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Preface

The field of 2D materials has rapidly gained momentum in recent years due to its transformative

potential across a wide spectrum of scientific and technological domains. This Special Issue

(SI) titled “Two-Dimensional Materials: From Synthesis to Applications” brings together 17

meticulously selected papers that exemplify cutting-edge research in this exciting field. By

presenting advancements that span from innovative synthesis techniques to practical applications,

this compendium serves as a testament to the versatility and promise of 2D materials.

The scope of this SI is broad, encompassing fundamental studies, novel methodologies, and

practical implementations. Topics range from the synthesis and characterization of materials

such as boron nitride and molybdenum disulfide to their deployment in areas as diverse as

optoelectronics, catalysis, and environmental remediation. These contributions collectively highlight

the multidisciplinary nature of 2D materials research and underscore its relevance to both academic

and industrial communities.

The motivation for compiling this SI stems from the need to provide a platform where

researchers can explore the synthesis, properties, and applications of 2D materials in a cohesive and

comprehensive manner. Our aim is to stimulate further innovations by fostering collaboration and

dialogue among researchers from various disciplines. We hope that this reprint will not only serve

as a valuable resource for experts in the field but also inspire newcomers to delve into the fascinating

world of 2D materials.

We extend our heartfelt gratitude to the authors who have contributed their exceptional work

to this issue. The papers featured herein represent the collective effort of researchers worldwide,

i.e., from Brazil, Bulgaria, Chile, China, Greece, Iran, Italy, Japan, Lithuania, Russia, Saudi

Arabia, Singapore, Spain, Turkey, and the USA. They have dedicated themselves to advancing our

understanding of 2D materials. We are also deeply appreciative of the reviewers whose meticulous

evaluations have ensured the scientific rigor and quality of this SI.

Additionally, we would like to acknowledge the invaluable support of the editorial team,

whose guidance and expertise have been instrumental in bringing this publication to fruition. Their

unwavering commitment to excellence has made this endeavor a success.

This SI is addressed to researchers, scientists, and engineers in materials science, nanotechnology,

physics, chemistry, and related disciplines. We are confident that it will serve as an essential reference

for those seeking to explore the synthesis, properties, and applications of 2D materials and that it will

spark new ideas and collaborations that propel the field forward.

We hope you find the articles as enlightening and inspiring as we did and that you contribute to

the next edition of the SI “Two-Dimensional Materials: From Synthesis to Applications, 2nd Edition”.

Sake Wang, Nguyen Tuan Hung, and Minglei Sun

Guest Editors
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Editorial

Two-Dimensional Materials: From Synthesis to Applications
Sake Wang 1,* , Nguyen Tuan Hung 2 and Minglei Sun 3
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* Correspondence: isaacwang@jit.edu.cn

1. Introduction
Two-dimensional materials have become a cornerstone of modern materials science,

offering unique structural, electronic, optical, and mechanical properties [1]. This SI of
Molecules brings together 17 diverse contributions, showcasing the latest advancements
in 2D material synthesis, theoretical insights, and applications [2,3]. These papers col-
lectively highlight the transformative potential of 2D materials in energy, environmental
sustainability, catalysis, sensors, and more. This editorial provides a detailed analysis and
categorization of these works, emphasizing their importance and future implications.

2. Synthesis and Characterization: Building the Foundation of
2D Materials

The synthesis of high-quality 2D materials is the first step in realizing their potential.
This SI includes three contributions on optimizing synthesis techniques and characterizing
the resulting materials to enhance their applicability.

1. Hexagonal boron nitride thin films.
This study employed high-power impulse reactive magnetron sputtering to deposit
hexagonal boron nitride (h-BN) thin films. By tuning deposition parameters such as
temperature, nitrogen flow, and time, the team achieved control over crystallinity,
surface roughness, and chemical composition. The results provide insights into
optimizing h-BN films for electronic and optical devices, underscoring the importance
of process parametrization. (Contribution 1).

2. Carbon nitride nanosheets for silica film adhesion.
A critical challenge in fabricating VMSF is ensuring their stability on carbonaceous
electrodes. This study demonstrated that carbon nitride nanosheets act as effective
adhesive layers, improving the mechanical stability of VMSF. This enhancement
enabled the development of robust immunosensors with broad detection ranges,
highlighting the role of hybrid material interfaces. (Contribution 2).

3. GO-based anticorrosion coatings.
Functionalizing GO with ethylenediamine introduced a sustainable way to enhance
waterborne polyurethane coatings’ anticorrosion performance. The low GO content ef-
fectively improved the coatings’ barrier properties, offering environmentally friendly
solutions for corrosion protection. This study illustrates the potential of GO-based
additives for large-scale industrial applications. (Contribution 3).

Molecules 2025, 30, 741 https://doi.org/10.3390/molecules30030741
1



Molecules 2025, 30, 741

3. Energy Applications: Powering a Sustainable Future
Energy sustainability is one of the most critical challenges of our time. Four contri-

butions in this SI highlight the role of 2D materials in advancing energy conversion and
storage technologies.

1. MoS2-based broadband solar absorbers.
A single-layer molybdenum disulfide (MoS2) was used to design a broadband solar
absorber with exceptional absorption efficiency, maintaining over 95% absorption
across a wide spectral range. The absorber’s polarization insensitivity and thermal
stability make it a promising candidate for photovoltaics and other energy conversion
applications. (Contribution 4).

2. Photocatalytic water splitting with GeC/MXY heterojunctions.
GeC/MXY (M = Zr, Hf; X, Y = S, Se) heterojunctions were explored for water
splitting. These structures demonstrated strong light-harvesting capabilities, small
bandgaps, and efficient charge carrier separation due to built-in electric fields at the
heterointerface. This research emphasizes the potential of 2D materials for producing
clean hydrogen energy. (Contribution 5).

3. Catalysts for hydrogen evolution reaction.
A gold nanoparticle–mesoporous carbon composite was developed as a catalyst
for hydrogen evolution. The material achieved high stability and low activation
energy, making it an efficient solution for sustainable hydrogen production. This
work exemplifies the importance of 2D material composites in addressing the growing
energy demands. (Contribution 6).

4. Pt-Pd nanoparticles for fuel cells.
Pt-Pd alloy nanoparticles anchored on graphene nanoplates demonstrated enhanced
mass activity and durability in oxygen reduction reactions. These materials hold sig-
nificant promise for advancing proton exchange membrane fuel cells, a key technology
for clean energy systems. (Contribution 7).

4. Environmental and Catalytic Applications
The environmental impact of industrial processes and the need for efficient catalysis

have spurred interest in 2D materials. This SI includes three contributions to addressing
these challenges.

1. Tribocatalytic degradation of antibiotics.
Rare-earth-modified zinc oxide powders were shown to degrade tetracycline an-
tibiotics using triboelectric effects. This approach converts mechanical energy into
catalytic activity, providing a sustainable method for water purification and pollution
control. (Contribution 8).

2. Gas desulfurization with recycled graphite.
Recycled graphite from spent Zn/C batteries was transformed into reduced GO-based
sorbents. These materials demonstrated competitive desulfurization performance, of-
fering a cost-effective and environmentally friendly alternative to commercial sorbents.
(Contribution 9).

3. Ethylene adsorption for agricultural applications.
Activated carbons derived from agricultural waste were impregnated with copper
oxide, significantly improving ethylene adsorption. This innovation has practical
applications in prolonging the post-harvest life of fruits and vegetables, showcasing
the versatility of 2D materials in agriculture. (Contribution 10).

2



Molecules 2025, 30, 741

5. Sensors and Optoelectronics
The unique electronic and optical properties of 2D materials enable their application

in advanced sensing and optoelectronic devices. This SI includes two contributions to the
development and design of high-performance optoelectronic devices.

1. Graphene nanoplatelets for optoelectronics.
Graphene nanoplatelets integrated with amorphous germanium substrates exhibited
enhanced optical absorption and increased refractive indices. These findings pave
the way for the development of high-performance optoelectronic devices, such as
photodetectors and solar cells. (Contribution 11).

2. Modified quantum dots for optical devices.
Theoretical studies on GaAs quantum dots with modified confining potentials re-
vealed tunable optical absorption coefficients. This study contributes to the design of
new optoelectronic devices leveraging inter-sub-band transitions. (Contribution 12).

6. Theoretical Insights and Fundamental Studies
Theoretical studies provide critical insights into the behavior and design of 2D ma-

terials, guiding experimental efforts. This SI includes three contributions to the DFT
calculations for the 2D materials.

1. Topological insulators and magnetic proximity.
Bi2Se3/CrWI6 heterostructure was studied to achieve magnetic proximity-induced
spin splitting, enabling the quantum anomalous Hall effect. This study advances
the field of topological insulators, essential for quantum computing and spintronics.
(Contribution 13).

2. Cation–π interactions in graphene.
Pi-stacked host molecules were synthesized to study their interactions with metal
cations. The results demonstrated enhanced binding in stacked configurations, inform-
ing the design of materials for ion intercalation and energy storage. (Contribution 14).

3. Corrosion potentials of zinc alloys.
Using DFT simulations, researchers analyzed the corrosion behavior of zinc alloys in
various harsh environments. The findings provide valuable indicators for developing
biodegradable metals and corrosion-resistant coatings. (Contribution 15).

7. Advanced Functional Materials
Novel functional materials were developed for targeted applications, including

ion separation and chemical catalysis. This SI consists of two contributions discussing
these applications.

1. GO/MXene composite membranes for ion separation.
Polyethyleneimine-coated GO/MXene membranes exhibited high efficiency in sepa-
rating Mg2+ and Li+ ions from salt lake brines. This technology addresses the critical
need for lithium extraction in renewable energy systems. (Contribution 16).

2. Biomass-derived catalysts for sulfonylation.
A biomass-derived copper catalyst enabled efficient sulfonylation of aniline deriva-
tives, demonstrating a recyclable and sustainable approach to heterogeneous catalysis.
(Contribution 17).

8. Conclusions
The 17 papers in this SI of Molecules exemplify the versatility and transformative po-

tential of 2D materials. From cutting-edge synthesis techniques to innovative applications

3
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in energy, environment, and technology, these studies demonstrate the profound impact of
2D materials on addressing global challenges [4].

The integration of experimental advancements with theoretical insights will undoubt-
edly drive future breakthroughs. As researchers continue to explore the possibilities of 2D
materials, their role in shaping sustainable and efficient technologies will only expand [5].
This collection not only highlights current progress, but also sets the stage for a future
where 2D materials redefine the boundaries of science and engineering. We sincerely hope
the inspirations will contribute to the next edition of this SI, “Two-Dimensional Materials:
From Synthesis to Applications, Second Edition” [6].
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Abstract: In the present research, hexagonal boron nitride (h-BN) films were deposited by reactive
high-power impulse magnetron sputtering (HiPIMS) of the pure boron target. Nitrogen was used
as both a sputtering gas and a reactive gas. It was shown that, using only nitrogen gas, hexagonal-
boron-phase thin films were synthesized successfully. The deposition temperature, time, and nitrogen
gas flow effects were studied. It was found that an increase in deposition temperature resulted in
hydrogen desorption, less intensive hydrogen-bond-related luminescence features in the Raman
spectra of the films, and increased h-BN crystallite size. Increases in deposition time affect crystallites,
which form larger conglomerates, with size decreases. The conglomerates’ size and surface roughness
increase with increases in both time and temperature. An increase in the nitrogen flow was beneficial
for a significant reduction in the carbon amount in the h-BN films and the appearance of the h-BN-
related features in the lateral force microscopy images.

Keywords: hexagonal boron nitride; reactive high-power magnetron sputtering; Raman; X-ray
photoelectron spectroscopy; AFM

1. Introduction

Two-dimensional (2D) nanomaterials, such as graphene, boron nitride (BN), and
molybdenum disulfide (MoS2) nanosheets, have many unique properties that can be useful
for various applications, such as composites, nanoelectromechanical systems, and sens-
ing, optoelectronic, and electronic applications. BN can form several different allotropes
with either sp2 or sp3 bonding. The sp2-bonded BN crystallizes in a hexagonal (h-BN)
or rhombohedral (r-BN) phase, and sp3 BN crystallizes in a cubic (c-BN) or wurtzite
(w-BN) phase [1]. Hexagonal boron nitride (h-BN) is a layered 2D nanomaterial that
is structurally analogous to graphene [2]. It has excellent physical properties, such as
an ultra-wide bandgap (~5.96 eV) [3], a high breakdown field (11.8 MV cm−1) [4], high
thermal conductivity (1000 W m−1K−1) [5], good thermal and chemical stability [6], and
piezoelectricity [7]. BN nanostructures also present excellent mechanical properties [8]. The
atomically thin layer can be assembled with various other 2D layers to create tunneling-
based devices, vertical or in-plane heterostructures, and bistable memory devices [9–11].
In particular, graphene and h-BN share very similar hexagonal crystal lattice parameters,
enabling epitaxial growth of low-defect-density graphene on boron nitride [12]. There-
fore, graphene/h-BN heterojunctions and multilayer-based microelectronic and photonic
devices are intensively studied [9]. In addition, hBN itself is a promising material for
such applications as ultraviolet-light emitters [13], single-photon emitters [14], gas barrier
films [14], and tunnel magnetic resistance devices [15]. Boron nitride thin films are synthe-
sized using various deposition techniques. Chemical vapor deposition is the most widely
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used method for the large-scale production of h-BN layers at a low cost [16–18]. However,
this technique uses transition metals (Cu, Ni, Fe, Pt, and Ir) as substrates, and a transfer pro-
cess from metal substrates to a suitable surface (generally a dielectric substrate) is required
for most device applications, which probably induces impurities and mechanical damage,
thereby degrading the performance of h-BN-based devices. The h-BN films deposited by
metalorganic vapor-phase epitaxy [19–21] and molecular beam epitaxy [22,23] are usually
grown on sapphire, which requires high substrate temperatures (>1000 ◦C) to compensate
for this substrate’s poor catalytic activity. Furthermore, h-BN has been synthesized at lower
temperatures by applying physical vapor deposition methods such as radio frequency (RF)
magnetron sputtering [24]. However, RF magnetron sputtering is known for low power
efficiency, high cost, and constraints in terms of scaling to large surface areas [25]. Thus, the
development of other physical-vapor-deposition-based hexagonal boron nitride deposition
methods is necessary.

Notably, high-power impulse magnetron sputtering (HIPIMS) is already success-
fully used for large-area industrial-scale coating deposition [26]. Compared to RF mag-
netron sputtering, high-power impulse magnetron sputtering ensures higher thin-film
density [27,28], much better control of the structure and stoichiometry [29], enhanced
adhesion [28], and higher stability [30]. However, there are few studies on h-BN film de-
position by HIPIMS [31–36]. In addition, in [31,32,34], LaB6 targets were used for h-BN
growth, because the pure boron target is insulating and, usually, it should be heated to
a temperature of 500 ◦C or higher to ignite the unipolar sputtering discharge [31,32,34,37].
In the case of hexagonal boron nitride deposition by boron target reactive HIPIMS, only Ar
and N2 gas flow ratio effects [36] and the influence of the boron isotope used as a sputtering
target material [33] were studied.

The aim and objectives of this research work are to investigate the synthesis of h-BN
thin films directly on noncatalytic Si(100) substrates by applying the reactive unipolar high-
power impulse magnetron sputtering (HiPIMS) technique, using a pure boron cathode and
nitrogen gas, and to investigate the influence of the deposition temperature and time and
the flow rate of nitrogen gas on the structure and composition of thin films. It was revealed
that there is no need for high-temperature heating of the boron target to ignite the sputtering
discharge, and the target temperature of 100 ◦C is enough for that purpose. Taking into
account the finding in [36] that h-BN can be grown using nitrogen gas alone instead of the
Ar/N2 gas mixture and the fact that the use of the Ar/N2 gas mixture provides no benefits,
in the present research, boron nitride films were deposited using N2 as both reactive and
sputtering gas. However, it was revealed that the nitrogen gas flow must be maximized to
minimize the concentrations of unwanted impurities, such as carbon and oxygen, in the film.
It was found that the h-BN films’ deposition temperature and time also influenced the h-BN
structure and composition. Control of the h-BN nanocrystallite size and decreased intensity
of the samples’ Raman spectra luminescence hump and background were achieved.

2. Results and Discussion

In the present research, the effects of the deposition temperature and time and the
nitrogen gas flow on the structure of h-BN films were investigated by Raman scattering
spectroscopy. Figure 1a shows the original Raman spectra of the deposited h-BN films
grown at different substrate temperatures, with a 60 min deposition time and a 152 sccm
nitrogen gas flow.

The main peak at ~1370 cm−1 is observed at all deposition temperatures. It can be
assigned as an h-BN E2g peak related to in-plane, Raman-active vibrations [38,39]. No h-
BN-related peaks were observed in the spectra of the samples grown at temperatures below
480 ◦C. In spectra of the films grown at lower temperatures, a strong luminescence hump
and luminescence background are seen, which decreases and almost disappears at higher
substrate temperatures. Figure 1b shows a view of the hexagonal boron nitride-related
peaks with a removed background and deconvoluted curves. The peak’s central position
is down-shifted with the deposition temperature. Fitted values of full width at half maxi-
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mum (FWHM) and the peak’s central position are shown in Figure 1c. FWHM decreases
from 38.01 ± 0.96 to 28.13 ± 0.96 cm−1 wavenumbers with increasing temperature, while
central position, as was mentioned above, shifts from 1371.3 ± 0.3 to 1368.8 ± 0.3 cm−1

wavenumber. Figure 1d shows crystal sizes calculated using Equations (1) and (2). The
size of the crystallites calculated using FWHM increases from 4.50 ± 0.46 to 6.50 ± 0.46 nm
with increasing deposition temperature from 480 to 1070 ◦C. A similar effect of crystallite
size depending on substrate temperature was reported for h-BN films deposited by RF
sputtering [40]. Crystallite sizes calculated using h-BN peak position rise with synthesis
temperature from 4.50 ± 1.21 to ~10.00 ± 1.21 nm. We suppose that peak position shifting
is affected by two factors—change in the crystallite sizes [41–43] and strains induced in the
film [44,45]. So, the larger size of the crystallites calculated using the h-BN peak position
can be explained by strain appearance in the films grown at higher temperatures, which
results in additional peak shifts. There are theoretical studies about the grain size and stress
relationship in BN which have established that strength, toughness, Young’s Modulus,
and energy release rate all have a declining trend along with a decrease in grain size. At
the same time, the ultimate strain increases as grain sizes decrease. These properties stem
from the heterogeneity of BN, and the effect of this heterogeneity on the behavior of grain
boundaries [46] and tensile strength and strain decreased after introducing vacancy defects
in the hBNNR structure [47]. In our case, the grain boundaries play the same role as
vacancies—the larger the crystallites, the less grain boundaries between them.
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Figure 1 shows that larger crystallite values were calculated using the peak position
compared to those obtained using the peak FWHM for samples deposited at temperatures
higher than 900 ◦C. Boron nitride tensile strain results in E2g Raman peak downshift [38]
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and compressive strain—in upshift [48]. Thus, the presence of the tensile strain in boron
nitride samples grown at temperatures higher than 900 ◦C can be supposed. That can be
explained by the thermal stress appearance during the cooling due to the different thermal
expansion coefficients of boron nitride and silicon [49,50]. Therefore, to avoid possible
adverse effects of excessive thermal stress while maximizing h-BN crystallite size, the boron
nitride growth temperature was set at 820 ◦C in subsequent experiments. Deposition time
and nitrogen gas flow effects were investigated.

Figure 2a shows the original Raman spectra of the deposited h-BN films, grown at
different times (from 30 to 180 min), 820 ◦C deposition temperature, and 152 sccm nitrogen
gas flow. We see the main peak of hBN, attributed to ~1370 cm−1 of wavenumber. We
can see the increase in luminescence hump with increasing deposition time. Figure 2b
shows the high resolution of main peaks with removed background and deconvoluted
curves. The broadened and slightly shifted peaks can be seen; we also see an increase in
intensity with increasing deposition time. Fitted values of FWHM and the peak’s central
position are shown in Figure 2c, which shows that FWHM increases from 28.80 ± 0.96 to
34.50 ± 0.96 cm−1 of wavenumber with increasing deposition time, while central position,
as was mentioned above, shifts from 1371.2 ± 0.3 to 1368.9 ± 0.3 cm−1 wavenumber.
Figure 2d shows calculated crystal sizes. Using the calculation from FWHM, the crystallites’
size decreases from 6.5 ± 0.46 to 4.8 ± 0.46 nm with increasing deposition time from 30 to
180 min. Using calculations from peak center shifting, we see that crystallite sizes change
from 5.5 ± 0.96 to 2.3 ± 0.96 nm, and the inclination of dependence is different. As was
described above, the different inclinations can be explained by the strain effect appearing
in crystallites.
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Figure 3a shows the original Raman spectra of the deposited h-BN films, grown
using different nitrogen gas flows at a constant 820 ◦C deposition temperature and de-
position time of 60 min. We see the main peak of hBN, attributed to ~1370 cm−1 of
wavenumber. A luminescence hump is clearly visible in the spectra of the sample de-
posited with 152 sccm of nitrogen gas flow. Increasing flow to 197 sccm gives the disap-
pearance of the luminescence hump and background. Figure 3b shows the high resolution
of main peaks with removed background and deconvoluted curves. An increase in in-
tensity with increasing nitrogen gas flow is observed. Fitted values of FWHM and the
peak’s central position are presented in Figure 3c, which shows that FWHM decreases
from 32.50 ± 0.96 to 31.40 ± 0.96 cm−1 with increasing gas flow. The h-BN peak posi-
tion is slightly downshifting. Figure 3d shows calculated crystal sizes. With increas-
ing nitrogen gas flow, the crystallite size calculated using FWHM values increases from
5.36 ± 0.46 to 5.65 ± 0.46 nm. The crystallite sizes estimated using h-BN peak position
raised from 4.57 ± 0.93 to 6.02 ± 0.93 nm. As was described above, the different crystallite
sizes calculated using FWHM and peak position can be explained by the strain effect
appearing in crystallites.
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Figure 4 shows AFM pictures, where (a–d) are from samples deposited at different
temperatures (at a constant deposition time of 60 min) and (e–h) are from samples deposited
at different times (from 30 to 180) when deposition temperature was constant at 820 ◦C.
Meanwhile, Figure 4i,j shows surface roughness Rq dependent on deposition temperature
and time. In (a–d), we see that deposition temperature influences the size of grains. So, at
820 ◦C, we see a fine-grained structure. It was determined by analyzing AFM images that
there are 1–2 nm high and 20–40 nm wide elements and their derivatives (Figure 4a). At
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950 ◦C temperature, pits and grains are seen. The pits’ depth is 0.5 nm and the width is
25–30 nm. The height of the grains is 0.5–1 nm and the width is 25–30 nm (Figure 4b). A
deposition temperature increase to 1000 ◦C results in 2–3.5 nm height and 130 nm width
ribbons consisting of 200 nm long segments (Figure 4c). At 1070 ◦C temperature, we can
observe interlaced grains of 50 nm width, 150 nm length, and 4–6 nm height (Figure 4d).
In Figure 4e–h, we see that deposition time influences the size of grains. A fine-grained
structure was grown after 30 min of deposition (at a constant 820 ◦C temperature). Grain
height is up to 2 nm and width is 15–20 nm (Figure 4e). After 60 min deposition, 0.5
nm depth and 25–30 nm width pits and 0.5–1 nm height and 25–30 nm width grains are
seen (Figure 4f). After 90 min, growth elements and their derivatives of 1–2 nm height
and 20–40 nm width dominate (Figure 4g). The AFM image drastically changed after 180
min deposition—structural elements of 15–20 nm height and 320–360 nm width are seen
(Figure 4h). Although the increase in grain size during the increase in time contradicts
measurements of crystallites using Raman spectroscopy, it can be explained that grains
are conglomerates that consist of nanocrystallites. That can be seen in Figure 4h, where
grains consist of smaller objects corresponding to sizes determined by Raman spectroscopy.
Figure 4i shows surface roughness Rq dependent on deposition temperature (at a constant
deposition time of 60 min). Rq increases (from 0.5 to 1.25 nm) with increasing temperature.
The effect of deposition time is similar—apart from fluctuations at 30–90 min, we see
a strong roughness increase from ~0.5 to 4.7 nm (Figure 4j).
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In Figure 5, AFM (a) and lateral force microscopy (LFM) (b) images of the sample
deposited at 820 ◦C temperature, 60 min growth time, and 197 sccm nitrogen gas flow are
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shown. We see structural elements of 10–15 nm height, 180–200 nm width, and 200–240 nm
length. Comparing the image of a sample deposited at the same conditions (Figure 4a) but
with a different gas flow (152 sccm), we see that an increase in nitrogen gas flow strongly
influences the grain size. The image is similar to Figure 4h; only lateral force microscopy
shows (at the right) that the surface has visible hexagonal structures (marked areas). That
is typical of a pure boron nitride surface [20].
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For the surface chemical composition evaluation, the samples were analyzed using
XPS. The survey spectra for all samples were collected and compared. In Figure 6, spectra
for several samples are depicted. The spectra showed very similar patterns for all samples;
only the intensity of the main peaks for nitrogen and boron was different, according to the
calculated surface atomic concentrations (Table 1).
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Table 1. Calculated surface atomic concentrations. Samples are named T (temperature ◦C), D (deposition
time min.), and N—increased (197 sccm) nitrogen flow.

