photovoltaic
applications;
- Electrochemical sensor
applications.

[58–61]

Chemical reduction
� Uses green reductants;
� Low cost implementation.

o High loss of mechanical
integrity of freeze-dried
nanosheets;
o Presence of a quantity of
metal impurities after
reduction.

- Biomedical application;
- Fuel cell applications;
- Sensor applications.

[62–65]

Electrochemical
deposition

� Simple, efficient and fast technique;
� Can control the size of noble metal
nanoparticles and the deposition time.

o Moderate–intrinsic
electrocatalytic properties.

- Optical application;
- Fuel cell applications;
- Electrochemistry
applications.

[66–69]

Microwave-assisted
synthesis

� Uniform and fast heating technique;
� Uniform dispersion of a smallest
particle size;
� High electrocatalytic activity of
nanoparticles.

o Long and time-consuming
to complete a reaction;
o Process set up is difficult to
realize.

- Fuel cell applications;
- Supercapacitors
application;
- Electrochemistry
applications.

[70–73]

Seed mediated growth
method

� Small-size nanoparticle synthesis;
� Well-controllable growth rate.

o Possible agglomeration and
unreliable electrostatic
attraction of metal precursors
and GO.

- Electrochemistry
applications;
- Fuel cell applications.

[74–77]

Ex situ synthesis

� Present the advantages of easy
filtration, good shape and size control
of the nanosheets.

o Linking agent is required,
because the metal nanoparticle
and graphene sheets are
synthesized separately;
o Aggregation of the metal
nanoparticles before their
attachment onto the GO can be
a problem.

- Electron emission
applications;
- Electrochemistry
applications;
- Fuel cell applications.

[78–81]

In conclusion, the most valuable method among the preparation methods of graphene-
deposited nanomaterial catalysts is microwave field irradiation, especially due to the short
synthesis time, the fast and uniform heating and the significant challenge in controlling
uniformity of the metal nanoparticle’s decoration on the graphene surface. By applying
irradiation in the microwave field, under the influence of temperature, homogeneous
reaction centers are formed in the reaction medium at the interface between the irradiation-
sensitive graphene support and the metal precursor. Additionally, the presence of a
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reducing agent in the reaction medium means that the precursor can be converted to its
metallic form by microwave irradiation.

The qualities of noble metals have demonstrated a special efficiency in the electro-
catalytic activity and the electrochemical stability of compounds based on carbon and
graphene oxide. In order to improve the oxygen reduction reaction (ORR) and the quality
of hydrogen adsorption and desorption, a higher electrochemical active surface area (ECSA)
of the catalyst based on noble metals is necessary. The intrinsic increase in the active surface
is proportional to the metal content in the chemical compound and to the dispersion of
metal nanoparticles on the rGO sheets. The uniform distribution and surface morphology
of noble metal nanoparticles on rGO have an effect on the ORR. An excessive reaction
energy can cause an agglomeration of the noble metal nanoparticles, leading to particle
sizes over 10 nm and the suppression of catalytic activity by reducing the active surface.
Figure 6 present the trend of noble metal nanocomposites synthesis methods in different
applications. Thus, it can be seen that the most applications of graphene functionalized with
noble metals are in applications with fuel cells, renewable energy sources (photovoltaics,
production of green hydrogen) and supercapacitors.

Fuel cell applications

Supercapacitor applications

Biomedical applications

Sensor applications

Electrochemical applications

Hydrogen productions

Photovoltaic applications

Optical applications

The trend of noble metal nanocomposites synthesis methods in different 
applications

Ultrasonication Photo-assisted reduction

Pulsed laser ablation in liquids (PLAL) Chemical reduction

Electrochemical deposition Microwave-assisted synthesis

Seed mediated growth method Ex-situ synthesis

Figure 6. The trend of noble metal nanocomposites synthesis methods in different applications.

4. Conclusions

This review presents the most used and up-to-date methods for the synthesis of
graphene functionalized with noble metals (Pt, Ag, Pd and Au) as well as the relevant
methods for the characterization of catalysts. The potential of capitalizing on the improved
catalytic properties of graphene functionalized with noble metals was also discussed.
The studies presented in this review were carried out in order to understand how the
metal–support interaction drives chemical catalysis. The preparation technique, the type
and amount of metal, the nature of the support, the type of dopant and the technique
of applying the catalyst, all these are dependent on the metal–support relationship. Fol-
lowing this review, it was found that the noble metals demonstrated a special efficiency
in the electrocatalytic activity and the electrochemical stability of the compounds based
on carbon and graphene oxide. It was also observed that to improve the oxygen reduc-
tion reaction (ORR) and the quality of hydrogen adsorption and desorption, a higher
electrochemical active surface area (ECSA) of the noble metal catalyst is required. The
uniform distribution and surface morphology of noble metal nanoparticles on rGO were
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found to have an effect on the ORR. Most applications of noble metal functionalized
graphene are in fuel cells, renewable energy (photovoltaic, green hydrogen production) and
supercapacitor applications.
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