Sample O 1s N 1s C 1s B 1s

T331D180 18.7 26.4 16.9 38.0
T820D180 7.9 32.1 21.7 38.3
T820D30 6.1 39.0 15.9 38.9
T820D60 4.3 37.1 15.3 43.4
T480D60 5.4 40.9 15.1 38.6

T820D60N 5.85 43.65 3.29 47.2

High-resolution XPS spectra in the N 1s and B 1s regions were scanned and deconvo-
luted for chemical bond detection (Figure 7). Figure 7a shows the spectra of the sample
T820D60, deposited at 820 ◦C temperature, 60 min time, and 152 sccm nitrogen gas flow.
Figure 7b shows the spectra of the sample T820D60N, deposited at the same conditions
but with a larger nitrogen gas flow (197 sccm). In Figure 7a,b, the main peak at 397.8 eV
indicates that most of the nitrogen is bonded to boron, as described in the literature [51–53].
The low-intensity peak at 398.5 eV was attributed to N-C bonds [51–53].
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Figure 7. Deconvolution of high-resolution XPS spectra in the N 1s and B 1s regions: for the sample
T820D60, deposited at 820 ◦C temperature, 60 min time, and 152 sccm nitrogen gas flow (a,c); for the
sample T820D60N, deposited at 820 ◦C temperature, 60 min time, and 197 sccm nitrogen gas flow
(b,d). Circles—acquired spectra; red line—envelope; thin black lines—fitted peaks.

Figure 7c,d presents the deconvolution of high-resolution XPS spectra in the B 1s
region for the same T820D60 and T820D60N samples. The main peak at 190 eV indicates
that most of the boron is bonded to nitrogen, in agreement with nitrogen bonds in the N
1s region. The position of this peak corresponds to known values of B-N bonds reported
in the literature [51–53]. The low-intensity peak at 190.8 eV could be attributed to B-O
bonds [51,52] due to adsorbed atmospheric oxygen.

3. Materials and Methods

The boron nitride thin films were synthesized by the reactive high-power impulse
magnetron sputtering (Hippies) method. The initial vacuum pressure was 8 × 10−6 mBar.
After reaching the initial vacuum, nitrogen (or nitrogen mixture with argon) gas was
injected into the vacuum chamber. A too low or too high working pressure does not allow
ignition of plasma. The working pressure was 9 × 10−3 and 1.8 × 10−2 mBar. It should
be mentioned that, under normal conditions (room temperature), igniting the plasma was
impossible due to the high resistivity of the boron cathode. Therefore, typically, the boron
cathode is sputtered using RF magnetron sputtering systems [54–56] or impurities-added
boron LaB6 [32] and B4C [57] cathodes are used. In our case, for ignition of plasma and
carrying out the sputtering process, the boron cathode was heated with a heat lamp (at
an angle of 45◦ and a distance of 20 cm from the cathode) in a vacuum before starting the
process. The boron cathode was isolated from the cooling of the magnetron using thin
(0.5 mm) quartz plates. After heating the boron cathode to a temperature of 100 ◦C, the
resistivity of boron decreases up to 30 times (as was measured before). As a result, the
plasma ignites and the plasma discharge maintains the elevated temperature of the cathode.
An unbalanced magnetron (Milko Angelov Consulting Co., Plovdiv, Bulgaria) with a high-
purity (99.99%) boron target (Kurt J. Lesker Company GmbH, Dresden, Germany) was
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used. The pulse DC power controller SPIK2000A (Melec GmbH, Baden-Baden, Germany)
was applied to generate high-power pulses. Prime-grade double-sided polished n-type
monocrystalline Si (100) wafers (Sil’tronix Silicon Technologies, Archamps, France) were
used as a substrate. The substrate was placed parallel to the plane of the cathode at
a distance of 15 cm. Impulse parameters were chosen: tOn = 17 µs, tOf = 150 µs, impulse
current I = 1.2 A. The average current was constant during all processes, about ~0.12 A,
and the average voltage was ~930 V. The pulse parameters were chosen as such because
obtaining the boron nitride phase was impossible when the toff-to-ton ratio was too low.
The deposition time was chosen from 30 to 180 min (the shorter time gives too thin a film
for Raman measurements, and growth time over 180 min results in no apparent changes
in structure). The h-BN thin films’ synthesis requires an appropriate temperature, and it
is in a relatively wide range (500~1000 ◦C) [58–61], depending on the method and other
parameters. Our purpose was to investigate the broadest possible range of temperatures
for the case of our method. Samples were deposited on substrates at different temperatures
(200 to 1050 ◦C) using different deposition times. Detailed deposition conditions are listed
in Table 2. The film thickness was determined using a laser ellipsometer Gaertner L-115
operating with a He–Ne laser (λ = 632.8 nm). Raman scattering measurements were
performed using a Raman microscope inVia (Renishaw Wotton-under-Edge, UK). The
excitation beam from a diode laser of 532 nm wavelength was focused on the sample using
a 50 × objective (NA = 0.75, Leica, Solms, Germany). Laser power at the sample surface
was 1.75 mW, integration time was 10 s or 100 s, and the signal was accumulated once.
The Raman Stokes signal was dispersed with a diffraction grating (2400 grooves/mm),
and data were recorded using a Peltier—cooled charge-coupled device (CCD) detector
(1024 × 256 pixels). The Raman setup in both Raman wavenumber and spectral intensity
was calibrated using silicon. We used the Levenberg–Marquardt method to calculate the
best-fit parameters that minimize the weighted mean square error between the observations
in Y and the best nonlinear fit. The two main parameters of the Gauss function, full width
at half maximum (FWHM) and peak center, were calculated using this method.

From the fitted Raman spectra, using two parameters (FHWM and center position
(shifting of central position from largest values of crystallites—∆)), the crystallite size La of
the hBN films can be estimated by extending the Nemanich model for hBN microcrystallites
to hBN films [41]. This method also was reported in a few other studies [62–64]. According
to the Nemanich model for hBN microcrystallites [41] from the FWHM and ∆ values:

La =
1417

FWHM− 8.70
(1)

La =
380·10−8

∆ + 0.29
(2)

Raman scattering measurements were performed at least 3 times in different sample
places, and the average values were calculated. The luminescence hump and luminescence
background of the Raman scattering spectra of different h-BN films were estimated by
calculating the ratio of the luminescence hump maximum intensity and h-BN Raman peak
intensity, as well as the ratio of the luminescence background line slope and h-BN Raman
peak intensity. Atomic force microscopy (AFM) experiments were carried out at room
temperature using a NanoWizardIII atomic force microscope (JPK Instruments, Bruker
Nano GmbH, Berlin, Germany). At the same time, the data were analyzed using JPKSPM
Data Processing software (Version spm-4.3.13, JPK Instruments, Bruker Nano GmbH).
The AFM images were collected using an ACTA (Applied NanoStructures, Inc., Moun-
tain View, CA, USA) probe (silicon cantilever shape—pyramidal, the radius of curvature
(ROC) < 10.0 nm and cone angle 20◦; reflex side coating—Al with a thickness of 50 ± 5 nm,
force constant ~40 N m−1, and resonance frequency in the range of 300 kHz). Height,
amplitude, and lateral imaging were recorded using steps with scan sizes of 2 µm and scan
speeds of 1 Hz. The integral gain was set as 2, while the proportional gain was set as 5.
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Pixels for samples and lines were 516 × 516, operating in contact mode. The film’s sur-
face composition was analyzed using the X-ray photoelectron spectroscopy (XPS) method.
An X-ray photoelectron spectrometer XSAM800 (Kratos, Manchester, UK) equipped with
a nonmonochromatic Al Ka radiation (1486.6 eV) excitation source was used for surface
atomic calculations and survey spectra. A hemispherical electron energy analyzer was
set to fixed analyzer transition (FAT) mode and 20 eV pass energy. A 0.5 eV increment of
binding energy was used to acquire the survey. The energy scale of the system was cali-
brated using the peak positions of Au 4f7/2, Ag 3d5/2, and Cu 2p3/2. The base pressure
in the analytical chamber was less than 5.8 × 10−8 Pa. Thermo Scientific ESCALAB 250Xi
spectrometer with monochromatic Al Kα radiation (hν = 1486.6 eV) excitation was used
for high-resolution spectra measurements and curve-fitting procedure. The hemispherical
electron energy analyzer pass energy value of 20 eV was used. The energy scale of the
system was calibrated with respect to Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 peak positions.
ESCALAB 250Xi Avantage software V5 was used for the peak deconvolution. All spectra
fitting procedures were performed using symmetrical peaks and a 70:30 Gauss–Lorentz
function ratio, except for the graphitic carbon peak, which was fitted using an asymmetrical
peak shape and a Lorentzian–Gaussian function at a 70:30 ratio.

Table 2. Deposition conditions. Samples named T (temperature ◦C), D (deposition time min.), and
N—increased (197 sccm) nitrogen flow.

Sample N2 Gas Flow,
sccm

Working
Pressure, mmBar

Deposition
Temperature, ◦C

Deposition
Time, min Thickness, nm

T330D180 152 9.3 × 10−3 330 180 255 ± 15
T820D180 152 9.3 × 10−3 820 180 210 ± 40
T820D30 152 9.4 × 10−3 820 30 60 ± 10
T820D90 152 9.4 × 10−3 820 90 190 ± 20

T1000D60 152 9.3 × 10−3 1000 60 75 ± 5
T1070D60 152 9.4 × 10−3 1070 60 80 ± 20
T950D60 152 9.3 × 10−3 950 60 77 ± 7
T820D60 152 9.3 × 10−3 820 60 117 ± 3
T690D60 152 9.2 × 10−3 690 60 150 ± 10
T580D60 152 9.2 × 10−3 580 60 165 ± 15
T480D60 152 9.4 × 10−3 480 60 152 ± 12

T820D60N 197 1.8 × 10−2 820 60 107 ± 7

4. Discussion and Conclusions

As was mentioned above, a significant luminescence hump and luminescence back-
ground was seen in the Raman spectra of most h-BN films studied in this research. In this
case, h-BN films contained at least 15 at.% of carbon. It should be mentioned that, in the
case of the h-BN films deposited by reactive magnetron sputtering, a significant amount of
carbon or oxygen impurities were found in numerous studies. Notably, the carbon content
in h-BN films grown by RF reactive magnetron sputtering was as high as 20.83 at.%, and it
decreased to about 8.98 at.% after the surface cleaning by argon ion [65]. In [66], the total
amount of oxygen and carbon in the magnetron-sputtering-deposited h-BN films was much
higher than in our study, in the 31–69 at.% range. A significant amount of carbon impurity
in h-BN films was reported in [67]. In [68], the B-O component in the B1s peak was stronger
than in our case, and the C-N fitting component area of the N1s peak was similar to that
observed in our study. Chng, S. S. et al. found a significant amount of oxygen in most
magnetron-sputtering-deposited h-BN films investigated in their study [36]. Carbon atomic
concentration in h-BN films was decreased below 5 at.% only after selecting the appropriate
additional hydrogen gas flow [69]. Thus, in the case of magnetron-sputter-deposited h-BN
films, deposition conditions must be optimized to avoid film contamination by carbon or
oxygen. In our case, the carbon amount in the films was minimized after the increase in the
nitrogen gas flow and the related significant increase in the work pressure. Thus, the effects
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of the residual gas, along with the possible presence of the carbon-containing adsorbates,
can be supposed.

Regarding the peculiarities of the Raman spectra of the h-BN films deposited in our
study, it should be mentioned that the Raman spectra, very similar to those of the h-BN
films grown in the present study at lower temperatures, were reported in [70]. Notably,
Raman scattering spectra of h-BN films produced by vacuum annealing of the borazine
amine polymer at 1600 ◦C temperature contained both h-BN-related sharp peak and
a very broad luminescence hump with a maximum at ~2400 cm−1 [70]. It should be men-
tioned that a very broad Raman peak without any characteristic bands was observed for
BCxN (0 < x < 2) films deposited by plasma-enhanced chemical vapor deposition in the
1000–3000 cm−1 range [61]. It was attributed to the fluorescence from the h-BN defects
without indicating the nature of those defects. A luminescence hump or luminescence back-
ground was reported for the h-BN flake implanted by high-energy Ga ions and annealed at
820 ◦C [71]. It was explained by defect migration due to the annealing at 850 ◦C and the
resulting transformation of the boron vacancies to the anti-site nitrogen vacancy complex
(NBVN) defects [71]. However, in our case, the luminescence hump and background are
more pronounced for films deposited at a temperature below 850 ◦C, contradicting the [71]
hypothesis. A broad Raman peak with a maximum in the 1150–1400 cm−1 range was re-
ported for amorphous BN films containing up to 15 at.% of carbon [72]. It should be noted
that the B-H stretching modes can be found at 2291 cm−1 and 2382 cm−1, respectively [73].
Meanwhile, positions of the N-H bond vibration-related bands seem to be beyond the lumi-
nescence hump range reported in the present study (3176 cm−1, 3251 cm−1, and 3312 cm−1

wavenumbers) [73]. Thus, the luminescence hump can be partially related to the presence
of the B-H bonds. On the other hand, in the present study, a luminescence hump was
found for samples containing >15 at.% of carbon. At the same time, it was absent for
samples containing less than 5 at.% of carbon. It is in good accordance with the studies
mentioned above, in which a luminescence hump was reported for boron nitride films
containing a significant amount of carbon [61,72]. The position of the C-C-bond-related
Raman peaks is usually below 1700 cm−1 in amorphous carbon films [74]. However, C-H
bond vibrations related to Raman peaks can be observed in the 2000–2200 cm−1 range [75].
The luminescence background can also be associated with the C-H bonds. Particularly,
the ratio of the slope of the Raman spectra luminescence background line and G peak
intensity is proportional to the bonded hydrogen amount in the diamond-like carbon
films [74,76], and even a significant luminescence background slope with no characteristic
Raman peaks was reported for hydrogenated amorphous carbon films containing >40 at.%
of hydrogen [74,77]. The bonded hydrogen amount in the film should decrease with the
increase in deposition temperature due to the desorption of hydrogen atoms caused by the
B-H and C-H bond breakage [78–82]. That is in accordance with the present study, as seen in
Figure 8. Thus, the observed luminescence hump can be explained by the formation of B-H
and C-H bonds, and the presence of C-H bonds can explain the luminescence background.
In this case, the increase in deposition temperature results in faster hydrogen desorption
and a subsequent decrease in the h-BN luminescence-related features of the Raman film
spectra. However, the increase in nitrogen gas flow was the most effective measure result-
ing in a significant decrease in the carbon amount in the film and a disappearance of the
luminescence hump and luminescence background. The main factor can be supposed to
be the increase in work pressure, while the base pressure remained the same, causing the
residual gas to have a decreased influence on the growing film composition. Therefore,
much fewer carbon and hydrogen atoms were incorporated into the films, and the number
of C-H as well as B-H bonds was significantly decreased.
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In conclusion, hexagonal boron nitride films were deposited by high-power impulse
reactive magnetron sputtering. Too low a nitrogen gas flow resulted in the formation of
films containing a significant amount of carbon and the formation of C-H and B-H bonds.
Increased synthesis temperature resulted in hydrogen desorption, less intensive hydrogen-
bond-related luminescence features in Raman spectra of the films, and increased h-BN
crystallite size. At the same time, in boron nitride samples grown at temperatures higher
than 900 ◦C, tensile strain can be induced due to the thermal stress. The rise in nitrogen
gas flow resulted in a significantly reduced carbon amount, the disappearance of the
luminescence features in Raman scattering spectra of deposited films, and the appearance
of h-BN-related features in the lateral force microscopy images of the boron nitride films.
That was explained by decreased residual gas influence due to increased work pressure.
Thus, h-BN film deposition temperature and nitrogen gas flow must be optimized to grow
h-BN films containing fewer impurities and a more considerable amount of the h-BN phase.

Author Contributions: V.S.: Investigation, Writing—original draft, Writing—review and editing,
Visualization. A.V.: Methodology, Investigation, Visualization. A.G.: Methodology, Investigation,
Visualization. M.A.: Investigation, Writing—original draft, Visualization. Š.M.: Conceptualiza-
tion, Methodology, Writing—original draft, Writing—review and editing, Visualization, Project
administration, Funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the Research Council of Lithuania (Grant No. P-MIP-22-235).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article; further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Taniguchi, T.; Sato, T.; Utsumi, W.; Kikegawa, T.; Shimomura, O. In-situ X-ray Observation of Phase Transformation of Rhombo-

hedral Boron Nitride under Static High Pressure and High Temperature. Diam. Relat. Mater. 1997, 6, 1806–1815. [CrossRef]
2. Golberg, D.; Bando, Y.; Huang, Y.; Terao, T.; Mitome, M.; Tang, C.; Zhi, C. Boron Nitride Nanotubes and Nanosheets. ACS Nano

2010, 4, 2979–2993. [CrossRef] [PubMed]
3. Hong, S.; Lee, C.-S.; Lee, M.-H.; Lee, Y.; Ma, K.Y.; Kim, G.; Yoon, S.I.; Ihm, K.; Kim, K.-J.; Shin, T.J.; et al. Ultralow-Dielectric-

Constant Amorphous Boron Nitride. Nature 2020, 582, 511–514. [CrossRef] [PubMed]

19



Molecules 2024, 29, 5247

4. Cui, Z.; He, Y.; Tian, H.; Khanaki, A.; Xu, L.; Shi, W.; Liu, J. Study of Direct Tunneling and Dielectric Breakdown in Molecular
Beam Epitaxial Hexagonal Boron Nitride Monolayers Using Metal–Insulator–Metal Devices. ACS Appl. Electron. Mater. 2020,
2, 747–755. [CrossRef]

5. Cai, Q.; Scullion, D.; Gan, W.; Falin, A.; Cizek, P.; Liu, S.; Edgar, J.H.; Liu, R.; Cowie, B.C.C.; Santos, E.J.G.; et al. Outstanding
Thermal Conductivity of Single Atomic Layer Isotope-Modified Boron Nitride. Phys. Rev. Lett. 2020, 125, 085902. [CrossRef]

6. Kostoglou, N.; Polychronopoulou, K.; Rebholz, C. Thermal and Chemical Stability of Hexagonal Boron Nitride (h-BN)
Nanoplatelets. Vacuum 2015, 112, 42–45. [CrossRef]

7. Ares, P.; Cea, T.; Holwill, M.; Wang, Y.B.; Roldán, R.; Guinea, F.; Andreeva, D.V.; Fumagalli, L.; Novoselov, K.S.; Woods, C.R.
Piezoelectricity in Monolayer Hexagonal Boron Nitride. Adv. Mater. 2020, 32, 1905504. [CrossRef]

8. Falin, A.; Cai, Q.; Santos, E.J.G.; Scullion, D.; Qian, D.; Zhang, R.; Yang, Z.; Huang, S.; Watanabe, K.; Taniguchi, T.; et al. Mechanical
Properties of Atomically Thin Boron Nitride and The Role of Interlayer Interactions. Nat. Commun. 2017, 8, 15815. [CrossRef]

9. 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]

10. Britnell, L.; Gorbachev, R.V.; Jalil, R.; Belle, B.D.; Schedin, F.; Mishchenko, A.; Georgiou, T.; Katsnelson, M.I.; Eaves, L.;
Morozov, S.V.; et al. Field-Effect Tunneling Transistor Based on Vertical Graphene Heterostructures. Science 2012, 335, 947–950.
[CrossRef]

11. Gao, T.; Song, X.; Du, H.; Nie, Y.; Chen, Y.; Ji, Q.; Sun, J.; Yang, Y.; Zhang, Y.; Liu, Z. Temperature-Triggered Chemical Switching
Growth of In-Plane and Vertically Stacked Graphene-Boron Nitride Heterostructures. Nat. Commun. 2015, 6, 6835. [CrossRef]
[PubMed]

12. Han, Z.; Li, M.; Li, L.; Jiao, F.; Wei, Z.; Geng, D.; Hu, W. When Graphene Meets White Graphene—Recent Advances in the
Construction of Graphene and h-BN Heterostructures. Nanoscale 2021, 13, 13174–13194. [CrossRef] [PubMed]

13. Watanabe, K.; Taniguchi, T.; Kanda, H. Direct-Bandgap Properties and Evidence for Ultraviolet Lasing of Hexagonal Boron
Nitride Single Crystal. Nat. Mater. 2004, 3, 404–409. [CrossRef] [PubMed]

14. Li, L.H.; Cervenka, J.; Watanabe, K.; Taniguchi, T.; Chen, Y. Strong Oxidation Resistance of Atomically Thin Boron Nitride
Nanosheets. ACS Nano 2014, 8, 1457–1462. [CrossRef]

15. Piquemal-Banci, M.; Galceran, R.; Godel, F.; Caneva, S.; Martin, M.-B.; Weatherup, R.S.; Kidambi, P.R.; Bouzehouane, K.; Xavier, S.;
Anane, A.; et al. Insulator-to-Metallic Spin-Filtering in 2D-Magnetic Tunnel Junctions Based on Hexagonal Boron Nitride. ACS
Nano 2018, 12, 4712–4718. [CrossRef]

16. Ma, K.Y.; Kim, M.; Shin, H.S. Large-Area Hexagonal Boron Nitride Layers by Chemical Vapor Deposition: Growth and
Applications for Substrates, Encapsulation, and Membranes. Acc. Mater. Res. 2022, 3, 748–760. [CrossRef]

17. Liu, H.; You, C.Y.; Li, J.; Galligan, P.R.; You, J.; Liu, Z.; Cai, Y.; Luo, Z. Synthesis of Hexagonal Boron Nitrides by Chemical Vapor
Deposition and Their Use as Single Photon Emitters. Nano Mater. Sci. 2021, 3, 291–312. [CrossRef]

18. Fukamachi, S.; Solís-Fernández, P.; Kawahara, K.; Tanaka, D.; Otake, T.; Lin, Y.-C.; Suenaga, K.; Ago, H. Large-Area Synthesis and
Transfer of Multilayer Hexagonal Boron Nitride for Enhanced Graphene Device Arrays. Nat. Electron. 2023, 6, 126–136. [CrossRef]
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Co3O4 Thin Films Prepared by Hollow Cathode Discharge. Surf. Coat. Technol. 2019, 366, 303–310. [CrossRef]

28. Kipkirui, N.G.; Lin, T.-T.; Kiplangat, R.S.; Lee, J.-W.; Chen, S.-H. HiPIMS and RF magnetron sputtered Al0.5CCrFeNi2Ti0.5 HEA
Thin-Film Coatings: Synthesis and Characterization. Surf. Coat. Technol. 2022, 449, 128988. [CrossRef]

20



Molecules 2024, 29, 5247

29. Hossain, M.D.; Borman, T.; Mcllwaine, N.S.; Maria, J.-P. Bipolar High-Power Impulse Magnetron Sputtering Synthesis of
High-entropy carbides. J. Am. Ceram. Soc. 2022, 105, 3862–3873. [CrossRef]

30. Loquai, S.; Baloukas, B.; Klemberg-Sapieha, J.E.; Martinu, L. HiPIMS-Deposited Thermochromic VO2 Films with High Environ-
mental Stability. Sol. Energy Mater. Sol. Cells 2017, 160, 217–224. [CrossRef]

31. Whiteside, M.; Arulkumaran, S.; Chng, S.S.; Shakerzadeh, M.; Teo, H.T.E.; Ng, G.I. On the Recovery of 2DEG Properties in
Vertically Ordered h-BN Deposited AlGaN/GaN Heterostructures on Si Substrate. Appl. Phys. Express 2020, 13, 065508. [CrossRef]

32. Cometto, O.; Sun, B.; Tsang, S.H.; Huang, X.; Koh, Y.K.; Teo, E.H.T. Vertically Self-Ordered Orientation of Nanocrystalline
Hexagonal Boron Nitride Thin Films for Enhanced Thermal Characteristics. Nanoscale 2015, 7, 18984–18991. [CrossRef] [PubMed]

33. Chng, S.S.; Zhu, M.; Du, Z.; Wang, X.; Whiteside, M.; Ng, Z.K.; Shakerzadeh, M.; Tsang, S.H.; Teo, E.H.T. Dielectric Dispersion
and Superior Thermal Characteristics in Isotope-Enriched Hexagonal Boron Nitride Thin Films: Evaluation as Thermally
Self-Dissipating Dielectrics for GaN Transistors. J. Mater. Chem. C 2020, 8, 9558–9568. [CrossRef]

34. Whiteside, M.; Arulkumaran, S.; Ng, G.I. Demonstration of Vertically-Ordered h-BN/AlGaN/GaN Metal-Insulator-
Semiconductor High-Electron-Mobility Transistors on Si Substrate. Mater. Sci. Eng. B 2021, 270, 115224. [CrossRef]

35. Zhang, H.; Ju, X.; Jiang, H.; Yang, D.; Wei, R.; Hu, W.; Lu, X.; Zhu, M. Implementation of High Thermal Conductivity and Synaptic
Metaplasticity in Vertically-Aligned Hexagonal Boron Nitride-Based Memristor. Sci. China Mater. 2024, 67, 1907–1914. [CrossRef]

36. Chng, S.S.; Zhu, M.; Wu, J.; Wang, X.; Ng, Z.K.; Zhang, K.; Liu, C.; Shakerzadeh, M.; Tsang, S.; Teo, E.H.T. Nitrogen-Mediated
Aligned Growth of Hexagonal BN Films for Reliable High-Performance InSe Transistors. J. Mater. Chem. C 2020, 8, 4421–4431.
[CrossRef]

37. Hahn, J.; Friedrich, M.; Pintaske, R.; Schaller, M.; Kahl, N.; Zahn, D.R.T.; Richter, F. Cubic Boron Nitride Films by d.c. and r.f.
Magnetron Sputtering: Layer Characterization and Process Diagnostics. Diam. Relat. Mater. 1996, 5, 1103–1112. [CrossRef]

38. Androulidakis, C.; Koukaras, E.N.; Poss, M.; Papagelis, K.; Galiotis, C.; Tawfick, S. Strained Hexagonal Boron Nitride: Phonon
shift and Gr\”uneisen parameter. Phys. Rev. B 2018, 97, 241414. [CrossRef]

39. Li, L.H.; Chen, Y. Atomically Thin Boron Nitride: Unique Properties and Applications. Adv. Funct. Mater. 2016, 26, 2594–2608.
[CrossRef]

40. Chen, X.; Luan, K.; Zhang, W.; Liu, X.; Zhao, J.; Hou, L.; Gao, Y.; Song, J.; Chen, Z. Effect of Employing Chromium as a Buffer Layer
on the Crystallinity of Hexagonal Boron Nitride Films Grown by LPCVD. J. Mater. Sci. Mater. Electron. 2021, 32, 13961–13971.
[CrossRef]

41. Nemanich, R.J.; Solin, S.A.; Martin, R.M. Light Scattering Study of Boron Nitride Microcrystals. Phys. Rev. B 1981, 23, 6348–6356.
[CrossRef]

42. Chen, X.; Sun, H.; Zhang, W.; Tan, C.; Liu, X.; Zhao, J.; Hou, L.; Gao, Y.; Song, J.; Chen, Z. The effects of Post-Annealing
Technology on Crystalline Quality and Properties of Hexagonal Boron Nitride Films Deposited on Sapphire Substrates. Vacuum
2022, 199, 110935. [CrossRef]

43. Chen, X.; Tan, C.; Liu, X.; Luan, K.; Guan, Y.; Liu, X.; Zhao, J.; Hou, L.; Gao, Y.; Chen, Z. Growth of Hexagonal Boron Nitride Films
on Silicon Substrates by Low-Pressure Chemical Vapor Deposition. J. Mater. Sci. Mater. Electron. 2021, 32, 3713–3719. [CrossRef]

44. Zhou, H.; Zhu, J.; Liu, Z.; Yan, Z.; Fan, X.; Lin, J.; Wang, G.; Yan, Q.; Yu, T.; Ajayan, P.; et al. High Thermal Conductivity of
Suspended Few-Layer Hexagonal Boron nitride Sheets. Nano Res. 2014, 7, 1–9. [CrossRef]

45. Wang, W.; Li, Z.; Marsden, A.J.; Bissett, M.A.; Young, R.J. Interlayer and Interfacial Stress Transfer in hBN Nanosheets. 2D Mater.
2021, 8, 035058. [CrossRef]

46. Becton, M.; Wang, X. Grain-Size Dependence of Mechanical Properties in Polycrystalline Boron-Nitride: A Computational Study.
Phys. Chem. Chem. Phys. 2015, 17, 21894–21901. [CrossRef]

47. Paul, R.; Tasnim, T.; Dhar, R.; Mojumder, S.; Saha, S.; Motalab, M.A. Study of Uniaxial Tensile Properties of Hexagonal Boron Ni-
tride Nanoribbons. In Proceedings of the TENCON 2017–2017 IEEE Region 10 Conference, Penang, Malaysia, 5–8 November 2017;
pp. 2783–2788.

48. Bera, K.; Chugh, D.; Patra, A.; Tan, H.H.; Jagadish, C.; Roy, A. Strain Distribution in Wrinkled hBN Films. Solid State Commun.
2020, 310, 113847. [CrossRef]

49. Duan, X.; Yang, Z.; Chen, L.; Tian, Z.; Cai, D.; Wang, Y.; Jia, D.; Zhou, Y. Review on the Properties of Hexagonal Boron Nitride
Matrix Composite Ceramics. J. Eur. Ceram. Soc. 2016, 36, 3725–3737. [CrossRef]

50. Zhang, X.; Yue, J.; Chen, G.; Yan, H. Study on Stress and Strain of Cubic Boron Nitride Thin Films. Thin Solid Films 1998, 315,
202–206. [CrossRef]

51. Chen, M.; Zhang, Q.; Fang, C.; Shen, Z.; Lu, Y.; Liu, T.; Tan, S.; Zhang, J. Influence of Sapphire Substrate with Miscut Angles on
Hexagonal Boron Nitride Films Grown by Halide Vapor Phase Epitaxy. CrystEngComm 2023, 25, 4604–4610. [CrossRef]

52. Sharma, K.P.; Sharma, S.; Khaniya Sharma, A.; Paudel Jaisi, B.; Kalita, G.; Tanemura, M. Edge Controlled Growth of Hexagonal
Boron Nitride Crystals on Copper Foil by Atmospheric Pressure Chemical Vapor Deposition. CrystEngComm 2018, 20, 550–555.
[CrossRef]

53. Naumkin, A.V.; Kraut-Vass, A.; Powell, C.J.; Gaarenstroom, S.W.; National Institute of Standards and Technology. NIST X-ray
Photoelectron Spectroscopy Database, Version 4.1.; Measurement Services Division of the National Institute of Standards and
Technology (NIST) Technology Services: Gaithersburg, MD, USA, 2012.

54. Deng, J.; Wang, B.; Tan, L.; Yan, H.; Chen, G. The Growth of Cubic Boron Nitride Films by RF Reactive Sputter. Thin Solid Films
2000, 368, 312–314. [CrossRef]

21



Molecules 2024, 29, 5247

55. Singh, M.; Vasudev, H.; Kumar, R. Microstructural Characterization of BN Thin Films Using RF Magnetron Sputtering Method.
Mater. Today Proc. 2020, 26, 2277–2282. [CrossRef]

56. Mieno, M.; Yoshida, T. Preparation of Cubic Boron Nitride Films by RF Sputtering. Jpn. J. Appl. Phys. 1990, 29, L1175. [CrossRef]
57. Schütze, A.; Bewilogua, K.; Lüthje, H.; Kouptsidis, S.; Gaertner, M. Improvement of the Adhesion of Sputtered Cubic Boron

Nitride Films. Surf. Coat. Technol. 1997, 97, 33–38. [CrossRef]
58. Liu, D.; Chen, X.; Yan, Y.; Zhang, Z.; Jin, Z.; Yi, K.; Zhang, C.; Zheng, Y.; Wang, Y.; Yang, J.; et al. Conformal Hexagonal-Boron

Nitride Dielectric Interface for Tungsten Diselenide Devices with Improved Mobility and Thermal Dissipation. Nat. Commun.
2019, 10, 1188. [CrossRef]

59. Wei, D.; Peng, L.; Li, M.; Mao, H.; Niu, T.; Han, C.; Chen, W.; Wee, A.T.S. Low Temperature Critical Growth of High Quality
Nitrogen Doped Graphene on Dielectrics by Plasma-Enhanced Chemical Vapor Deposition. ACS Nano 2015, 9, 164–171. [CrossRef]

60. Wei, D.; Lu, Y.; Han, C.; Niu, T.; Chen, W.; Wee, A.T.S. Critical Crystal Growth of Graphene on Dielectric Substrates at Low
Temperature for Electronic Devices. Angew. Chem. 2013, 125, 14371. [CrossRef]

61. Yi, K.; Jin, Z.; Bu, S.; Wang, D.; Liu, D.; Huang, Y.; Dong, Y.; Yuan, Q.; Liu, Y.; Wee, A.T.S.; et al. Catalyst-Free Growth of
Two-Dimensional BCxN Materials on Dielectrics by Temperature-Dependent Plasma-Enhanced Chemical Vapor Deposition. ACS
Appl. Mater. Interfaces 2020, 12, 33113–33120. [CrossRef]

62. Snure, M.; Paduano, Q.; Hamilton, M.; Shoaf, J.; Mann, J.M. Optical Characterization of Nanocrystalline Boron Nitride Thin Films
Grown by Atomic Layer Deposition. Thin Solid Films 2014, 571, 51–55. [CrossRef]

63. Ahmed, K.; Dahal, R.; Weltz, A.; Lu, J.-Q.; Danon, Y.; Bhat, I.B. Growth of Hexagonal Boron Nitride on (111) Si for Deep UV
Photonics and Thermal Neutron Detection. Appl. Phys. Lett. 2016, 109, 113501. [CrossRef]

64. Singhal, R.; Echeverria, E.; McIlroy, D.N.; Singh, R.N. Synthesis of Hexagonal Boron Nitride Films on Silicon and Sapphire
Substrates by Low-Pressure Chemical Vapor Deposition. Thin Solid Films 2021, 733, 138812. [CrossRef]

65. Quan, H.; Wang, X.; Zhang, L.; Liu, N.; Feng, S.; Chen, Z.; Hou, L.; Wang, Q.; Liu, X.; Zhao, J.; et al. Stability to Moisture of
Hexagonal Boron Nitride Films Deposited on Silicon by RF Magnetron Sputtering. Thin Solid Films 2017, 642, 90–95. [CrossRef]

66. Hirata, Y.; Yoshii, K.; Yoshizato, M.; Akasaka, H.; Ohtake, N. Developing a Synthesis Process for Large-Scale h-BN Nanosheets
Using Magnetron Sputtering and Heat Annealing. Adv. Eng. Mater. 2023, 25, 2300933. [CrossRef]

67. Kang, Y.; Chen, L.; Liu, C.; Tang, X.; Zhu, X.; Gao, W.; Yin, H. Enhancement of n-type Conductivity of Hexagonal Boron Nitride
Films by In-Situ Co-Doping of Silicon and Oxygen. J. Phys. Condens. Matter 2022, 34, 384002. [CrossRef]

68. Chen, R.; Li, Q.; Zhang, Q.; Wang, M.; Fang, W.; Zhang, Z.; Yun, F.; Wang, T.; Hao, Y. Electronic Properties of Vertically Stacked
h-BN/B1–xAlxN Heterojunction on Si(100). ACS Appl. Mater. Interfaces 2023, 15, 16211–16220. [CrossRef]

69. BenMoussa, B.; D’Haen, J.; Borschel, C.; Barjon, J.; Soltani, A.; Mortet, V.; Ronning, C.; D’Olieslaeger, M.; Boyen, H.G.; Haenen, K.
Hexagonal Boron Nitride Nanowalls: Physical Vapour Deposition, 2D/3D Morphology and Spectroscopic Analysis. J. Phys. D
Appl. Phys. 2012, 45, 135302. [CrossRef]

70. Rye, R.R.; Tallant, D.R.; Borek, T.T.; Lindquist, D.A.; Paine, R.T. Mechanistic Studies of the Conversion of Borazine Polymers to
Boron Nitride. Chem. Mater. 1991, 3, 286–293. [CrossRef]

71. Venturi, G.; Chiodini, S.; Melchioni, N.; Janzen, E.; Edgar, J.H.; Ronning, C.; Ambrosio, A. Selective Generation of Luminescent
Defects in Hexagonal Boron Nitride. Laser Photonics Rev. 2024, 18, 2300973. [CrossRef]

72. Gago, R.; Jiménez, I.; Agulló-Rueda, F.; Albella, J.M.; Czigány, Z.; Hultman, L. Transition from Amorphous Boron Carbide to
Hexagonal Boron Carbon Nitride Thin Films Induced by Nitrogen Ion Assistance. J. Appl. Phys. 2002, 92, 5177–5182. [CrossRef]

73. Kupenko, I.; Dubrovinsky, L.; Dmitriev, V.; Dubrovinskaia, N. In Situ Raman Spectroscopic Study of the Pressure Induced
Structural Changes in Ammonia Borane. J. Chem. Phys. 2012, 137, 074506. [CrossRef] [PubMed]

74. Ferrari, A.C.; Robertson, J.; Ferrari, A.C.; Robertson, J. Raman Spectroscopy of Amorphous, Nanostructured, Diamond–Like
Carbon, and Nanodiamond. Philos. Trans. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 2004, 362, 2477–2512. [CrossRef]

75. Tabata, H.; Fujii, M.; Hayashi, S.; Doi, T.; Wakabayashi, T. Raman and Surface-Enhanced Raman Scattering of a Series of
Size-Separated Polyynes. Carbon 2006, 44, 3168–3176. [CrossRef]

76. Casiraghi, C.; Piazza, F.; Ferrari, A.C.; Grambole, D.; Robertson, J. Bonding in Hydrogenated Diamond-Like Carbon by Raman
Spectroscopy. Diam. Relat. Mater. 2005, 14, 1098–1102. [CrossRef]

77. Casiraghi, C.; Ferrari, A.C.; Robertson, J. Raman Spectroscopy of Hydrogenated Amorphous Carbons. Phys. Rev. B 2005,
72, 085401. [CrossRef]

78. Hoang, D.-Q.; Pobedinskas, P.; Nicley, S.S.; Turner, S.; Janssens, S.D.; Van Bael, M.K.; D’Haen, J.; Haenen, K. Elucidation of the
Growth Mechanism of Sputtered 2D Hexagonal Boron Nitride Nanowalls. Cryst. Growth Des. 2016, 16, 3699–3708. [CrossRef]

79. Akkerman, Z.L.; Kosinova, M.L.; Fainer, N.I.; Rumjantsev, Y.M.; Sysoeva, N.P. Chemical Stability of Hydrogen-Containing Boron
Nitride Films Obtained by Plasma Enhanced Chemical Vapour Deposition. Thin Solid Films 1995, 260, 156–160. [CrossRef]

80. Bounouh, Y.; Thèye, M.L.; Dehbi-Alaoui, A.; Matthews, A.; Stoquert, J.P. Influence of Annealing on the Hydrogen Bonding and
the Microstructure of Diamondlike and Polymerlike Hydrogenated Amorphous Carbon Films. Phys. Rev. B 1995, 51, 9597–9605.
[CrossRef]

81. Bounouh, Y.; Zellama, K.; Zeinert, A.; Benlahsen, M.; Clin, M.; Thèye, M.L. Modes of Hydrogen Incorporation in Hydrogenated
Amorphous Carbon (a–C:H), Modifications with Annealing Temperature. J. Phys. III Fr. 1997, 7, 2159–2164. [CrossRef]

82. Wang, W.J.; Wang, T.M.; Chen, B.L. Hydrogen Release from Diamondlike Carbon Films Due to Thermal Annealing in Vacuum.
Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 1996, 117, 140–144. [CrossRef]

22



Molecules 2024, 29, 5247

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.

23



Citation: Xing, J.; Wang, H.; Yan, F.

Carbon Nitride Nanosheets as an

Adhesive Layer for Stable Growth of

Vertically-Ordered Mesoporous Silica

Film on a Glassy Carbon Electrode

and Their Application for CA15-3

Immunosensor. Molecules 2024, 29,

4334. https://doi.org/10.3390/

molecules29184334

Academic Editors: Sake Wang,

Nguyen Tuan Hung and Minglei

Sun

Received: 13 June 2024

Revised: 2 September 2024

Accepted: 6 September 2024

Published: 12 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Carbon Nitride Nanosheets as an Adhesive Layer for Stable
Growth of Vertically-Ordered Mesoporous Silica Film on a
Glassy Carbon Electrode and Their Application for
CA15-3 Immunosensor
Jun Xing 1, Hongxin Wang 2 and Fei Yan 2,*

1 Shanxi Bethune Hospital, Shanxi Academy of Medical Sciences, Tongji Shanxi Hospital, Third Hospital of
Shanxi Medical University, Taiyuan 030032, China; xingjun2022@sxmu.edu.cn

2 Department of Chemistry, School of Chemistry and Chemical Engineering, Zhejiang Sci-Tech University,
Hangzhou 310018, China; 202230107404@mails.zstu.edu.cn

* Correspondence: yanfei@zstu.edu.cn

Abstract: Vertically ordered mesoporous silica films (VMSF) are a class of porous materials composed
of ultrasmall pores and ultrathin perpendicular nanochannels, which are attractive in the areas of
electroanalytical sensors and molecular separation. However, VMSF easily falls off from the carbona-
ceous electrodes and thereby impacts their broad applications. Herein, carbon nitride nanosheets
(CNNS) were served as an adhesive layer for stable growth of VMSF on the glassy carbon electrode
(GCE). CNNS bearing plentiful oxygen-containing groups can covalently bind with silanol groups of
VMSF, effectively promoting the stability of VMSF on the GCE surface. Benefiting from numerous
open nanopores of VMSF, modification of VMSF’s external surface with carbohydrate antigen 15-3
(CA15-3)-specific antibody allows the target-controlled transport of electrochemical probes through
the internal silica nanochannels, yielding sensitive quantitative detection of CA15-3 with a broad
detection range of 1 mU/mL to 1000 U/mL and a low limit of detection of 0.47 mU/mL. Furthermore,
the proposed VMSF/CNNS/GCE immunosensor is capable of highly selective and accurate deter-
mination of CA15-3 in spiked serum samples, which offers a simple and effective electrochemical
strategy for detection of various practical biomarkers in complicated biological specimens.

Keywords: carbon nitride nanosheets; vertically ordered mesoporous silica film; glassy carbon
electrode; electrochemical immunosensor; carbohydrate antigen 15-3

1. Introduction

Vertically ordered mesoporous silica films (VMSF) have become increasingly pros-
perous electrode materials owing to their distinct selectivity at molecular scale and good
anti-biofouling properties in complex biological samples [1–4]. Owing to the isolating
nanoporous structure, VMSF-based electrochemical/electrochemiluminescence sensors
involve the transport of targets or signal probes along the perpendicular nanochannels
and/or biological recognition elements on the outer surface of VMSF [5–11]. According to
the previous reports, indium tin oxide (ITO) coated glasses are very suitable for supporting
VMSF and further functionalization of nanomaterials or recognition elements into VMSF’s
skeleton [12–16]. However, in comparison with commonly used carbonaceous electrodes
(such as glassy carbon electrode (GCE) and three-dimensional graphene), ITO electrodes as
the supporting substrate have shortcomings, including slow electron transport properties
for small organic molecules and a narrow electrochemical window, which limit the ana-
lytical performances of VMSF-based sensors in practical analysis [17]. On account of the
instability of VMSF on the carbonaceous electrodes, a group of nanomaterials have been
employed to confer carbonaceous electrodes with adhesive properties for stable growth
of VMSF, such as silane molecules [18], two-dimensional graphene nanosheets, and their
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hybrid materials [19–21]. In addition, pre-activation of carbonaceous electrodes by simple
electrochemical procedure generates the oxygen-containing groups on the electrode [22,23],
which is capable of stable fabrication of VMSF [24–27]. Therefore, developing diverse
adhesive layers for stable fabrication of VMSF on the carbonaceous electrode surface is of
great importance for extending the practical analytical applications of VMSF.

Ultrathin carbon nitride nanosheets (CNNS) possessing a two-dimensional (2D)
graphene-like structure display unique characteristics, including large surface areas, ex-
cellent electron transport ability, and good catalysis properties, compared with their bulk
counterparts [28]. Nowadays, CNNS has received tremendous research interest and shown
significant promise in different applications, such as imaging, sensing, and biotherapy [29].
Moreover, CNNS, usually prepared by exfoliating bulk graphitic-phase carbon nitrides,
can provide hydroxy groups for covalently binding with silanol groups of VMSF.

In this paper, CNNS is introduced on the GCE surface via π-π interaction using a
simple drip-coating method, and its hydroxyl groups offer a suitable microenvironment
for further stable fabrication of VMSF through covalent binding between silanol groups
of VMSF and hydroxyl groups of CNNS. Such obtained VMSF/CNNS composite on the
GCE has good stability and solves the problem of falling off of VMSF from GCE. Such
VMSF/CNNS/GCE is fit for the construction of electrochemical biosensors. As a proof of
concept, carbohydrate antigen 15-3 (CA15-3) is usually used as the indicator for lung cancer
and breast cancer, which is selected as the analyte to examine the potential application
capacity of VMSF/CNNS/GCE. In general, the normal CA15-3 amount in human serum
is less than 30 U/mL, and an increased amount indicates an increased risk of developing
cancer [30]. Quantitative detection of CA15-3 is realized by modification of CA15-3-specific
antibody on the external surface of VMSF. The current signal variation of electrochemical
probes (potassium ferricyanide/potassium ferrocyanide, [Fe(CN)6]3−/4−) after incubation
of different concentrations of CA15-3 at the immunosensing interface is related to the
CA15-3 concentration. Compared with traditional methods, our proposed electrochemical
immunosensor has some advantages of low cost, rapid detection time, and convenient
operation. Moreover, the VMSF/CNNS/GCE-based immunosensor has the same anti-
biofouling characteristic as the VMSF-modified electrode, which offers a convenient sensing
approach for monitoring the amount of CA15-3 and early screening of malignant tumors.

2. Results and Discussion
2.1. Fabrication of VMSF/CNNS/GCE-Based Immunosensor for Electrochemical Detection of CA15-3

VMSF consists of two regions, namely external surface and inner nanochannels, which
can be used for functionalization of active groups and for mass transport of signal probes, re-
spectively. Scheme 1 illustrates the specific construction procedures of CA15-3 immunosen-
sors based on the VMSF/CNNS/GCE. As seen, CNNS is first dripped-coated on the
commercial GCE surface through π-π interaction, and the EASA method is then conducted
for the growth of VMSF using CNNS/GCE as the working electrode. In the growth process
of VMSF, CNNS bearing negative charges and oxygen-containing groups is suitable for
electrostatic adsorption of cationic surfactant micelles (SM) and formation of O-Si-O chemi-
cal bonds between CNNS and VMSF, exhibiting a good potential adhesive layer for stable
growth of VMSF on GCE. When reaction ceases, templated SM are retained inside the
nanospaces formed by VMSF’s nanochannels, termed as SM@VMSF/CNNS/GCE. GPTMS
carrying both epoxy groups and silane groups is introduced onto the external surface of
SM@VMSF/CNNS/GCE, and SM is then extracted from the nanochannels, effectively
guaranteeing the epoxy groups distributed on the external surface of VMSF/CNNS/GCE
(O-VMSF/CNNS/GCE). Anti-CA15-3 antibody (Ab) enabling specifically recognition of
CA15-3 is anchored on the surface of O-VMSF/CNNS/GCE through the chemical reac-
tion between epoxy groups and amino groups. Electrochemical immunosensing interface,
namely BSA/Ab/O-VMSF/CNNS/GCE, is obtained after the blocking of non-specific
adsorption by BSA. The quantitative mechanism for CA15-3 relies on the current variation
of electrochemical probes ([Fe(CN)6]3−/4−) produced by target CA15-3 binding on the
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BSA/Ab/O-VMSF/CNNS/GCE. Target CA15-3 and its corresponding antibody can form
immunocomposite on the VMSF surface, influencing the access of [Fe(CN)6]3−/4− through
the silica nanochannels to reach the underlying CNNS/GCE and finally resulting in the
declined electrochemical current signals.
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Scheme 1. Schematic illustration for the preparation of the VMSF/CNNS/GCE-based immunosen-
sor and the electrochemical determination of CA15-3 with the help of electrochemical probes
([Fe(CN)6]3−/4−) in solution.

2.2. Characterization of CNNS

TEM were first used to show the morphology of the prepared CNNS. As shown
in Figure 1a, CNNS prepared by H2SO4 exfoliation of bulk g-C3N4 has a 2D lamellar
structure. Figure 1b compares the FT-IR spectra of g-C3N4 and CNNS. g-C3N4 displays
several characteristic peaks of heterocycle skeleton. The peaks at around 1637 cm−1 and
1546 cm−1 in correspond to the stretching vibrations of C=N. The characteristic peaks at
1461 cm−1, 1406 cm−1, 1322 cm−1, 1243 cm−1, and 1205 cm−1 are assigned to the stretching
vibrations of C−N. The peak at 810 cm−1 is attributed to the typical characteristic peak of
the triazine ring. After H2SO4 treatment, all above characteristic peaks of CNNS have no
obvious change, suggesting the remained skeleton of g-C3N4 heterocycle. The new peak at
1080 cm−1 resulted from the S-O stretching in SO4

2−, showing the acidified effect of H2SO4
for g-C3N4. Moreover, compared to g-C3N4, the adsorption peak of CNNS at ~1600 cm−1

shifts slightly to the low wavenumber, suggesting the existence of carboxylate groups. The
broad band at 3170 cm−1 belongs to the stretching vibrations of N-H and O-H. The above
data indicate that CNNS has a 2D planar structure with oxygen-containing groups, which
is suitable for improved stability of VMSF on the GCE surface.

2.3. Characterization of VMSF

TEM images show that the fabricated VMSF on CNNS/GCE surface is characteris-
tic of numerous regularly aligned nanopores (Figure 2a) and nanochannels parallel to
each other (Figure 2b). By measurement, the diameter and thickness of VMSF are 2~3 nm
and 110 nm, respectively, which is similar to those of VMSF prepared on the other sub-
strates (e.g., ITO and gold electrodes) [31–33]. Moreover, electrochemical technique (cyclic
voltammetry (CV)) was used to provide information about intactness and mass transport
ability for electrochemical probes of the fabricated VMSF/CNNS/GCE. As presented in
Figure 2c,d, enhanced redox peak currents for both Ru(NH3)6

3+ and Fe(CN)6
3− are found
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at the CNNS/GCE, compared with bare GCE, indicating the good conductivity of syn-
thesized CNNS. No Faradic currents of these two electrochemical probes can be seen at
the SM@VMSF/CNNS/GCE, which is due to the impeded effect of SM confined into
the silica nanochannels and further suggests the integrity of as-synthesized VMSF on the
CNNS/GCE surface. By comparing the electrochemical current variation of two charged
electrochemical probes before and after exclusion of SM from silica nanochannels, VMSF
on the CNNS/GCE surface also exhibits its inherent charge permselectivity, namely ampli-
fying the signal of positively charged Ru(NH3)6

3+ and suppressing the signal of negatively
charged Fe(CN)6

3−.
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2.4. Feasibility of BSA/Ab/O-VMSF/CNNS/GCE Immunosensor for Detection of CA15-3

CV and EIS are two kinds of commonly used techniques for characterization of elec-
trode construction. As shown in Figure 3a, dropwise modification of GPTMS, Ab and BSA
on the VMSF/CNNS/GCE can lead to the sequentially diminished electrochemical cur-
rent signals of [Fe(CN)6]3−/4−, which arise from the hindered transport of [Fe(CN)6]3−/4−

through the silica nanochannels to the underlying GCE. Thanks to the immunocomposite
consisting of CA15-3 and Ab formed at the sensing interface, the fabricated BSA/Ab/O-
VMSF/CNNS/GCE immunosensor is used to detect 10 U/mL CA15-3, giving rise to the
decreased electrochemical current signals of [Fe(CN)6]3−/4− and indicating the successful
fabrication of electrochemical immunosensor. Figure 3b displays the corresponding EIS
plots, revealing the interfacial properties during the fabrication procedure of immunosensor.
With the dropwise incubation of GPTMS, Ab, BSA, and CA15-3 on VMSF/CNNS/GCE, the
electrode surface is covered with non-conductive substances, leading to a gradual increase in
electron transfer resistance (Rct) at the electrode/electrolyte interface, as evidenced by the in-
creasing diameter of semicircle diameter in the high-frequency region (Figure 3b). EIS curves
are fitted by equivalent circuit model shown in the inset of Figure 3b and the obtained Rct val-
ues at the VMSF/CNNS/GCE, Ab/O-VMSF/CNNS/GCE, BSA/Ab/O-VMSF/CNNS/GCE
and CA15-3/BSA/Ab/O-VMSF/CNNS/GCE are 614 Ω, 747 Ω, 843 Ω, 1055 Ω and 1543 Ω,
respectively. The change trend in electron transfer resistance presented in Figure 3b is in
accordance with the current responses shown in Figure 3a, further proving the feasibility of
the designed BSA/Ab/O-VMSF/CNNS/GCE immunosensor for CA15-3 determination.
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Figure 3. CV (a) and EIS curves (b) obtained during the fabrication procedure of the
BSA/Ab/O−VMSF/CNNS/GCE immunosensor in 0.1 M KCl containing 2.5 mM [Fe(CN)6]3−/4−.
The concentration of CA15−3 is 10 U/mL. Inset in (b) is the equivalent circuit diagram.

2.5. Optimization of Experimental Conditions for CA15-3 Detection Using
BSA/Ab/O-VMSF/CNNS/GCE Immunosensor

The amount of CA15-3 antibody immobilized at the electrode surface can affect the
analytical performance of CA15-3 determination. Therefore, incubation times for CA15-3
antibody and CA15-3 at the O-VMSF/CNNS/GCE and BSA/Ab/O-VMSF/CNNS/GCE,
respectively, were optimized, and the results are shown in Figure 4. As seen, electrochemical
current signals of [Fe(CN)6]3−/4− obviously decrease and reach the plateau after a period of
time. Therefore, the optimal incubation times for CA15-3 antibody and CA15-3 are 90 min
and 60 min, respectively.
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Figure 4. (a) Electrochemical current signals of 2.5 mM [Fe(CN)6]3−/4− at the O−VMSF/CNNS/GCE
after incubation with CA15−3 antibody at various incubation times. (b) Electrochemical current
signals of 2.5 mM [Fe(CN)6]3−/4− at the BSA/Ab/O−VMSF/CNNS/GCE immunosensor after
incubation with 1 U/mL CA15−3 at various incubation times. The supporting electrolyte is 0.1 M KCl
solution, and the error bars represent the relative standard deviation (RSD) of three measurements.

2.6. Electrochemical Detection of CA15-3 Using the Immunosensor

BSA/Ab/O-VMSF/CNNS/GCE was used to incubate with various concentrations
of CA15-3 and the obtained CA15-3/BSA/Ab/O-VMSF/CNNS/GCE were tested in
0.1 M KCl containing 2.5 mM [Fe(CN)6]3−/4−. As depicted in Figure 5, the tested an-
odic peak current is proportional to the CA15-3 concentration in the range from 1 mU/mL
to 1000 U/mL, giving rise to a good linear fitting equation of I (µA cm−2) = –35.8 logCCA15-3
(U/mL) + 240 (R2 = 0.995). The same trend is shown in CV and EIS data (Figure S1), but
lower variation is obtained, suggesting the sensitive DPV technique. The limit of detection
(LOD) for CA15-3 was calculated to be 0.47 mU/mL, which was lower than most of the
electrochemical immunosensors reported previously (Table 1). Moreover, the fabrication
of CA15-3/BSA/Ab/O-VMSF/CNNS/GCE has advantages of convenient operation and
economic cost.
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Table 1. Analytical performances of various electrochemical sensors for detection of CA15-3.

Materials Method Liner Range
(U/mL)

LOD
(mU/mL) Refs.

BSA/Ab/Ag/TiO2/rGO/GCE CA 0.1–300 70 [34]
BSA/Ab/DAP-

AuNPs/P3ABA/2D-
MoSe2/GO/SPCE

DPV 0.14–500 140 [35]

EA/Ab/CuS-RGO/SPE DPV 1–150 300 [36]
MCH/Ab/CoS2-GR-AuNPs/SPE DPV 0.1–150 30 [37]

BSA/Ab/Au@Pt
NCs/Fc-g-CS/GCE DPV 0.5–200 170 [38]

BSA/Ab/O-VMSF/CNNS/GCE DPV 0.001–1000 0.47 this work
rGO: reduced graphene oxide; CA: chronoamperometry; DAP: deposited redox dye; P3ABA: poly(3-
aminobenzylamine); GO: graphene oxide; SPCE: screen-printed carbon electrode; DPV, differential pulse voltam-
metry; EA: ethanolamine; SPE: screen printed electrode; MCH: 6-Mercapto-1-hexanol; GR: graphene; Au@Pt NCs:
dendritic Au@Pt core–shell nanocrystals; Fc-g-CS: ferrocene grafted with chitosan.

To evaluate the analytical performance of the fabricated BSA/Ab/O-VMSF/CNNS/GCE
immunosensor for CA15-3 detection, several important indicators, including selectivity, repro-
ducibility, and stability, were studied. As shown in Figure 6a, various biomarkers (PSA, CA19-
9, CA125, AFP, and CEA) and inorganic cations (Na+ and K+) were determined by BSA/Ab/O-
VMSF/CNNS/GCE, and they could not produce obvious electrochemical responses. Only
when incubated with target CA15-3 or a mixture consisting of CA15-3 and above interfer-
ing species are remarkably decreased electrochemical responses found at the BSA/Ab/O-
VMSF/CNNS/GCE, indicating the good anti-interference and selectivity for CA15-3 de-
tection. To verify the reproducibility of the designed BSA/Ab/O-VMSF/CNNS/GCE,
seven BSA/Ab/O-VMSF/CNNS/GCE were prepared in different batches under the same
procedures and incubated with 10 U/mL CA15-3 (Figure 6b), giving rise to comparable
electrochemical responses with an RSD value of 1.3%. Figure 6c shows the storage stability
of BSA/Ab/O-VMSF/CNNS/GCE for CA15-3 detection within a week, yielding ignorable
variation on the electrochemical responses with an RSD of 0.8%. Excellent reproducibility and
stability of BSA/Ab/O-VMSF/CNNS/GCE are revealed in Figure 6b,c, implying the great
potential of the proposed BSA/Ab/O-VMSF/CNNS/GCE for real sample analysis.
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2.7. Real Sample Analysis

The standard addition method was employed to assess the practical potential of the
BSA/Ab/O-VMSF/CNNS/GCE immunosensor in fetal bovine serum. Fetal bovine serum
is used as a model for “real sample” and first subjected to simple dilution using 0.01 M
PBS (pH 7.4) and then spiked with several known concentrations of CA15-3, followed by
quantitative determination by our fabricated BSA/Ab/O-VMSF/CNNS/GCE. Recovery
and RSD are two important indexes to examine the potential analytical performance of the
proposed electrochemical immunosensor in real samples. Recovery is defined as the ratio
of the detected concentration by our immunosensor to the spiked known concentration.
RSD indicates the degree of dispersion or consistency of three tested results under the same
experimental conditions. Low RSD confirms the high precision of the sensors. The results in
Table 2 suggest that RSD values obtained from these samples are below 1.9% and recoveries
are in the range of 100~106%. Therefore, our proposed BSA/Ab/O-VMSF/CNNS/GCE
shows good reliability, which is suitable for analysis of CA15-3 in real samples.

Table 2. Determination of CA15-3 in fetal bovine serum.

Sample Added b (ng/mL) Found (ng/mL) Recovery (%) RSD (%, n = 3)

serum a
0.0100 0.0100 100 1.9

1.00 1.06 106 1.1
100 103 103 0.66

a Fetal bovine serum sample detected in this study is diluted by a factor of 50 using PBS (0.01 M, pH 7.4). b The
concentration of CA15-3 indicated in this Table is obtained after the dilution.

3. Materials and Methods
3.1. Chemicals and Materials

Carbohydrate antigen 15-3 (CA15-3), anti-CA15-3 antibody, carcinoembryonic antigen
(CEA), alpha-fetoprotein (AFP), carbohydrate antigen 125 (CA125), carbohydrate antigen
19-9 (CA19-9), and fetal bovine serum were purchased from Beijing KeyGen Biotech Co.,
Ltd. (Beijing, China). Prostate-specific antigen (PSA) was procured from Beijing Biodragon
Immunotechnologies Co., Ltd. (Beijing, China). Tetraethyl orthosilicate (TEOS, 98%),
3-glycidoxypropyltrimethoxysilane (GPTMS, 97%), cetyltrimethylammonium bromide
(CTAB, 99%), bovine serum albumin (BSA), sodium dihydrogen phosphate dih7ydrate
(NaH2PO4·2H2O, 99%), disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O,
99%), glucose (Glu, 100%), sodium hydroxide (NaOH, 97%), sodium chloride (NaCl,
99.5%), potassium chloride (KCl, 99.5%), potassium ferricyanide (K3Fe(CN)6, 99.5%), and
potassium ferrocyanide (K4Fe(CN)6, 99.5%) were purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd. (Shanghai, China). Sulfuric acid (H2SO4, 98%), acetone
(99.5%), anhydrous ethanol (99.8%), and concentrated hydrochloric acid (HCl, 36–38%)
were obtained from Hangzhou Shuanglin Reagent Co., Ltd. (Hangzhou, China). Melamine
(99%) was purchased from Jiangsu Yonghua Fine Chemicals Co., Ltd. (Suzhou, China)
Phosphate-buffered saline (PBS, 0.01 M, pH = 7.4) was prepared using NaH2PO4·2H2O and
Na2HPO4·12H2O. All the aqueous solutions used here were prepared using ultrapure water
(18.2 MΩ cm) from Milli-Q Systems (Millipore Inc., Burlington, MA, USA). All chemical
reagents were of analytical grade.

3.2. Characterizations and Instrumentations

The morphological structures of g-C3N4, CNNS, and VMSF were characterized using
transmission electron microscopy (TEM, model HT7700, Hitachi, Tokyo, Japan). To prepare
TEM samples, the VMSF layer was carefully scraped off from the electrode using a scalpel
and dispersed in anhydrous ethanol with subsequent ultrasonic dispersion. Subsequently,
the resulting dispersion was dripped onto a copper grid. Before morphology character-
ization under 200 kV, the sample was allowed to air dry naturally. All electrochemical
experiments, including cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and differential pulse voltammetry (DPV), were conducted on an Autolab electro-
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chemical workstation (model PGSTAT302N, Metrohm Autolab, Herisau, Switzerland). A
conventional three-electrode system was employed, with an Ag/AgCl as the reference
electrode, a platinum wire as the counter electrode, and the modified electrode as the
working electrode. The frequency range for EIS measurements was from 0.1 Hz to 100 kHz,
with a perturbation amplitude of 5 mV. Fourier transform infrared spectroscopy (FT-IR)
was measured using a Vertex 70 spectrometer (Bruker, Billerica, MA, USA) through the KBr
tablet method.

3.3. Preparation of VMSF/CNNS/GCE

The g-C3N4 was prepared by thermal polycondensation of melamine [39]: 5 g of
melamine was weighed and placed in a crucible, heated to 520 ◦C at the rate of 6 ◦C per
minute in an air atmosphere, calcined at this temperature for 4 h, and ground into a yellow
solid powder to obtain g-C3N4. CNNS was prepared by stripping g-C3N4 with H2SO4.
Generally, 2 g of g-C3N4 powder is added to 40 mL of H2SO4 (98 wt%) and stirred at room
temperature for 10 h. Then, the mixture was slowly poured into 100 mL of deionized water
and put under ultrasound for 8 h. After pouring out the clear supernatant, the obtained
precipitate was repeatedly washed with deionized water by centrifugation at 12,000 rpm,
and a stable colloidal suspension of CNNS was obtained. Finally, CNNS powder was
obtained by freeze-drying.

GCE was polished by alumina powder with specifications of 0.5 µm, 0.3 µm, and
0.05 µm, successively. Then, ultrasonic cleaning GCE with anhydrous ethanol (99.7%) and
ultrapure water in turn. 10 µL of CNNS colloid was dropped on the polished GCE and dried
at 60 ◦C to obtain CNNS/GCE, and then VMSF was grown by the electrochemically assisted
self-assembly (EASA) method [40–42]. Preparation of precursor solution containing silica:
addition of 3050 µL TEOS into the mixed solution of 20 mL ethanol, 20 mL NaNO3 (0.1 M,
pH = 2.6) and 1.585 g CTAB. Then, the mixed solution was vigorously stirred for 2.5 h. After
stirring, a three-electrode system was used, with CNNS/GCE as the working electrode,
and a constant voltage of −2.2 V was applied for electrodeposition for 5 s. After that, the
electrode was quickly taken out and washed with a large amount of ultrapure water, dried
by nitrogen gas, and aged at 80 ◦C overnight. At this time, the silica nanopores contained
surfactant micelles (SM), named SM@VMSF/CNNS/GCE. Due to the hydrophobicity of
SM, SM@VMSF/CNNS/GCE was immersed in an HCl-ethanol solution (0.1 M) and stirred
for 5 min to remove micelles, yielding VMSF/CNNS/GCE with open channels.

3.4. Fabrication of the VMSF/CNNS/GCE-Based Immunosensor

To immobilize the anti-CA15-3 antibody on the outer surface of the VMSF/CNNS/GCE,
a bifunctional reagent GPTMS containing both epoxy groups and silane groups was selected
as the crosslinking agent. SM@VMSF/CNNS/GCE was immersed in GPTMS (2.26 mM in
ethanol) for 30 min, and epoxy groups were introduced on the outer surface of VMSF instead of
internal nanochannels. After washing with ultrapure water, immersing in a solution containing
0.1 M HCl/ethanol, and stirring for 5 min to remove SM, the O-VMSF/CNNS/GCE with open
inner nanochannels and epoxy groups on the external surface was obtained.

Then, 10 µL anti-CA15-3 antibody solution (1 µg/mL in 0.01 M PBS, pH = 7.4) was
dripped on the surface of the O-VMSF/CNNS/GCE and incubated at 4 ◦C for 90 min.
Afterwards, the electrode was washed with PBS (0.01 M, pH = 7.4) to remove unbound
anti-CA15-3 antibodies on the electrode surface, obtaining Ab/O-VMSF/CNNS/GCE.
BSA (1 wt%) solution was utilized to incubate with Ab/O-VMSF/CNNS/GCE at 4 ◦C for
30 min to block nonspecific sites. After being washed with ultrapure water, the obtained
immunosensing electrode was denoted as BSA/Ab/O-/VMSF/CNNS/GCE.

3.5. Electrochemical Detection of CA15-3

The BSA/Ab/O-VMSF/CNNS/GCE immunosensor was incubated with different con-
centrations of CA15-3 at 4 ◦C for 60 min, respectively. The detection solution was 2.5 mM
[Fe(CN)6]3−/4− in 0.1 M KCl solution. DPV was used to measure the electrochemical signal
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of the BSA/Ab/O-VMSF/CNNS/GCE immunosensor before and after CA15-3 binding.
Without complicated pretreatment, the fetal bovine serum as an actual sample was used
to simulate the medium of actual human serum and diluted 50 times with PBS (0.01 M,
pH = 7.4) buffer solution and directly used for the recovery experiment using the standard
addition method.

4. Conclusions

In summary, through the introduction of the adhesive GNNS, stability of VMSF on
GCE surface was significantly promoted, and application of such VMSF/GNNS nanocom-
posite on GCE for construction of immunosensors had been studied. Due to the oxygen-
containing groups of CNNS, Si-O-Si chemical bonds between VMSF and CNNS can be
formed, which ensures the stable growth of VMSF on the GCE surface and greatly improves
the accuracy and reproductivity of the electroanalytical sensor. Owing to the plentiful open
nanopores of VMSF, VMSF possesses good permeability for transport of electrochemical
probes ([Fe(CN)6]3−/4−). When the CA15-3 antibody is anchored on the external surface
of VMSF and incubated with target CA15-3, access of [Fe(CN)6]3−/4− to the underlying
GCE through silica nanochannels is blocked, generating the declined electrochemical cur-
rent and finally enabling the quantitative detection of CA15-3. A broad detection range
of 1 mU/mL to 1000 U/mL and a low LOD of 0.47 mU/mL are achieved by our fabri-
cated VMSF/CNNS/GCE-based immunosensor. Furthermore, determination of CA15-3
in spiked fetal bovine serum samples was used to evaluate the potential practical appli-
cation of the fabricated immunosensor, displaying good selectivity and accuracy. This
immunosensor extends the adhesive layer for growth of VMSF on GCE surface and also
offers a simple and effective electrochemical strategy for detection of various practical
biomarkers in complicated biological specimens. To better meet the demand of rapid deter-
mination in clinical applications, miniaturization and intellectualization of our fabricated
electrochemical immunosensor require improvement in future research by combination
with microelectronics technology and smart phones.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29184334/s1. Figure S1: CV (a) and EIS responses (b) of the
prepared BSA/Ab/O-VMSF/CNNS/GCE to various concentrations of CA15-3 in 0.1 M KCl solution
containing 2.5 mM [Fe(CN)6]3−/4−. Inset in (b) is the equivalent circuit diagram.
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Abstract: This study explores the potential of graphene oxide (GO) as an additive in waterborne
polyurethane (WPU) resins to create eco-friendly coatings with enhanced anticorrosive properties.
Traditionally, WPU’s hydrophilic nature has limited its use in corrosion-resistant coatings. We
investigate the impact of incorporating various GO concentrations (0.01, 0.1, and 1.3 wt%) and
functionalizing GO with ethylenediamine (EDA) on the development of anticorrosive coatings for
carbon steel. It was observed, by potentiodynamic polarization analysis in a 3.5% NaCl solution,
that the low GO content in the WPU matrix significantly improved anticorrosion properties, with
the 0.01 wt% GO-EDA formulation showing exceptional performance, high Ecorr (−117.82 mV), low
icorr (3.70 × 10−9 A cm−2), and an inhibition corrosion efficiency (η) of 99.60%. Raman imaging
mappings revealed that excessive GO content led to agglomeration, creating pathways for corrosive
species. In UV/condensation tests, the 0.01 wt% GO-EDA coating exhibited the most promising
results, with minimal corrosion products compared to pristine WPU. The large lateral dimensions of
GO sheets and the cross-linking facilitated by EDA enhanced the interfacial properties and dispersion
within the WPU matrix, resulting in superior barrier properties and anticorrosion performance.
This advancement underscores the potential of GO-based coatings for environmentally friendly
corrosion protection.

Keywords: eco-friendly; waterborne polyurethane; coating; graphene oxide; low additive content;
functionalization; anticorrosion; UV resistance; water resistance

1. Introduction

Metal corrosion is a widespread issue that significantly affects human life in terms
of economics, the environment, and health safety [1]. Anticorrosive coatings provide
durability, cost-efficiency, and excellent protection for metal surfaces, mainly carbon steel,
which represents the most used metal alloy in the world [2,3]. In this context, organic
coatings are considered the most effective method for protecting carbon steel from corro-
sion, because they create a physical barrier against the aggressive environment [4–7]. The
production of durable coatings with anticorrosive properties, while adhering to green chem-
istry principles (GCP), is currently an emerging challenge and a market demand [8–11].
Waterborne polyurethane (WPU) resins exemplify GCP, featuring low volatile organic com-
pound content, which contributes to reducing emissions and air pollution [12,13]. WPU
resins demonstrate excellent abrasion resistance. However, the hydrophilic segments in
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the polymer backbone, which contribute to the superior colloidal stability of WPU, also
lead to some detrimental surface effects, including reduced water resistance, increased
susceptibility to UV degradation, and vulnerability to corrosion. These factors collectively
shorten the long-term application of WPU-based materials [14,15]. A great strategy to
improve the long-term performance of WPU-based materials for anticorrosion applications
is the development of nanocomposites [16,17]. The addition of nanoparticles in the polymer
matrix really plays an important role in the improvement of the barrier properties and
the water resistance [18,19]. In this scenario, graphene derivatives are appealing materi-
als that have recently been applied to enhance the barrier properties of polymer-based
materials [20–22].

Graphene and its derivatives, such as graphene oxide (GO) and reduced graphene
oxide (rGO), have been widely utilized in the formulation of anticorrosive coatings due to
their nano-barrier effect, which creates a labyrinth within the coatings, thereby prolonging
the penetration path of corrosive species [13,23,24]. In particular, GO has attracted attention
as an additive in coatings because of its impermeable properties, especially in water-based
coatings [12,24,25]. This is due to its high dispersibility in water, which is attributed to its
hydrophilic nature and the presence of oxygen-containing functional groups (hydroxyl,
carboxyl, and epoxy groups) on its surface and edges [26]. However, achieving uniform
GO dispersion within the polymeric matrix remains a common challenge highlighted in
the literature [27]. This issue could potentially compromise the anticorrosive performance
of the coatings since a poorly dispersed GO on the coating results in the creation of paths
within the coating due to the agglomeration of the sheets [27–29]. Functionalization of
GO is a promising strategy for promoting the uniform dispersibility of GO sheets in the
coating polymer matrix [9,30]. Ning et al. functionalized GO with dodecylbenzenesulfonic
acid, phosphoric acid, and polyaniline. This composite demonstrated improved dispersion
and compatibility in WPU, thereby delaying the time for corrosion species to access the
metal interface [31]. Wen et al. demonstrated the improvement in anticorrosion properties
in WPU by incorporating 0.3 wt% GO covalently functionalized with isophorone diiso-
cyanate [30]. Similarly, Cui et al. achieved comparable results by incorporating 0.2 wt% GO
functionalized with polycarbodiimide into the WPU matrix [9]. Li et al. also described su-
perior anticorrosion properties by incorporating 0.4 wt% rGO functionalized with titanate
coupling agents into WPU [32]. A simple and cost-effective approach that has attracted
attention involves using ethylenediamine (EDA) to functionalize graphene oxide (GO),
because of its ability to manipulate the interlayer spacing between GO sheets [33]. Maslekar
et al. determined the reactivity of EDA toward the main oxygen-containing functional
groups of GO (epoxy, hydroxyl, and carboxylic acid) in lithium-ion batteries. Their findings
highlighted a significant impact on properties, such as colloidal stability. For anticorrosive
coatings, this enhanced colloidal stability is particularly valuable as it improves the uni-
form dispersion of GO flakes within the resin, thereby enhancing the effectiveness of the
anticorrosive coating [33].

Most reports in the literature have achieved enhanced anticorrosion properties of
WPU coatings by incorporating a high content (at least 0.2 wt%) of functionalized GO
as an additive [8,9,16,18,30]. Song et al. reported that adding GO to WPU improved
the water contact angle compared to pure WPU films, indicating enhanced hydrophobic
properties. Nevertheless, they also noted that incorporating more than 0.5 wt% of GO
decreased the tensile strength of the films [8]. Thus, it remains essential to balance effective
functionalization to prevent agglomeration with determining the optimal concentration of
GO within the polymeric matrix. However, a common limitation in many studies is the
lack of long-term accelerated testing, which is crucial to fully evaluate the performance and
durability of these coatings.

Aiming to improve GCP principles by reducing the amount of nanomaterial used, we
present an investigation into the effect of incorporating different concentrations of GO (1.3,
0.1, and 0.01 wt%) in WPU resins and the impact of functionalizing a low content (0.01 wt%)
of GO sheets with ethylenediamine (EDA) as an additive to develop anticorrosive coat-

37



Molecules 2024, 29, 4163

ings for carbon steel surfaces. The functionalization method using EDA, a commercially
available single-component reagent, is not only straightforward and cost-effective but
also highly efficient. It requires fewer materials and less time than the more complex
methods reported in the literature [18,31,34–38]. Potentiodynamic polarization analysis
in a 3.5% NaCl solution established a strong correlation between the low GO content in
the WPU resin matrix and higher anticorrosion properties, especially for the 0.01 wt%
GO-EDA. The large lateral size of the GO sheets, combined with the cross-linking between
GO and WPU promoted by EDA, improved the interfacial properties between the GO and
WPU polymer matrix. This resulted in better barrier properties and a less hydrophilic
surface, consequently leading to a higher anticorrosion performance of the developed
eco-friendly coating.

2. Results and Discussion
2.1. Characterization of GO

The successful oxidation of the graphite and the achievement of GO sheets were
confirmed by the well-defined Raman spectrum of GO presented in Figure 1a and UV-Vis
spectra of GO dispersion (Figure S1). In the Raman spectrum, Figure 1a, the D band
at ~1350 cm−1 is related to the defects in GO structures (sp3 carbons from the oxygen
functional groups); the G band at ∼1610 cm−1 is attributed to the sp2 carbons (refers to
the stretching of the C–C bonds), where its intensity and position indicate the degree
of graphitization; and the absence of the 2D band (usually at ~2700 cm−1) is related
with the high structural disorder degree in the two-dimensional plane of GO [39,40].
Figure S1 shows the characteristic UV-Vis spectra for GO dispersion, exhibiting two bands
at approximately 230 and 300 nm, respectively, attributed to π→ π* transitions, associated
with C–C bonds in aromatic species, and n→ π* transitions, related to C–O bonds, resulting
from oxidation processes [41–43].
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Figure 1. (a) Representative Raman spectrum of GO sheets used to prepare the nanocomposites with
WPU, displaying the typical D and G bands. (b) SEM micrograph of GO sheets on a Si substrate.

The morphology and lateral size of the GO sheets were examined using scanning
electron microscopy (SEM), as shown in Figures 1b and S2. This analysis underscores
graphite’s effective oxidation and exfoliation, resulting in GO sheets distinguished by their
transparency and large lateral dimensions exceeding 25 µm. This transparency indicates
the presence of only a few layers of GO [44,45].

2.2. Dispersion of GO in the WPU Matrix

To evaluate the stability of GO in the WPU resins, the dispersions were stored for three
months. Figure 2 shows photographic images of the WPU resin and GO dispersions in
WPU at various concentrations, both immediately after preparation and after three months
of storage. After these months, a characteristic black color was observed in the dispersions,
which can be attributed to the mild partial reduction of the GO to rGO, as also observed

38



Molecules 2024, 29, 4163

by Otsuka et al. for GO aqueous colloidal suspension after seven days [46]. All samples
remained stable except for 0.01-GO and 0.1-GO, likely due to their low GO concentrations.
However, mechanical agitation restored 0.1-GO stability. The functionalization with EDA
was performed to promote the better dispersibility of GO sheets on the WPU matrix for
the 0.01-GO sample. The EDA can interact with GO by hydrogen bonding and/or as a
cross-linking agent between the GO sheets since the two terminal amino groups (-NH2)
can covalently bind to the carboxyl groups of GO sheets, promoting a higher dispersion
of GO sheets into the WPU matrix [47]. This potentially improves the nanocomposite’s
barrier properties [47,48]. Additionally, since EDA acts as a hardener for the polyurethane
resin, it may enhance the mechanical resistance of the material. However, it is crucial to
use the appropriate amount (low content) of this chain extender to achieve optimal results,
avoiding the self-polymerization process between the EDA and the WPU [49,50].
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Figure 2. Photographic images of WPU resin and dispersions of GO in WPU resin at various
concentrations after preparation and 3 months of storage.

Raman analysis and 2D imaging mappings of a section of the coating were performed
to confirm the incorporation and dispersibility of GO in the WPU resin as a function
of GO content. Figure 3(a-i) shows the representative Raman spectrum for the 0.01-GO
sample. It is possible to identify the typical D (1356 cm−1) and G (1607 cm−1) band
for GO sheets. The ID/IG intensity ratio measures the disorder degree and the average
size of the sp2 domains in graphite materials [39,40]. For the 0.010-GO sample, it was
found to be 1.15. For the identification of the WPU, the presence of the Raman bands
was detected with a maximum at 2932 cm−1 and 2863 cm−1, which can be attributed to
asymmetric and symmetric C-H stretching vibration of CH2 groups, and the Raman band
at 1732 cm−1 can be related to the C=O stretching vibration modes of the ester group of the
polyurethanes [51]. Figure 3(b-ii) shows the respective Raman imaging mapping for the
0.01-GO sample, which was constructed based on the intensity of the G band. It is possible
to observe some regions of high intensity in the G band (white color), which may be related
to the non-uniform dispersibility of the GO sheets in the WPU in this concentration, as
also observed in Figure 2. Supplementary Video S1, associated with the real-time Raman
mapping of the 0.01-GO sample, makes it possible to observe some dark areas in the
mapping, where is not possible to observe the D and G band of the GO Raman spectrum
with enough intensity, corroborating with the low uniform distribution of the GO sheets
in the WPU matrix. Figure 3(a-iii,b-iv) shows the effect of functionalizing the 0.01-GO
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sample with EDA. The Raman spectrum of the 0.01-GO-EDA sample exhibits the same
Raman features as the 0.01-GO sample. However, after functionalization with EDA, the
ID/IG intensity ratio increased from 1.15 to 1.34. This indicates a decrease in the size of the
in-plane sp2 crystalline domains, which may be related to the chemical functionalization
and partial reduction in GO through its reaction with EDA [52]. The carboxyl and epoxy
groups of GO can react with the amine groups of the EDA molecule, partially restoring the
sp2 crystalline domains but with smaller sizes [47]. This increases the intensity of the D
band due to border defects (edges). The improvement in the homogeneous dispersibility of
GO sheets after functionalization with EDA is further evidenced by the Raman imaging
mapping (Figure 3(b-iv)) and Supplementary Video S2. A significant decrease in the area of
GO agglomeration (white color) can be observed. Additionally, the presence of GO sheets
is visible throughout the entire extent of the samples. For the samples with higher GO
content in the WPU matrix, 0.1-GO and 1.3-GO, a similar Raman spectrum was observed
(Figure 3(a-v,vii)). The D and G bands are present; however, the Raman feature related to
the C=O stretching vibration modes (1732 cm−1) of the ester group in the polyurethanes
was not observable. Besides that, the intensity of the asymmetric and symmetric C-H
stretching vibrations of CH2 groups significantly decreased, likely due to the high content
of GO sheets in the polymer matrix, which dominate the Raman signature signal. An ID/IG
intensity ratio of 1.35 and 1.09 was found for the 0.1-GO and 1.3-GO samples, respectively.
The Raman imaging mapping (Figure 3(b-vi,viii)) and Supplementary Videos S3 and S4
clearly show the agglomeration process that occurs with the GO sheets in the WPU matrix
as the GO content increases. In both cases, regions with a high agglomeration of GO
sheets (white areas in the Raman imaging mapping—Figure 3(b-vi,viii)) are evident. In
the 0.1-GO samples, several areas without GO sheets (black areas in the Raman imaging
mapping—Supplementary Video S3) were also observed.
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Figure 3. (a) Representative Raman spectrum, ID/IG intensity ratio, and corresponding (b) Raman
imaging mapping, performed using the G band intensity as the reference for the samples, for
(i,ii) 0.01-GO; (iii,iv) 0.01-GO-EDA; (v,vi) 0.1-GO; and (vii,viii) 1.3-GO.

2.3. Evaluation of Chemical Interaction of GO with WPU Resin

Figure 4 shows the FTIR spectra of GO, WPU, and the coated steel samples of 1.3-GO,
0.1-GO, 0.01-GO, and 0.01-GO-EDA. The FTIR spectrum of the GO sample exhibits the
characteristic features of graphene oxide. Bands in 1720, 1620, and 1411 cm−1 correspond
to the vibrational modes of carbonyl groups (C=O), alkene groups (C=C), and hydroxyl
groups (–OH), respectively [53–56]. Additionally, the bands in 1045 and 979 cm−1 are
attributed to the epoxide groups [53–56].

The spectrum of WPU (green curve) displays the functional groups attributed to
polyurethane resin. The band at 3300 cm−1 is attributed to the N-H stretching vibration
of the urethane bond of PU. The two bands at 2930 cm−1 and 2850 cm−1 correspond to
the C-H stretching vibrations of urethane bonds. The absorption band at 1740 cm−1 is
attributed to the C=O stretching vibration of the urethane group [8,9,14,15,57]. The FTIR
spectra of WPU and WPU containing the different concentrations of GO are similar because
the content of GO incorporated into the WPU matrix is minimal in relation to the presence
of the WPU, causing the GO bands to overlap with the more intense bands of the WPU
resin. The same behavior is observed for the 0.01 GO-WPU sample functionalized with
EDA. It was not possible to verify the presence of the C–N stretching (related to the covalent
bond between the oxygen functional groups of GO, such as epoxy and carboxyl, and the
amino groups of EDA) [47] through FTIR analysis, as this feature was already obscured by
the C–N stretching of WPU (~1453 cm−1) [58]. Similarly, the –NH bands of the primary
(3300 cm−1) and secondary amines (1570 cm−1) in EDA [47] were masked by the –NH
stretching (3500–3300 cm−1) and –NH bending (1583–1486 cm−1) in the WPU [9].
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2.4. Hydrophobicity Analysis

Figure 5 shows the results of the static contact angle measurements used to examine
the hydrophobicity of GO-WPU coatings applied on carbon steel sheets. The waterborne
polyurethane resin without GO already exhibits an intrinsic low hydrophobic character.
Nevertheless, the incorporation of GO increased the contact angle, hence increasing the
hydrophobicity of the coating. This improvement is primarily due to the graphitic structure
of GO, which produces a higher hydrophobic surface, in comparison with the pristine
WPU surface, that resists water spreading [24,59,60]. The increase in GO content from
0.01 to 1.3 wt%. increased the contact angle of the water on the WPU films from 67.35◦ to
71.82◦, compared to 65.92◦ for the neat WPU. Song et al. found that the maximum water
contact angle reached for 1.0 wt% GO was 55.38◦, with flakes measuring 105.42 nm on
average. In our study, the GO flakes possess an average size of around 25 µm, which may
contribute to the enhanced contact angle due to improved hierarchical surface structures
and roughness in the coating [21,24]. Additionally, Song et al. reported that an optimal
GO content in WPU up to 0.5 wt% could prevent GO agglomeration in the resin [8]. In
the present work, the coatings with the lowest concentration studied (0.01 wt% GO) and
functionalized with EDA (sample 0.01-GO-EDA, in Figure 5) demonstrated the highest
contact angle (71.92◦). This can be attributed to the chemical functionalization and partial
reduction of GO through its reaction with EDA. The carboxyl and epoxy groups of GO
react with the amine groups of the EDA molecule, promoting the mild reduction in GO and
improving the hydrophobicity of the surface [57]. This enhancement in hydrophobicity is a
critical aspect of achieving high anticorrosion properties [8,22]. Reducing water permeation
through WPU represents one of the biggest challenges in using this polymer to develop
coatings with barrier properties [16]. In this work, we achieved promising results using a
low content of GO (only 0.01 wt%) due to the combination of the sizeable lateral size of the
sheets and the functionalization with EDA.
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Figure 5. The water contact angle of WPU resin is a function of incorporating different GO and
EDA-functionalized GO contents applied to the carbon steel substrates.

2.5. Evaluation of Anticorrosion Performance

Potentiodynamic polarization curves were measured for all studied conditions to
evaluate the effect of GO incorporation on the anticorrosive performance of coated carbon
steel in a 3.5% NaCl solution. The results are illustrated in Figure 6.
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From the corrosion parameters, such as the corrosion current density (icorr) and the
corrosion potential (Ecorr) extracted from Figure 6, it was possible to calculate the corrosion
rate and the coating inhibition efficiency (η), which is determined using Equation (1) [61,62]:

η = 1− iGO
corr

icorr
(1)

where iGO
corr is the corrosion current density for the WPU-coated samples containing

graphene oxide, and icorr is the corrosion current density for the coated samples with
pristine WPU. All these corrosion parameters are summarized in Table 1.

Table 1. Electrochemical parameters obtained from potentiodynamic polarization curves for all
studied conditions.

Sample Ecorr/(V)
vs. Ag|AgCl icorr/(A cm−2) Corrosion Rate

(mm/Year) η

WPU −0.811 9.03 × 10−7 1.01 × 10−2 -
1.3-GO −0.379 2.57 × 10−6 2.88 × 10−2 -
0.1-GO −0.361 1.02 × 10−7 1.15 × 10−3 88.70%

0.01-GO −0.126 9.34 × 10−9 1.05 × 10−4 99.00%
0.01-GO-EDA −0.118 3.70 × 10−9 4.15 × 10−5 99.60%

The Figure 6 shows that the corrosion potential of the samples containing GO shifted
to a more noble potential than that of the sample covered exclusively with WPU resin. This
indicates a decrease in their susceptibility to corrosion (see Table 1) [63,64]. As observed
from the contact angle results, the incorporation of GO increased the contact angle of
the surface, improving the hydrophobicity of the WPU-modified coatings and, therefore,
the water barrier permeation. However, it also altered the rate of oxidation–reduction
reactions occurring on the coating surface, as indicated by the electrochemical test. When
comparing the pristine WPU resin to WPU resin containing GO, the latter shows a two-
order magnitude decrease in corrosion current density. This decrease can be attributed to
the addition of GO and functionalized GO in the polymeric matrix, which improves the
barrier properties of the coatings [12,25]. Among all samples studied, the 0.01-GO-EDA
sample exhibited the best anticorrosion behavior, with the highest Ecorr value (−117.82 mV)
and the lowest icorr value (3.70 × 10−9 A cm−2). Generally, lower Icorr and higher Ecorr
indicate more protective properties against corrosion [63]. The corrosion rate and inhibition
efficiency (η) data show that the 0.01-GO and 0.01-GO-EDA samples exhibit lower corrosion
rates (1.05 × 10−4 mm/year and 4.15 × 10−5 mm/year, respectively) and higher inhibition
efficiencies (99.00% and 99.60%), indicating enhanced corrosion protection compared to
the 1.3-GO and 0.1-GO samples. The corrosion rate of pristine WPU is lower than that
of the 1.3-GO sample, suggesting that a high GO content accelerates corrosion, thereby
compromising the protection offered by the pristine WPU.

The functionalization of 0.01-GO-WPU with EDA enhances performance compared
to the 0.01 wt% GO sample, which, although still effective, exhibits a slightly lower Ecorr
of −126.30 mV and a higher icorr of 9.34 × 10−9 A cm−2. This demonstrates that the
functionalization of GO with EDA further improves the barrier properties of the coating.
In contrast, the 0.1% GO sample shows a higher icorr (1.02 × 10−7 A cm−2) than the
0.01 wt% GO samples. This indicates that increased GO content does not necessarily
improve anticorrosion behavior and may lead to more agglomeration than the 0.01 wt%
GO samples. This suggests that increasing GO content does not necessarily improve
anticorrosion performance and may lead to agglomeration issues of GO flakes. The 1.3-GO
sample, which shows an even higher corrosion current density than both the 0.1-GO sample
and pristine WPU resin, further confirms that excessive GO content can compromise
the coating’s barrier properties as observed in Figure 6 and Raman imaging mappings
(Figure 3(b-vi,viii)) and videos (Supplementary Videos S3 and S4). Heiba et al. reported
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that incorporating a low content of GO can enhance corrosion protection due to better
uniform distribution of GO sheets in the polymer matrix [63]. Chen et al. reported that the
use of high-content of nanoparticles tended to agglomerate when added to a polymeric
matrix [65]. In our study, the GO flakes measured approximately 25 µm in size, which can
improve coating protection by establishing a nano-barrier effect, which creates a labyrinth
within the coatings, thereby prolonging the penetration path of corrosive species [4,22,27].
However, inadequate dispersion of GO sheets can lead to the formation of preferential
pathways within the coating, allowing for aggressive species to easily reach the metal,
thereby reducing its barrier protection, as illustrated in Figure 7.
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Figure 7. Schematic illustration depicting the effect of different contents of GO and EDA-
functionalized GO on the barrier protection of the coating.

Our findings regarding the anticorrosion properties of the developed coating 0.01-
GO-EDA based on WPU are much more promising than those of several reports in the
literature, even in relation to those exploring the use of epoxy resins to develop the GO
coatings. Table 2 summarizes recent works reported in the literature on developing coatings
with anticorrosion properties based on the incorporation of graphene derivatives as an
additive. The respective results regarding corrosion potential (Ecorr) and corrosion current
(icorr) are presented.

Table 2. Recent works in the literature based on incorporating GO as an additive for developing
coatings with anticorrosion properties. Evaluated performance based on corrosion potential (Ecorr)
and corrosion current (icorr) extrapolated from potentiodynamic polarization curves.

Ref. Coating Graphene
Derivative

Concentration
(wt%)

Application
Method Ecorr (V) icorr

(A cm−2)

[34] Waterborne
hydroxyl acrylic WHAR MGO 0.50 Bar coater −0.27 0.90 × 10−6

[35] Epoxy GO-PANI-PDA - Wire bar coater −0.59 3.83 × 10−8

[36] Waterborne epoxy CMCS-rGO 0.05 Bar coater −0.63 3.05 × 10−10

[18] WPU GO-PNNG 0.05 - −0.06 4.98 × 10−10

[37] Polyvinyl alcohol GO-PVA-SiC 10.00 Spray −0.45 1.22 × 10−6

[38] Epoxy PA-G-EP 1.00 Bar coater −0.62 3.10 × 10−8

This work WPU GO-EDA 0.01 Blade coater −0.12 3.70 × 10−9

WHAR MGO: dispersion of hydroxy acrylic resin with GO modified with 3-aminopropyltriethoxysilane; GO-PANI-
PDA: GO modified with polyaniline and polydopamine; CMCS-rGO: rGO functionalized with carboxymethyl
chitosan; GO-PNNG: GO modified with aminoethyl aminopropyl isobutyl polyhedral oligomeric silsesquioxane;
GO-pva-SiC: GO modified with polyvinyl alcohol silicon carbide nanowires; PA-G-EP: nanocomposite based on
epoxy, phytic acid, and graphene. WPU-GO-EDA: GO functionalized with ethylenediamine incorporated into
waterborne polyurethane.

As demonstrated in Figure 6 and Table 1, the samples 0.01-GO and 0.01-GO-EDA
exhibited the lowest corrosion current. Therefore, these concentrations and the pristine
WPU resin were selected for the durability investigation test.

Figure 8 shows the surface morphology of the coated samples with artificial defects
after 168 h and 515 h of exposure to a UV/condensation test. As observed in the images,
prior to the accelerated aging test, the coated samples showed the characteristic bright-
ness of WPU resin. Duong et al. reported that after 216 h of UV/condensation testing,
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polyurethane coatings (solvent-based) without GO degraded with loss in gloss, suggesting
UV radiation-induced degradation. However, samples containing 0.01 wt% GO exhibited
less gloss degradation. This can be attributed to the properties of GO in absorbing UV
light, increasing the UV durability of the polyurethane coating [12]. In our study, after
515 h of exposure, we observed that the pristine WPU resin lost its brightness, while the
0.01-GO-EDA formulation exhibited less degradation, highlighting the beneficial role of
the functionalized EDA-GO even at low concentrations. Furthermore, the involvement of
EDA in creating a more compact cross-linking matrix and hydrophobic surface, contributes
to a slower degradation of the film than using pristine WPU resin [49,50]. The evaluation of
brightness in the 0.01-GO sample was complex because of the presence of corrosion prod-
ucts developed on its surface, likely caused by GO agglomeration that created preferential
pathways through the coating to the metal, thereby triggering premature corrosion. In
contrast, the 0.01-GO-EDA sample revealed a small quantity of formation of cracks in the
resin after exposure, indicating that aggressive species did not easily penetrate the coating.
This finding confirms that the functionalization of GO with EDA not only enhanced the
formation of a dense three-dimensional network but also improved the dispersion of GO in
the coating and the hydrophobicity of the coating surface, as illustrated in the schematic
representation of Figure 7.
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Figure 8. Photographic images of coated samples with artificial defects exposed to UV/condensation
tests after 168 and 515 h, along with their respective optical microscopic images of the defect sites.

After 168 h of exposure, corrosion products were observed at the artificial defect
sites in all samples, with a notable increase in quantity after 515 h. Although corrosion
progressed in all studied conditions, the extent of propagation from the defect sites differed
among samples. The pure resin showed the most severe corrosive attack, as evidenced by
the most corrosion products at the defect site. The low anticorrosion performance of the
pure resin coating after the aging test can be attributed to surface deterioration caused by
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UV exposure, which compromised its barrier properties. In contrast, the 0.01-GO sample
exhibited fewer corrosion products, and the 0.01-GO-EDA sample even less, indicating
that the addition of GO and functionalized GO increased the corrosion resistance of the
coating after UV/condensation aging. According to ISO 4628-8 standards, the corrosion
around the scribe can be classified as grade 5 (severe) for the WPU-coated sample, and
grade 2 (slight) for both the 0.01-GO and 0.01-GO-EDA samples [66]. This analysis indi-
cates that the UV/condensation exposure induced physical changes in the coatings due
to the combined effects of UV radiation, temperature, and condensation. Catastrophic
macroscopic failures start from microscopic physical changes in the coating, often triggered
by preceding chemical alterations [67].

3. Materials and Methods
3.1. Materials

Graphite crystals with lateral sizes of 9 mm to 12 mm from Nacional de Grafite
(Itapecerica, Brazil) were used in the preparation of GO along with sulfuric acid (H2SO4)
P.A. (98.0% purity), hydrochloric acid (HCl) P.A. (37.0% purity), potassium permanganate
(KMnO4) PA (99.0% of purity), and hydrogen peroxide (H2O2), 30 volumes, all of these
chemicals from Synth (São Paulo, Brazil). The Ultra-pure water from the Milli-Q commercial
system by Millipore Corporation (Burlington, MA, USA) with a resistivity of 18.2 MΩ.cm
and TOC 2 ppb. The sodium nitrate (NaNO3) PA (99.9% purity) from Merck (Darmstadt,
Germany). The EDA (MW = 60.1 g mol–1) (99% purity) was used to functionalize GO-WPU
from Merck (Darmstadt, Germany).

AISI 1070 carbon steel sheets with dimensions of 10 mm × 30 mm × 2 mm were
used as working electrodes. The type of carbon steel used was determined by energy-
dispersive X-ray spectroscopy (EDS) analysis (field-emission scanning electron microscopy
(SEM) model JSM-7800—Oxford Aztec, INCA) from JEOL Ltd. (Tokyo, Japan), presented
in Supplementary Materials, Figure S3. Renner Sayerlack Company (Cajamar, Brazil)
provided the coating, a single-component waterborne aliphatic polyurethane resin with a
pH of 8.5, density of 1.05 g cm−3, and viscosity of 150cP. The manufacturer specifies the
volume solids percentage of the mixture to be 36 ± 2%.

The electrolyte utilized in the potentiodynamic polarization tests was 3.5% NaCl
solution from Synth (São Paulo, Brazil).

3.2. Methods
3.2.1. Preparation of Graphene Oxide

Graphene oxide (GO) was synthesized according to the well-developed Hummer’s
modified method [68,69] with a total oxidation time of three days and purified according
to the process described by Rocha [70]. In a 100 mL round-bottom flask, 0.5 g of graphite
flakes and 16.9 mL of H2SO4 were added. This mixture was stirred for 30 min using a
magnetic stirrer in an ice bath. After 30 min, 0.38 g of NaNO3 was added. The solution was
agitated for 5 min to ensure proper incorporation, and then 2.25 g of KMnO4 was gradually
added over 1 h while stirring and using an ice bath. After the KMnO4 addition, the system
was stirred for 24 h before resting for 72 h at room temperature to oxidize the material.
After resting, 50 mL of H2SO4 at a concentration of 0.06 mol L−1 was gradually added over
1 h, with continued stirring and ice bath. Subsequently, 1.5 mL of 30% H2O2 was slowly
added while maintaining stirring in an ice bath. The prepared GO dispersion was washed
three times with a 10% hydrochloric acid aqueous solution to finish the process. The GO
dispersion was purified using dialysis bags (porosity of 12 kDa, from Sigma Aldrich (San
Luis, MO, USA)) in distilled water. The ultrapure water was changed until a pH of 5.5 was
achieved. The GO dispersion was concentrated using a rotary evaporator (Q344M from
QUIMIS Aparelhos Científicos, São Paulo, Brazil) to reach a concentration of 4.97 mg mL−1.
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3.2.2. Preparation of GO Waterborne Polyurethane Composite Coatings

The graphene oxide/waterborne polyurethane (GO/WPU) composite coating was
prepared by uniformly dispersing GO in the resin. The procedure can be observed in
Figure 9. After adding the GO to the WPU resin, it was subjected to magnetic stirring for
30 min, followed by sonication on an ultrasound bath for 20 min at 37 kHz.
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Figure 9. Schematic illustration of the preparation and application of GO-WPU and GO-EDA-WPU
coatings on carbon steel sheets. Photograph image of a representative WPU-GO coating applied by
blade coating on the carbon steel sheet showing the uniformity of the deposited film.

Based on the quantity of the solids in the pure resin, the GO was incorporated at
concentrations of 1.3 wt%, 0.1 wt%, 0.01 wt%, and 0.01 wt% functionalized with EDA. These
conditions are designated as 1.3-GO, 0.1-GO, 0.01-GO, and 0.01-GO-EDA, respectively.
Control samples, referred to as WPU, were also evaluated, representing the waterborne
polyurethane resin without GO.

The functionalization of 0.01 wt% GO with EDA was also evaluated. Inspired by the
work of Jang et al. [47], who prepared a cross-linked GO membrane by functionalization
with EDA, 30 µL (0.45 mmol) of EDA were added to 10 mL of WPU resin containing
0.01 wt% GO under constant stirring at 1300 rpm at room temperature for five minutes.
Subsequently, the mixture was subjected to vigorous magnetic stirring and heating at 60 ◦C
(silicone bath) in a reflux system for sixty minutes. After this period, the 0.01-GO-EDA
sample was ready for use.

The carbon steel sheets were evenly sanded with 100-grit sandpaper. The coating
film was then applied to the treated sheets using a Blade Coater, model BCC-02-V3 from
Autocoat (Campinas, Brazil). This device uses a knife-shaped blade set at a 30-degree angle,
with a height of 100 µm relative to the substrate and a deposition speed of 20 mm s−1 at an
ambient temperature of 25 ◦C. The coatings were cured at room temperature for 24 h to
obtain the final coated samples. After drying, the final single coating layers achieved an
average thickness of 44.3 ± 3.8 µm, as measured by a hand-held electronic gauge, model
456C, from Elcometer (Manchester, UK).

3.2.3. Characterization

The morphology of the GO flakes was characterized by field-emission scanning elec-
tron microscopy (SEM) (Jeol, model JSM-7800), operated at 0.3 keV of accelerating voltage.
The GO samples, with concentrations of 0.001 mg mL−1, were prepared by drop casting
on Si substrates. The type of carbon steel used was also evaluated by SEM images and
determined by energy-dispersive X-ray spectroscopy (EDS) analysis (Jeol, model JSM-7800—
Oxford Aztec, INCA).
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The FTIR technique was employed to chemically characterize the GO-WPU composite
coatings. All measurements were conducted in a Shimadzu (Tokyo, Japan) IRAffinity 1S
FTIR spectrometer using attenuated total reflection (ATR). The spectra were obtained in the
region from 600 to 4000 cm−1.

The chemical and spatial characterization of GO in the WPU was achieved utilizing
a Raman spectrometer from Witec, Oxford Instruments Group (High Wycombe, UK),
Aplha 300R model, coupled to a confocal optical microscope, with a laser set at 532 nm,
0.5 mW of power, 600 gr mm−1 grating, and BLZ of 500 nm. The spectra were obtained
with an integration time of 10 s and 10 accumulations, utilizing lenses with 10× and 50×
magnification. The Raman mappings were performed to identify the effective dispersion
of the GO in the resin. The microscopic image of the resin film containing the GO sheets
was initially obtained. Then, using the conditions of 2 s of integration, 15 accumulations,
and lenses with 10× and 50× magnification, areas of 30 × 30 µm were analyzed to identify
the D and G bands, as well as the central band of the resin. The obtained spectra were
analyzed using Python language by Google Colaboratory software (https://colab.research.
google.com/, accessed on 11 May 2024) software, which attributed different colors to
their composition and generated images of the analyzed region. The Raman spectra were
obtained in the range of 500 to 3500 cm−1. The successful achievement of GO dispersion
was also evaluated by UV-Vis-NIR spectroscopy, which was performed on a Shimadzu
spectrophotometer, model UV-3600, with a scanning range of 200 to 800 nm and an optical
path length of 1.00 cm, controlled by UV-Probe software, version 2.62.

The wettability of coated carbon steel sheets was evaluated by static contact angle
measurements utilizing the sessile drop method. An average of twenty measurements were
taken to report the wettability. For each measurement, a 1 µL droplet of deionized water
was deposited on the coated sample surface. The equipment employed was a Drop shape
analyzer (DSA100) from KRUSS (Hamburg, Germany), operated with ADVANCE software,
2017 version.

The optical microscopy images of the carbon steel samples coated with the WPU, WPU-
GO and WPU-GO-EDA after the weathering test were achieved by an optical microscope
from Olympus, model BX51M (Tokyo, Japan) with a magnification of 5×.

3.2.4. Electrochemical Characterization and UV/Condensation Exposure Test

The electrochemical test workstation used to assess the protective properties of the
coatings by potentiodynamic polarization (PDP) analysis was the Autolab SS101, manufac-
tured by Methrom (Herisau, Switzerland). Figure 10 displays the three-electrode system
utilized, showing the components of it. The coated samples served as the working electrode
with an exposed area of 7.1 mm2. A graphite rod electrode was utilized as the counter
electrode, and an Ag/AgCl electrode as the reference electrode. The PDP curves were
conducted in the potential range of 1 V on either side of Ecorr and at a scan rate of 0.01 V/s.
The test corrosive solution was 3.5 wt% NaCl. All conditions were repeated three times
under environmental conditions to confirm the reproducibility of the results.

The PDP analysis identified the two most effective concentrations of GO in WPU,
which exhibited the lowest corrosion current, and these were compared with the pure
WPU resin. These three conditions were then subjected to a weathering test that was
conducted according to ASTM standard G51 [71]. First, an artificial defect, approximately
10 mm in length, was created on the surface of each coated carbon steel sample using a
cutter, exposing the underlying steel. The samples were then placed in a UV/condensation
chamber (QUV/spray with Solar Eye Irradiance Control from QLab) designed to simulate
accelerated weathering conditions. During the test, the samples were cyclically exposed
to UV-B radiation (310 nm) at 0.71 W/m2 for 4 h at 60 ◦C, followed by 4 h of humidity
condensation at 50 ◦C. The coated carbon steel panels (10 × 30 × 2 mm) were subjected to
a total of 515 h of exposure. Samples were removed at intervals of 168 h and 515 h to assess
their resistance to weathering. After the test, photographic and optical microscopic images
of the coated samples were captured to evaluate the coating’s performance.
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4. Conclusions

In conclusion, we present an investigation into the effect of incorporating different con-
centrations of GO (1.3, 0.1, and 0.01 wt%) in WPU resins and the impact of functionalizing
low-content (0.01 wt%) GO sheets with ethylenediamine (EDA) as an additive to develop
anticorrosive coatings for carbon steel surfaces. Potentiodynamic polarization analysis in
a 3.5% NaCl solution established a strong correlation between the low GO content in the
WPU resin matrix and enhanced anticorrosion properties, particularly for the 0.01 wt%
GO-EDA, which achieved high Ecorr (−117.82 mV) and low icorr (3.70 × 10−9 A cm−2) val-
ues and an inhibition corrosion efficiency (η) of 99.60%. Raman imaging mapping analysis
demonstrated that increasing the GO content as an additive in the WPU matrix leads to the
agglomeration of GO sheets, creating pathways for corrosive species to permeate the WPU
resin and reach the carbon steel surface. The sizeable lateral dimensions of the GO sheets,
combined with the cross-linking between GO and WPU promoted by EDA, improved the
interfacial properties between the GO and WPU polymer matrix. This resulted in better
barrier properties, homogeneous dispersion, and a less hydrophilic surface, consequently
leading to superior anticorrosion performance of the developed eco-friendly coating.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29174163/s1, Figure S1: UV-vis spectrum of graphene
oxide (GO) dispersion. Figure S2: SEM micrographs of the GO sheets samples on Si substrates,
obtained in different areas and magnification. (i,ii) 2700×, (iii) 3300×, (iv) 3700×, and (v,vi) 5000×,
showing the sizeable lateral size of the GO sheets. Figure S3: SEM image (A), EDS mapping (chemical
composition) (B), and EDS spectrum (C) of the corresponding area of the carbon steel sample used in
this work. The sample is typical of AISI 1070 carbon steel, containing 7.4% carbon and 90.8% iron.
Supplementary Video S1: Real-time Raman imaging mapping of the 0.01-GO sample; Supplementary
Video S2: Real-time Raman imaging mapping of the 0.01-GO-EDA sample; Supplementary Video S3:
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Real-time Raman imaging mapping of the 0.1-GO sample; Supplementary Video S4: Real-time Raman
imaging mapping of the 1.3-GO sample.

Author Contributions: Conceptualization, C.d.C.C.S. and M.A.F.A.; methodology, M.A.F.A., R.F.F.,
M.S.D., S.B., D.S. and M.R.D.d.S.; software, M.A.F.A., R.F.F., M.S.D., S.B., D.S. and M.R.D.d.S.;
validation, C.d.C.C.S. and M.A.F.A.; formal analysis, C.d.C.C.S., M.A.F.A., R.F.F., M.S.D., S.B., D.S.,
M.R.D.d.S. and C.M.M.; investigation, C.d.C.C.S., M.A.F.A., R.F.F., M.S.D., S.B., D.S., M.R.D.d.S. and
C.M.M.; resources, C.d.C.C.S. and C.M.M.; data curation, C.d.C.C.S. and M.A.F.A.; writing—original
draft preparation, C.d.C.C.S. and M.A.F.A.; writing—review and editing, C.d.C.C.S., M.A.F.A., R.F.F.
and C.M.M.; visualization, C.d.C.C.S., M.A.F.A., R.F.F., M.S.D., S.B., D.S., M.R.D.d.S. and C.M.M.;
resources, C.d.C.C.S. and C.M.M.; supervision, C.d.C.C.S.; project administration, C.d.C.C.S.; funding
acquisition, C.d.C.C.S. and C.M.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Coordination for the Improvement of Higher Education
Personnel (CAPES), Mackenzie Research Fund (MACKPESQUISA), grant number 2231019 and
231022; São Paulo Research Foundation (FAPESP), grant number 2023/12225-9; the National Council
for Scientific and Technological Development (CNPq) (grant number 408248/2023-8, 313091/2022-6,
and 384616/2023-2); INCT NanoVida (grant number 406079/2022-6); and Financiadora de Estudos e
Projetos (Finep), grant number 1151/22.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding authors.

Acknowledgments: All the authors acknowledge Renner Sayerlack Company for providing the
waterborne aliphatic polyurethane resins and Jan Vatavuk from Mackenzie School of Engineering,
Mackenzie Presbyterian University for providing the carbon steel samples used in this work.

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

References
1. Cui, M.; Wang, B.; Wang, Z. Nature-Inspired Strategy for Anticorrosion. Adv. Eng. Mater. 2019, 21, 1801379. [CrossRef]
2. Karimi, M. Review of Steel Material Engineering and Its Application in Industry. J. Eng. Ind. Res. 2023, 4, 61–67. [CrossRef]
3. Amegroud, H.; Boudalia, M.; Elhawary, M.; Garcia, A.J.; Bellaouchou, A.; Amin, H.M.A. Electropolymerized Conducting

Polyaniline Coating on Nickel-Aluminum Bronze Alloy for Improved Corrosion Resistance in Marine Environment. Colloids Surf.
A Physicochem. Eng. Asp. 2024, 691, 133909. [CrossRef]

4. Ollik, K.; Lieder, M. Review of the Application of Graphene-Based Coatings as Anticorrosion Layers. Coatings 2020, 10, 883.
[CrossRef]

5. Farzi, G.; Davoodi, A.; Ahmadi, A.; Neisiany, R.E.; Anwer, M.K.; Aboudzadeh, M.A. Encapsulation of Cerium Nitrate within
Poly(Urea-Formaldehyde) Microcapsules for the Development of Self-Healing Epoxy-Based Coating. ACS Omega 2021, 6,
31147–31153. [CrossRef]

6. Aramayo, M.A.F.; Aoki, I.V. Synthesis of Innovative Epoxy Resin and Polyamine Hardener Microcapsules and Their Age
Monitoring by Confocal Raman Imaging. J. Appl. Polym. Sci. 2024, 141, e55342. [CrossRef]

7. Nazeer, A.A.; Madkour, M. Potential Use of Smart Coatings for Corrosion Protection of Metals and Alloys: A Review. J. Mol. Liq.
2018, 253, 11–22. [CrossRef]

8. Song, H.; Wang, M.; Wang, Y.; Zhang, Y.; Umar, A.; Guo, Z. Waterborne Polyurethane/Graphene Oxide Nanocomposites with
Enhanced Properties. Sci. Adv. Mater. 2017, 9, 1895–1904. [CrossRef]

9. Cui, J.; Xu, J.; Li, J.; Qiu, H.; Zheng, S.; Yang, J. A Crosslinkable Graphene Oxide in Waterborne Polyurethane Anticorrosive
Coatings: Experiments and Simulation. Compos. B Eng. 2020, 188, 107889. [CrossRef]

10. Boutoumit, A.; Elhawary, M.; Bellaouchou, A.; Boudalia, M.; Hammani, O.; José Garcia, A.; Amin, H.M.A. Electrochemical,
Structural and Thermodynamic Investigations of Methanolic Parsley Extract as a Green Corrosion Inhibitor for C37 Steel in HCl.
Coatings 2024, 14, 783. [CrossRef]

11. Eddahhaoui, F.-Z.; Najem, A.; Elhawary, M.; Boudalia, M.; Campos, O.S.; Tabyaoui, M.; José Garcia, A.; Bellaouchou, A.; Amin,
H.M.A. Experimental and Computational Aspects of Green Corrosion Inhibition for Low Carbon Steel in HCl Environment Using
Extract of Chamaerops Humilis Fruit Waste. J. Alloys Compd. 2024, 977, 173307. [CrossRef]

12. Duong, N.T.; An, T.B.; Thao, P.T.; Oanh, V.K.; Truc, T.A.; Vu, P.G.; Hang, T.T.X. Corrosion Protection of Carbon Steel by
Polyurethane Coatings Containing Graphene Oxide. Vietnam J. Chem. 2020, 58, 108–112. [CrossRef]

51



Molecules 2024, 29, 4163

13. Zhang, J.; Wang, J.; Wen, S.; Li, S.; Chen, Y.; Wang, J.; Wang, Y.; Wang, C.; Yu, X.; Mao, Y. Waterborne Polyurea Coatings Filled
with Sulfonated Graphene Improved Anti-Corrosion Performance. Coatings 2021, 11, 251. [CrossRef]

14. Li, C.; Dong, Y.; Yuan, X.; Zhang, Y.; Gao, X.; Zhu, B.; Qiao, K. Waterborne Polyurethane Sizing Agent with Excellent Water
Resistance and Thermal Stability for Improving the Interfacial Performance of Carbon Fibers/Epoxy Resin Composites. Colloids
Surf. A Physicochem. Eng. Asp. 2024, 681, 132817. [CrossRef]

15. Trovati, G.; Sanches, E.A.; Neto, S.C.; Mascarenhas, Y.P.; Chierice, G.O. Characterization of Polyurethane Resins by FTIR, TGA,
and XRD. J. Appl. Polym. Sci. 2010, 115, 263–268. [CrossRef]

16. Salzano de Luna, M. Recent Trends in Waterborne and Bio-Based Polyurethane Coatings for Corrosion Protection. Adv. Mater.
Interfaces 2022, 9, 2101775. [CrossRef]

17. Medeiros, G.S.; Nisar, M.; Peter, J.; Andrade, R.J.E.; Fechine, G.J.M. Different Aspects of Polymer Films Based on Low-density
Polyethylene Using Graphene as Filler. J. Appl. Polym. Sci. 2023, 140, 1–12. [CrossRef]

18. Zhang, F.; Liu, W.; Liang, L.; Wang, S.; Shi, H.; Xie, Y.; Yang, M.; Pi, K. The Effect of Functional Graphene Oxide Nanoparticles on
Corrosion Resistance of Waterborne Polyurethane. Colloids Surf. A Physicochem. Eng. Asp. 2020, 591, 124565. [CrossRef]

19. Pinto, G.M.; Cremonezzi, J.M.O.; Ribeiro, H.; Andrade, R.J.E.; Demarquette, N.R.; Fechine, G.J.M. From two-dimensional
Materials to Polymer Nanocomposites with Emerging Multifunctional Applications: A Critical Review. Polym. Compos. 2023, 44,
1438–1470. [CrossRef]

20. Cui, Y.; Kundalwal, S.I.; Kumar, S. Gas Barrier Performance of Graphene/Polymer Nanocomposites. Carbon N. Y. 2016, 98,
313–333. [CrossRef]

21. Nine, M.J.; Cole, M.A.; Johnson, L.; Tran, D.N.H.; Losic, D. Robust Superhydrophobic Graphene-Based Composite Coatings with
Self-Cleaning and Corrosion Barrier Properties. ACS Appl. Mater. Interfaces 2015, 7, 28482–28493. [CrossRef]

22. Tan, B.; Thomas, N.L. A Review of the Water Barrier Properties of Polymer/Clay and Polymer/Graphene Nanocomposites.
J. Memb. Sci. 2016, 514, 595–612. [CrossRef]

23. Li, X.; Li, D.; Chen, J.; Huo, D.; Gao, X.; Dong, J.; Yin, Y.; Liu, J.; Nan, D. Melamine-Modified Graphene Oxide as a Corrosion
Resistance Enhancing Additive for Waterborne Epoxy Resin Coatings. Coatings 2024, 14, 488. [CrossRef]

24. Jena, G.; Philip, J. A Review on Recent Advances in Graphene Oxide-Based Composite Coatings for Anticorrosion Applications.
Prog. Org. Coat. 2022, 173, 107208. [CrossRef]

25. Nayak, S.R.; Mohana, K.N.S. Corrosion Protection Performance of Functionalized Graphene Oxide Nanocomposite Coating on
Mild Steel. Surf. Interfaces 2018, 11, 63–73. [CrossRef]

26. Liu, S.; Liu, H.; Shao, N.; Dong, Z. Modification of Electrochemical Exfoliation of Graphene Oxide with Dopamine and Tannic to
Enhance Anticorrosion Performance of Epoxy Coatings. Coatings 2023, 13, 1809. [CrossRef]

27. Cui, G.; Bi, Z.; Zhang, R.; Liu, J.; Yu, X.; Li, Z. A Comprehensive Review on Graphene-Based Anti-Corrosive Coatings. Chem. Eng.
J. 2019, 373, 104–121. [CrossRef]

28. Liang, A.; Jiang, X.; Hong, X.; Jiang, Y.; Shao, Z.; Zhu, D. Recent Developments Concerning the Dispersion Methods and
Mechanisms of Graphene. Coatings 2018, 8, 33. [CrossRef]

29. Pu, N.W.; Wang, C.A.; Liu, Y.M.; Sung, Y.; Wang, D.S.; Ger, M. Der Dispersion of Graphene in Aqueous Solutions with Different
Types of Surfactants and the Production of Graphene Films by Spray or Drop Coating. J. Taiwan Inst. Chem. Eng. 2012, 43, 140–146.
[CrossRef]

30. Wen, J.G.; Geng, W.; Geng, H.Z.; Zhao, H.; Jing, L.C.; Yuan, X.T.; Tian, Y.; Wang, T.; Ning, Y.J.; Wu, L. Improvement of Corrosion
Resistance of Waterborne Polyurethane Coatings by Covalent and Noncovalent Grafted Graphene Oxide Nanosheets. ACS Omega
2019, 4, 20265–20274. [CrossRef]

31. Ning, Y.J.; Zhu, Z.R.; Cao, W.W.; Wu, L.; Jing, L.C.; Wang, T.; Yuan, X.T.; Teng, L.H.; Bin, P.S.; Geng, H.Z. Anti-Corrosion
Reinforcement of Waterborne Polyurethane Coating with Polymerized Graphene Oxide by the One-Pot Method. J. Mater. Sci.
2021, 56, 337–350. [CrossRef]

32. Li, Y.; Yang, Z.; Qiu, H.; Dai, Y.; Zheng, Q.; Li, J.; Yang, J. Self-Aligned Graphene as Anticorrosive Barrier in Waterborne
Polyurethane Composite Coatings. J. Mater. Chem. A Mater. 2014, 2, 14139–14145. [CrossRef]

33. Maslekar, N.; Zetterlund, P.B.; Kumar, P.V.; Agarwal, V. Mechanistic Aspects of the Functionalization of Graphene Oxide with
Ethylene Diamine: Implications for Energy Storage Applications. ACS Appl. Nano Mater. 2021, 4, 3232–3240. [CrossRef]

34. Fan, X.; Xia, Y.; Wu, S.; Zhang, D.; Oliver, S.; Chen, X.; Lei, L.; Shi, S. Covalently Immobilization of Modified Graphene Oxide
with Waterborne Hydroxyl Acrylic Resin for Anticorrosive Reinforcement of Its Coatings. Prog. Org. Coat. 2022, 163, 106685.
[CrossRef]

35. Huang, Y.; Zhang, B.; Wu, J.; Hong, R.; Xu, J. Preparation and Characterization of Graphene Oxide/Polyaniline/Polydopamine
Nanocomposites towards Long-Term Anticorrosive Performance of Epoxy Coatings. Polymers 2022, 14, 3355. [CrossRef]

36. Shi, H.; Liu, W.; Xie, Y.; Yang, M.; Liu, C.; Zhang, F.; Wang, S.; Liang, L.; Pi, K. Synthesis of Carboxymethyl Chitosan-Functionalized
Graphene Nanomaterial for Anticorrosive Reinforcement of Waterborne Epoxy Coating. Carbohydr. Polym. 2021, 252, 117249.
[CrossRef]

37. Yu, S.; Yang, Y.; Ma, L.; Jia, W.; Zhou, Q.; Zhu, J.; Wang, J. SiC Nanowires Enhanced Graphene Composite Coatings with Excellent
Tribological and Anticorrosive Properties. Tribol. Int. 2023, 188, 108894. [CrossRef]

38. Guo, X.; Xu, H.; Pu, J.; Yao, C.; Yang, J.; Liu, S. Corrosion Performance and Rust Conversion Mechanism of Graphene Modified
Epoxy Surface Tolerant Coating. Front. Mater. 2021, 8, 767776. [CrossRef]

52



Molecules 2024, 29, 4163

39. Dresselhaus, M.S.; Jorio, A.; Hofmann, M.; Dresselhaus, G.; Saito, R. Perspectives on Carbon Nanotubes and Graphene Raman
Spectroscopy. Nano Lett. 2010, 10, 751–758. [CrossRef]

40. Ferrari, A.C. Raman Spectroscopy of Graphene and Graphite: Disorder, Electron–Phonon Coupling, Doping and Nonadiabatic
Effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]

41. Konios, D.; Stylianakis, M.M.; Stratakis, E.; Kymakis, E. Dispersion Behaviour of Graphene Oxide and Reduced Graphene Oxide.
J. Colloid Interface Sci. 2014, 430, 108–112. [CrossRef]

42. Chen, D.; Feng, H.; Li, J. Graphene Oxide: Preparation, Functionalization, and Electrochemical Applications. Chem. Rev. 2012,
112, 6027–6053. [CrossRef] [PubMed]

43. Chen, J.; Yao, B.; Li, C.; Shi, G. An Improved Hummers Method for Eco-Friendly Synthesis of Graphene Oxide. Carbon N. Y. 2013,
64, 225–229. [CrossRef]

44. Parvin, N.; Kumar, V.; Joo, S.W.; Park, S.S.; Mandal, T.K. Recent Advances in the Characterized Identification of Mono-to-Multi-
Layer Graphene and Its Biomedical Applications: A Review. Electronics 2022, 11, 3345. [CrossRef]

45. Zhang, Z.; Schniepp, H.C.; Adamson, D.H. Characterization of Graphene Oxide: Variations in Reported Approaches. Carbon N. Y.
2019, 154, 510–521. [CrossRef]

46. Otsuka, H.; Urita, K.; Honma, N.; Kimuro, T.; Amako, Y.; Kukobat, R.; Bandosz, T.J.; Ukai, J.; Moriguchi, I.; Kaneko, K. Transient
Chemical and Structural Changes in Graphene Oxide during Ripening. Nat. Commun. 2024, 15, 1708. [CrossRef] [PubMed]

47. Jang, J.; Park, I.; Chee, S.-S.; Song, J.-H.; Kang, Y.; Lee, C.; Lee, W.; Ham, M.-H.; Kim, I.S. Graphene Oxide Nanocomposite
Membrane Cooperatively Cross-Linked by Monomer and Polymer Overcoming the Trade-off between Flux and Rejection in
Forward Osmosis. J. Memb. Sci. 2020, 598, 117684. [CrossRef]

48. Zhu, M.; Li, S.; Sun, Q.; Shi, B. Enhanced Mechanical Property, Chemical Resistance and Abrasion Durability of Waterborne
Polyurethane Based Coating by Incorporating Highly Dispersed Polyacrylic Acid Modified Graphene Oxide. Prog. Org. Coat.
2022, 170, 106949. [CrossRef]

49. Rahman, M.M. Synthesis and Properties of Waterborne Polyurethane Adhesives: Effect of Chain Extender of Ethylene Diamine,
Butanediol, and Fluoro-Butanediol. J. Adhes. Sci. Technol. 2013, 27, 2592–2602. [CrossRef]

50. Lei, L.; Zhong, L.; Lin, X.; Li, Y.; Xia, Z. Synthesis and Characterization of Waterborne Polyurethane Dispersions with Different
Chain Extenders for Potential Application in Waterborne Ink. Chem. Eng. J. 2014, 253, 518–525. [CrossRef]

51. Bruckmoser, K.; Resch, K. Investigation of Ageing Mechanisms in Thermoplastic Polyurethanes by Means of IR and Raman
Spectroscopy. In Macromolecular Symposia; Wiley-VCH: Weinheim, Germany, 2014; Volume 339, pp. 70–83.

52. Christopher, G.; Anbu Kulandainathan, M.; Harichandran, G. Comparative Study of Effect of Corrosion on Mild Steel with
Waterborne Polyurethane Dispersion Containing Graphene Oxide versus Carbon Black Nanocomposites. Prog. Org. Coat. 2015,
89, 199–211. [CrossRef]

53. He, D.; Peng, Z.; Gong, W.; Luo, Y.; Zhao, P.; Kong, L. Mechanism of a Green Graphene Oxide Reduction with Reusable Potassium
Carbonate. RSC Adv. 2015, 5, 11966–11972. [CrossRef]

54. Guo, W.; Chen, J.; Sun, S.; Zhou, Q. In Situ Monitoring the Molecular Diffusion Process in Graphene Oxide Membranes by
ATR-FTIR Spectroscopy. J. Phys. Chem. C 2016, 120, 7451–7456. [CrossRef]

55. Hu, Y.; Cao, K.; Ci, L.; Mizaikoff, B. Selective Chemical Enhancement via Graphene Oxide in Infrared Attenuated Total Reflection
Spectroscopy. J. Phys. Chem. C 2019, 123, 25286–25293. [CrossRef]

56. Surekha, G.; Krishnaiah, K.V.; Ravi, N.; Padma Suvarna, R. FTIR, Raman and XRD Analysis of Graphene Oxide Films Prepared
by Modified Hummers Method. J. Phys. Conf. Ser. 2020, 1495, 012012. [CrossRef]

57. Khatoon, H.; Iqbal, S.; Ahmad, S. Covalently Functionalized Ethylene Diamine Modified Graphene Oxide Poly-Paraphenylene
Diamine Dispersed Polyurethane Anticorrosive Nanocomposite Coatings. Prog. Org. Coat. 2021, 150, 105966. [CrossRef]

58. Bahadur, A.; Shoaib, M.; Saeed, A.; Iqbal, S. FT-IR Spectroscopic and Thermal Study of Waterborne Polyurethane-Acrylate Leather
Coatings Using Tartaric Acid as an Ionomer. e-Polymers 2016, 16, 463–474. [CrossRef]

59. Suthar, V.; Asare, M.A.; de Souza, F.M.; Gupta, R.K. Effect of Graphene Oxide and Reduced Graphene Oxide on the Properties of
Sunflower Oil-Based Polyurethane Films. Polymers 2022, 14, 4974. [CrossRef]

60. Cui, L.; Xiang, T.; Hu, B.; Lv, Y.; Rong, H.; Liu, D.; Zhang, S.; Guo, M.; Lv, Z.; Chen, D. Design of Monolithic Superhydrophobic
Concrete with Excellent Anti-Corrosion and Self-Cleaning Properties. Colloids Surf. A Physicochem. Eng. Asp. 2024, 685, 133345.
[CrossRef]

61. Xu, H.; Hu, H.; Wang, H.; Li, Y.; Li, Y. Corrosion Resistance of Graphene/Waterborne Epoxy Composite Coatings in CO2-Satarated
NaCl Solution. R. Soc. Open Sci. 2020, 7, 191943. [CrossRef]

62. Najem, A.; Campos, O.S.; Girst, G.; Raji, M.; Hunyadi, A.; García-Antón, J.; Bellaouchou, A.; Amin, H.M.A.; Boudalia, M.
Experimental and DFT Atomistic Insights into the Mechanism of Corrosion Protection of Low-Carbon Steel in an Acidic Medium
by Polymethoxyflavones from Citrus Peel Waste. J. Electrochem. Soc. 2023, 170, 093512. [CrossRef]

63. Heiba, A.R.; Taher, F.A.; Abou Shahba, R.M.; Abdel Ghany, N.A. Corrosion Mitigation of Carbon Steel in Acidic and Salty
Solutions Using Electrophoretically Deposited Graphene Coatings. J. Coat. Technol. Res. 2021, 18, 501–510. [CrossRef]

64. Liu, Q.; Ma, R.; Du, A.; Zhang, X.; Yang, H.; Fan, Y.; Zhao, X.; Cao, X. Investigation of the Anticorrosion Properties of Graphene
Oxide Doped Thin Organic Anticorrosion Films for Hot-Dip Galvanized Steel. Appl. Surf. Sci. 2019, 480, 646–654. [CrossRef]

65. Chen, L.; Song, R.G.; Li, X.W.; Guo, Y.Q.; Wang, C.; Jiang, Y. The Improvement of Corrosion Resistance of Fluoropolymer Coatings
by SiO2/Poly(Styrene-Co-Butyl Acrylate) Nanocomposite Particles. Appl. Surf. Sci. 2015, 353, 254–262. [CrossRef]

53



Molecules 2024, 29, 4163

66. ISO 4628-8; Paints and Varnishes—Evaluation of Degradation of Coatings—Designation of Quantity and Size of Defects, and of
Intensity of Uniform Changes in Appearance—Part 8: Assessment of Degree of Delamination and Corrosion around a Scribe or
Other 2012. ISO: Geneva, Switzerland, 2012.

67. Wood, K.A. Optimizing the Exterior Durability of New Fluoropolymer Coatings. In Progress in Organic Coatings; Elsevier:
Amsterdam, The Netherlands, 2001; Volume 43.

68. Hirata, M.; Gotou, T.; Horiuchi, S.; Fujiwara, M.; Ohba, M. Thin-Film Particles of Graphite Oxide 1: High-Yield Synthesis and
Flexibility of the Particles. Carbon N. Y. 2004, 42, 2929–2937. [CrossRef]

69. Hummers, W.S.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
70. Rocha, J.F.; Hostert, L.; Bejarano, M.L.M.; Cardoso, R.M.; Santos, M.D.; Maroneze, C.M.; Gongora-Rubio, M.R.; Silva, C.D.C.C.

Graphene Oxide Fibers by Microfluidics Assembly: A Strategy for Structural and Dimensional Control. Nanoscale 2021, 13,
6752–6758. [CrossRef] [PubMed]

71. ASTM G154; Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp Apparatus for Exposure of Materials. ASTM:
West Conshohocken, PA, USA, 2023.

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.

54



Citation: Liu, W.; Wu, F.; Yi, Z.; Tang,

Y.; Yi, Y.; Wu, P.; Zeng, Q. Broadband

Solar Absorber and Thermal Emitter

Based on Single-Layer Molybdenum

Disulfide. Molecules 2024, 29, 4515.

https://doi.org/10.3390/

molecules29184515

Academic Editors: Sake Wang,

Minglei Sun and Nguyen Tuan Hung

Received: 25 August 2024

Revised: 17 September 2024

Accepted: 20 September 2024

Published: 23 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Broadband Solar Absorber and Thermal Emitter Based on
Single-Layer Molybdenum Disulfide
Wanhai Liu 1, Fuyan Wu 2, Zao Yi 2,* , Yongjian Tang 2, Yougen Yi 3, Pinghui Wu 4 and Qingdong Zeng 5

1 School of Intelligent Manufacturing, Zhejiang Guangsha Vocational and Technical University of Construction,
Jinhua 322100, China; wanh2006@126.com

2 Joint Laboratory for Extreme Conditions Matter Properties, Southwest University of Science and Technology,
Mianyang 621010, China; 15284169398@163.com (F.W.); tangyongjian2000@sina.com (Y.T.)

3 College of Physics and Electronics, Central South University, Changsha 410083, China; yougenyi@csu.edu.cn
4 College of Physics & Information Engineering, Quanzhou Normal University, Quanzhou 362000, China;

phwu@zju.edu.cn
5 School of Physics and Electronic-Information Engineering, Hubei Engineering University,

Xiaogan 432000, China; zengqingdong2005@163.com
* Correspondence: yizaomy@swust.edu.cn

Abstract: In recent years, solar energy has become popular because of its clean and renewable
properties. Meanwhile, two-dimensional materials have become a new favorite in scientific research
due to their unique physicochemical properties. Among them, monolayer molybdenum disulfide
(MoS2), as an outstanding representative of transition metal sulfides, is a hot research topic after
graphene. Therefore, we have conducted an in-depth theoretical study and design simulation using
the finite-difference method in time domain (FDTD) for a solar absorber based on the two-dimensional
material MoS2. In this paper, a broadband solar absorber and thermal emitter based on a single layer
of molybdenum disulfide is designed. It is shown that the broadband absorption of the absorber is
mainly due to the propagating plasma resonance on the metal surface of the patterned layer and the
localized surface plasma resonance excited in the adjacent patterned air cavity. The research results
show that the designed structure boasts an exceptional broadband performance, achieving an ultra-
wide spectral range spanning 2040 nm, with an overall absorption efficiency exceeding 90%. Notably,
it maintains an average absorption rate of 94.61% across its spectrum, and in a narrow bandwidth
centered at 303 nm, it demonstrates a near-unity absorption rate, surpassing 99%, underscoring its
remarkable absorptive capabilities. The weighted average absorption rate of the whole wavelength
range (280 nm–2500 nm) at AM1.5 is above 95.03%, and even at the extreme temperature of up to
1500 K, its heat radiation efficiency is high. Furthermore, the solar absorber in question exhibits
polarization insensitivity, ensuring its performance is not influenced by the orientation of incident
light. These advantages can enable our absorber to be widely used in solar thermal photovoltaics and
other fields and provide new ideas for broadband absorbers based on two-dimensional materials.

Keywords: ultra-wideband absorption; two-dimensional materials; molybdenum disulfide;
thermal emission

1. Introduction

In contemporary society, with the sharp increase in energy demand, the supply of
traditional fossil energy has been struggling to meet the needs of sustainable development,
prompting people to focus on a wider range of renewable energy fields [1–3]. Among
them, solar energy, as an emerging and clean form of renewable energy, has attracted
much attention. In order to cope with the challenge of energy shortage, researchers have
carried out in-depth and extensive research on various types of clean energy, including solar
energy [4–6]. However, despite extensive research on solar absorbers, there are still many
drawbacks. For example, the narrow width of the absorption band, the low absorption
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intensity, and the complex structure limit the application of absorbers in solar photovoltaic
and other fields. Therefore, it is important to explore a broadband absorber with good
oblique incidence characteristics and polarization angle independence as well as high
thermal radiation efficiency [7–9].

In addition, ultra-wideband absorbers constructed from refractory materials show
significant promise for applications where thermophotovoltaic devices are frequently
subjected to high-temperature extremes. These absorbers not only operate stably at high
temperatures, but also maintain excellent absorption stability, which lays a solid technical
foundation for efficient energy conversion in high-temperature environments. Therefore,
an in-depth exploration and optimization of the design strategy and preparation technology
of such absorbers is of great significance to accelerate the innovation and development of
solar energy and wider clean energy technologies. Titanium metal is known for its unique
physical properties, including core advantages such as high strength, excellent heat and
corrosion resistance, superior ductility, and relatively low density [10]. As a member of
the refractory metals, titanium has a high melting point of 1668 ◦C, displays excellent
thermal stability, and exhibits good antimagnetization properties in strong magnetic field
environments [11]. In absorber applications, titanium stands out not only for its excellent
stability, but also for its cost-effectiveness compared to precious metals such as gold (Au)
and silver (Ag). Of particular interest is the ability of titanium as a resonant material to
excite a broader bandwidth response in the infrared spectral region, a property that offers
the possibility of realizing highly efficient absorption in an ultra-broad band, thus greatly
broadening its potential for a wide range of practical applications.

Over the past few years, two-dimensional materials have garnered significant attention
within the scientific community, primarily due to their unparalleled physical and chemical
characteristics, such as high electron mobility, excellent heat resistance, and chemical
stability. Graphene [12,13], as a leader in the field of two-dimensional materials [14–17],
has attracted extensive research interest for its unique physical properties. Its ultra-thin
characteristics are particularly remarkable, with a thickness of only 0.34 nm, which is
almost equal to the diameter of a single carbon atom. As an allotrope composed of carbon
elements, in its monolayer state, the carbon atoms of graphene are closely combined with
three adjacent carbon atoms by SP hybridization, forming a unique planar hexagonal
honeycomb structure [18]. This structure endows graphene with excellent mechanical,
electrical, and thermal properties, which makes it show great potential in scientific research
and industrial applications. Many studies have confirmed that these excellent properties of
graphene provide a broad prospect for its application in many fields [19–22]. Graphene is
unique in its zero-band gap property, which enables electrons to transition from valence
band to conduction band at a very low energy state. However, it is the energy band
structure of graphene that has zero bandgap [23], so it has no adjustable semiconductor
conductivity at all, which limits the possibility of its further development [24].

Therefore, in contrast to pristine graphene, transition metal dichalcogenides (TMDCs)
are generally regarded as superior absorbing materials. This is due to the fact that graphene
possesses a zero bandgap, necessitating thermal excitation of electrons for conductivity,
a characteristic that significantly constrains its practical applicability. TMDCs exhibit a
tunable bandgap spanning from 1 to 2 eV, offering significant advantages in the fabrication
of absorbers. Key attributes that render TMDCs particularly suitable for the production
of solar absorbers include their remarkable stability, controllable thickness, and high
absorption efficiency. Their ultrathin (monolayer) nature endows them with a direct
bandgap within the visible spectrum, resulting in exceptional absorption capabilities.
Among two-dimensional materials, MoS2 stands out as a highly promising candidate for
functional photonic devices due to its notable current cutoff ratio and tunable optoelectronic
properties, as reported in [25,26]. Consequently, this study focuses on single-layer MoS2 as
a representative example for our investigation into two-dimensional materials.

Molybdenum disulfide (MoS2), a transition metal sulfide, has received a lot of atten-
tion in recent years for its potential applications in optoelectronics. The unique properties
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of MoS2, especially its broadband light absorption capability in the visible to near-infrared
region, make it an ideal material for solar absorbers [27]. Compared with other two-
dimensional materials, MoS2 has a direct bandgap, which gives it a significant advantage
in light absorption efficiency. In addition, the high electron mobility of MoS2 facilitates the
rapid transport of electrons under light excitation, which improves the response speed and
efficiency of optoelectronic devices. In terms of chemical stability, MoS2 is able to maintain
its performance under a wide range of environmental conditions, which is essential for
the fabrication of durable optoelectronic devices [28]. With the development of solution
processing techniques, the preparation of MoS2 thin films has become more economical
and scalable. Spin-coating techniques have been used to prepare homogeneous MoS2 films
and characterize them by variable angle spectroscopic ellipsometry. In addition, by using
the dimethylformamide/n-butylamine/2-aminoethanol solvent system, researchers have
been able to synthesize wafer-scale MoS2 thin films with controllable thickness using the
solution method. These advances not only improve the quality of MoS2 films, but also
pave the way for their integration in solar cells, photodetectors, and other optoelectronic
devices [29,30]. The bandgap of MoS2 can be tuned by chemical doping or strain engi-
neering, enabling precise control of the absorption spectrum. This tunability provides
great flexibility in designing optoelectronic devices with specific spectral responses. With
the further understanding of MoS2 material properties and the continuous advancement
of processing technologies, MoS2-based optoelectronic devices are expected to play an
important role in the future of sustainable energy and advanced electronics.

Currently, the state of absorbers in this domain is marred by numerous limitations:
some absorbers are too complicated to design and too bulky for actual manufacturing [31].
The working range of the absorber is too narrow, the absorption capacity is limited, and nu-
merous state-of-the-art absorbers utilize costly precious metals, particularly gold and silver,
resulting in significant production expenses. Additionally, there is ample scope for en-
hancing their thermal endurance to ensure optimal performance under various conditions.
Thus, in this paper, we propose a cost-effective solar absorber featuring straightforward
manufacturing processes, a broad absorption spectrum, and superior absorption efficiency
within the solar radiation spectrum. The solar energy absorber demonstrates remarkable
absorption capabilities across a broad spectral domain, particularly within the wavelength
interval spanning from 280 to 2320 nanometers (2040 nm in total), and its absorption effi-
ciency keeps above 90%, with an average absorption efficiency as high as 94.61%, which
fully proves its high-efficiency light energy absorption capacity. Therefore, our absorber
will provide some references for similar structures of other solar absorbers and has potential
for a wide range of applications such as solar thermal photovoltaic systems. Our work
also opens up new avenues for the application of two-dimensional materials in the field of
optoelectronics and energy conversion.

2. Results and Discussion

Figure 1 meticulously portrays the absorption characteristics of the structure through a
comprehensive chart. Specifically, the red trace delineates the absorption efficiency, whereas
the black trace signifies reflectivity, and the blue trace is indicative of transmittance. In
view of the sufficient thickness of the substrate Ti, we observed that the transmittance was
almost zero. Obviously, the solar energy absorber shows excellent absorption performance
in a wide spectral range, particularly within the spectral range spanning from 280 to
2320 nanometers (a total of 2040 nm), within which the absorber maintains an absorption
efficiency exceeding 90% with an average efficiency of 94.61%. Notably, it achieves a near-
perfect absorption rate of 99% specifically at a wavelength of 303 nm, which fully proves
its high-efficiency light energy absorption ability. Compared with other recent absorbents
based on molybdenum disulfide, our absorbent has obvious advantages in bandwidth and
average absorption rate, as shown in Table 1 [12,32–37].
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Table 1. Comparison with other literature.

Essay Spectral Region Exhibiting an
Absorption Rate Exceeding 90%

Average Absorption
Efficiency

Maximum
Absorption Rate

[32] 712 nm 97% 99.80%
[12] <1000 nm 85% 97.00%
[38] 1110 nm <90% 99.80%
[34] 475 nm 94% 97%
[35] 1547 nm 90% 98%
[36] 1200 nm 91% \
[37] 1100 nm 99.6% 98.5%

This text 2040 nm 94.61% 99.87%

In order to probe into the rationale behind the ultra-broadband and near-perfect
absorption achieved in this paper, we chose three representative bands for the follow-up
study of electric field distribution. These three bands are λ1 = 456 nm (in the visible region),
λ2 = 916 nm (in the vicinity of the infrared spectral region) and λ3 = 1720 nm (also in
the near-infrared region). Through this analysis, we expect to reveal the key factors and
mechanisms to achieve efficient absorption.

A comprehensive comparison of the performance metrics of the absorber introduced
in this study with those reported in prior research is presented in Table 1. The analysis
shows that the perfect absorber designed by us has remarkable ultra-wide bandwidth
characteristics, which obviously exceed other comparative absorbers, and its highest ab-
sorption rate is also better. In addition, although our solar energy absorber is not the
highest in terms of average absorption efficiency, it still shows significant advantages in
comprehensive performance of bandwidth and efficiency, which provides us with an ideal
and practical choice.

2.1. The Influence of Different Structures on the Results

Initially, we delve into the consequences of integrating a single-layer molybdenum
disulfide within the architecture. For illustrative purposes, we have modeled the structure
with and without a single layer of molybdenum disulphide and with the transformed 2D
material being graphene. For example, the absorption of light by monolayer graphene
is inherently low, about 2.3 per cent, due to its energy band structure [39]. Graphene
is a zero-bandgap material with an electronic structure similar to a Dirac cone, which
makes it less responsive to light in the visible and near-infrared bands, as shown in
Figure 2a. As evident from Figure 2a, the incorporation of this monolayer yields two notable
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benefits: a significant broadening of the operational bandwidth and an enhancement in the
absorption efficiency within the shorter wavelength region. Within Region I, the analysis
reveals that the absorption rate of the nanostructures falls below 90% across a relatively
extensive bandwidth, in the absence of a single layer of molybdenum disulfide. After
the introduction of single-layer molybdenum disulfide, it can be seen that due to its high
absorption rate in the near-ultraviolet band, the absorption efficiency within the shorter
wavelength spectrum undergoes a substantial augmentation, surpassing the 90% threshold.
Furthermore, Figure 2b, depicting a magnified section of Region II, evidences a marked
expansion in the bandwidth where the absorption rate surpasses 90%. Specifically, the
introduction of a single layer of MoS2 results in a broadening of this high-absorption region
by approximately 310 nanometers. In a word, the introduction of single-layer molybdenum
disulfide makes the Ti-SiO2 cuboid structure designed for superior absorption address
the challenge of insufficient absorption in the short-wavelength region, thereby effectively
broadening the operational bandwidth.
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structure; (b) Magnified section of Region I for closer inspection.

In the following research, we deeply discuss the influence of different geometric
patterns on the performance of the absorber. We replaced the original cuboid structure
with a cylindrical structure (B) and a circular column structure (C), respectively, and
calculated their absorption efficiency under the same lighting conditions. Through careful
analysis of the absorption spectrum in Figure 3a, our analysis indicates that the rectangular
parallelepiped configuration exhibits a marginally reduced absorption efficiency compared
to both cylindrical and circular cylindrical structures, within the spectral range spanning
from 400 nm in the visible light region to 1600 nm in the near-infrared, but it shows
significant advantages in the band over 1600 nm. Its wider bandwidth and higher overall
absorption rate of solar full spectrum grant the cuboid structure greater potential in wide-
band light absorption applications. Based on the above analysis, we finally chose the cuboid
structure as the micro-nano-structure of the absorber in order to achieve better performance.
This selection not only considers the evaluation of the absorber’s efficacy within the
visible light and near-infrared spectral bands, but also fully considers its comprehensive
performance in a wider band.

In addition, from the electric field distribution diagram shown in Figure 3b–d, we
can observe that the electric field is mainly concentrated on the geometric surface. This
phenomenon is mainly attributed to the excitation of PSPs (surface plasmon) on the surface
of the pattern layer [38,40,41]. PSPs are electromagnetic oscillations generated at the
metal-medium interface; this capability allows for the conversion of light energy into
thermal energy or alternative energy forms, thus achieving efficient light absorption [42–44].
Therefore, the intensified electric field distribution along the geometric surface underscores
the pivotal role played by PSPs in facilitating the light absorption process.
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2.2. Physical Mechanism Analysis of High Absorption and Wide Bandwidth of Structure

To gain deeper insight into the underlying physical mechanisms that contribute to
the high absorption efficiency and extended bandwidth of the absorber, spanning from
the visible light to the near-infrared region, we have conducted calculations pertaining
to the electric field distributions at specific wavelengths: λ1 = 456 nm, λ2 = 916 nm,
and λ3 = 1720 nm, and compared them by drawing. Among them, Figure 4a–c shows
the electric field distribution in the XOY direction in the next period from λ1 to λ3, and
Figure 4d–f shows the electric field distribution in the XOZ direction in the two periods
from λ1 to λ3.

Integrating the analysis of the electric field distribution within both the X-Y and X-Z
planes, as shown in Figure 4a–f, with the increase in resonance wavelength, optical coupling
goes from the edge of the metal cuboid of the pattern layer to the air cavity formed by
the adjacent pattern layers, and it is obvious that excitation of surface plasmon resonance
occurs within the absorber [45,46]. When the wavelength is λ1 = 456 nm, observation of
Figure 4a reveals that the electric field is predominantly concentrated on the metallic upper
segment of the patterned layer. Therefore, the primary factor contributing to the perfect
absorption observed at wavelength λ1 is the excitation of surface plasmon polaritons (PSPs)
on the surface of the patterned layer.
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Different from the excitation mechanism of PSPs, the excitation of LSPs does not need
specific momentum-matching conditions [47–49]. The underlying reason for this is that
the incident light’s wavelength far exceeds the characteristic dimensions of the metallic
structures, and these nanostructures can be regarded as a kind of focused source point,
which can produce diverse wave vector components, and then provide the necessary
momentum matching for LSPs in the excitation structure. More specifically, the excitation
intensity of local surface plasmon resonance (LSPs) is determined by the wavelength of the
incoming light, the size of nanoparticles or nanostructures and the inherent characteristics of
the materials [50]. Since the wavelength of incident light, λ2 = 916 nm, is much longer than
the period of the absorber, 400 nm, LSPs can be generated in the metal of the pattern layer.

Illustrated in Figure 4b,e, a strong electric field appears in the adjacent pattern layer
region. The electric field distribution shows that PSPs and LSPs are excited on the metal
surface of the pattern layer and in the adjacent pattern air cavity, respectively; concurrently,
the resonant wavelength of λ2 = 916 nm attains perfect absorption. At a wavelength of
λ3 = 1720 nm, the electric field distribution in the XOY direction is similar to that when
λ2 = 916 nm, as shown in Figure 4c, but different from 916 nm. An intense electric field
accumulates within the dielectric spacer, localized at the interface between the cuboid
structure and the MoS2 layer, and the electric field intensity of the top anti-reflection layer
silicon dioxide is weakened. Therefore, the perfect absorption observed in the 1720 nm
band stems from the excitation of localized surface plasmons (LSPs).

2.3. Weighted Average Absorption Rate and Radiation Performance Analysis

This paper delves into the absorption and radiation properties of the proposed struc-
ture, with the objective of evaluating its performance efficiency as both a solar absorber and
a thermal emitter. In this process, we use the global spectral equation under the condition
of AM 1.5 incident solar energy, which is specifically expressed as [51,52]:

ηA =

∫ λMax
λMin

A(ω)IAM1.5(ω)dω
∫ λMax

λMin
IAM1.5(ω)dω

(1)

The equation of thermal emission efficiency (ηE) is [53]:
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ηE =

∫ λmax
λmin

ε(ω)·IBE(ω, T)dω
∫ λmax

λmin
IBE(ω, T)dω

(2)

Herein, IBE(ω, T) signifies the intensity of radiation emitted by an ideal blackbody at a
given frequency ω and temperature T.

Under AM 1.5 illumination conditions, as exemplified in Figure 5a, the blue curve por-
trays the theoretical ideal absorption spectrum, whereas the red curve represents the actual
energy absorption achieved by the structure. The black area in the figure represents the
main area of energy loss, mainly concentrated in the visible light band. Nevertheless, on the
whole, the band absorption rate is maintained at a high level of 95.03%, while the loss rate is
controlled below 5%. Further, Figure 5b divulges the thermal emission properties exhibited
by the structure when subjected to a high temperature of 1500 Kelvin. The black line in
the figure represents the theoretical blackbody radiation curve and serves as a benchmark,
whereas the red area represents the actual thermal radiation emitted by the structure. It
can be observed from the figure that within the spectral range below 1800 nanometers, the
observed thermal radiation closely aligns with the theoretical blackbody radiation curve,
and only slight thermal radiation loss occurs in the band above 1800 nm. However, in the
whole band, the thermal radiation efficiency remains at a high level, reaching 95.96%.
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Figure 5. (a) Depicts the distribution of energy absorption and loss for solar radiation spanning
from 280 nm to 2500 nm, under an atmospheric mass (AM) of 1.5; (b) Illustrates the energy emission
spectrum emanating from a solar absorber operating at an elevated temperature of 1500 K.

2.4. Effect of Varying Parameters on Absorption Outcomes

To validate the optimally chosen structural parameters within this design framework,
we conducted a methodical evaluation of the influence that various structural attributes
exert on absorption efficiency under the premise of ensuring that other parameters remain
unchanged [54,55]. Specifically, we discussed in detail the thickness H1 of top silicon
dioxide (SiO2), the thickness H2 of rectangular titanium (Ti) and its side length D, and the
period P of the whole structure. In this process, we did not take into account the parameter
changes in Ti and SiO2, because according to the previous analysis, the adjustment of these
parameters has no significant influence on absorption efficiency.

In Figure 6a–d, firstly, we deeply studied how the thickness H1 of the top SiO2 affects
the absorption spectrum. Especially in the ultraviolet and visible light bands, the SiO2 layer
plays a vital role [56,57]. Through careful observation, we found that with the side length
d gradually increasing from 20 nm to 60 nm, the absorption efficiency first showed an
upward trend, but then showed a downward trend. This discovery provides an important
clue for us to further understand the role of the SiO2 layer in light absorption. Based on
this discovery, we infer that the optimal side length of a rectangle should be close to 40 nm.
Then, we delved deeper into examining the effect of varying the thickness (H2) of the
rectangular titanium (Ti) layer on the absorption spectrum. As H2 was incremented from
100 nm to 300 nm, we discerned a trend in the evolution of the absorption efficiency. It is
particularly noteworthy that when the period p is set to 200 nm, we get the best absorption
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result, which not only has high absorption efficiency, but also has excellent absorption
bandwidth. This discovery provides an important reference for our subsequent experiments
and applications. As shown in Figure 6c, when the side length of a cuboid is increased
from 180 nm to 260 nm, we can observe that the shorter the side length of the cuboid is, an
enhanced absorption efficiency is observed within the short wavelength region spanning
from 280 to 1500 nanometers. However, with the increase in wavelength, the absorption
efficiency of the rectangular parallelepiped with longer side length is significantly enhanced
and the bandwidth is wider. On the whole, when D = 220 nm, the overall absorption rate
and bandwidth are better. Therefore, upon thorough analysis, we propose that a side
length of D = 220 nm offers optimal performance. Figure 6d illustrates the absorption
spectrum across the entire periodic variation, where it becomes evident that an increase in
the periodicity corresponds to an augmentation in the absorption rate within the spectral
range of 1000–1500 nanometers, but considering the overall absorption efficiency of short
wave and long wave, the absorber can only exert its maximum absorption potential when
P = 400 nm.
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2.5. Angle Sensitivity Analysis

Finally, in order to study the application potential of the structure, we studied the
angular sensitivity of the structure [58–60]. It is acknowledged that in practical scenarios,
natural light seldom strikes the solar absorber vertically, contrasting with the idealized
conditions. Consequently, it is crucial to investigate the influence of varying polarization
and incident angles on the performance of solar absorbers. As depicted in Figure 7, we have
conducted simulations to analyze the absorption spectrum, encompassing incident angles
and polarization angles ranging from 0◦ to 60◦, respectively. As evident from Figure 7a,
the designed absorber demonstrates remarkable performance within an incident angle
span of 0◦ to 60◦, exhibiting exceptional overall absorption efficiency. As the polarization
angle of the incident light progresses from 0◦ to 60◦, a marginal enhancement in visible
light absorption is observed, while the near-infrared region undergoes a slight attenuation,
particularly from 50%. Notably, the absorber sustains an absorption rate exceeding 90%
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across a broad wavelength spectrum extending up to 2040 nm. The results of this study
clearly show that the absorber we designed shows excellent insensitivity to incident angle.
As shown in Figure 7b, the spectral response remains stable even when the polarization
angle increases; this underscores the exceptional insensitivity of the structure towards
polarization variations, thereby reinforcing its robustness. The inherent high geometric
symmetry of the structure contributes to a consistently high absorption rate across the
entire wavelength spectrum, exhibiting minimal variation with alterations in polarization
angle [61,62]. This robustness to both oblique incidence and polarization insensitivity
significantly enhances the absorber’s performance, presenting substantial advantages for
practical applications.
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spanning from 0◦ to 60◦.

3. Modelling and Structural Parameters of the Micro-Nano Optical Devices

In this paper, we introduce a periodically arranged rectangular configuration consist-
ing of Ti-SiO2 layered structures, as shown in Figure 8a. The thickness of local structure is
denoted as H1, H2, H3, and H4 from top to bottom. The overall width of the absorber is
P = 400 nm, the bottom is made of titanium, and its thickness H4 = 300 nm. In this archi-
tecture, Ti functions as a reflective element, with its thickness (H4) set at 300 nanometers,
significantly exceeding the penetration depth of electromagnetic radiation. Consequently,
the transmission through this structure is effectively nullified, that is, T(ω) = 0 [63,64]. In
this work, the spectral absorption efficiency is defined as:

A(ω) = 1 − R(ω) − T(ω) (3)

Therefore, the absorption rate can be simplified as A(ω) = 1 − R(ω) [65,66], where R
(Ω) and T (Ω) respectively represent the spectral reflection and transmission under the
illumination of plane light. The second layer is dielectric silicon dioxide (SiO2) with a
thickness of H3 = 40 nm. In this paper, we propose a material as the supporting substrate
of MoS2, aiming at solving the challenge of depositing MoS2 directly on the titanium
layer. This support material is located under the dielectric material and above it is the
two-dimensional metamaterial MoS2. We set the thickness of MoS2 as 0.625 nm, which is
based on the standard thickness grown under most laboratory conditions, thus ensuring
the accuracy and repeatability of the research. This configuration not only optimizes the
growth environment of MoS2, but also lays a foundation for its performance in subsequent
applications. The microstructure of the surface layer is stacked by Ti-SiO2, and its height is
set to H1 = 40 nm and H2 = 200 nm. Non-precious metal (Ti) is chosen as the metal material
here, because Ti has high loss in visible light and near-infrared, which can effectively
broaden the absorption bandwidth, and the price is relatively cheap, which can reduce
the manufacturing cost. Among them, the dielectric constant data of Ti and SiO2 are cited
and applied based on the experimental results of Palik [67]. In numerical calculations and
simulations, the dielectric constant of molybdenum disulphide (MoS2) is a key parameter
that determines the material’s response properties to light. For the monolayer MoS2
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in the paper, we cite the data of Ermolaev et al. [68]. Its dielectric constant is usually
expressed in complex form, including real and imaginary parts, and can be expressed
as n = n′ + ik, where n′ is the real part of the dielectric function, which represents the
material’s polarization capacity, while k is the imaginary part, which is related to the
material’s absorption capacity.
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In the numerical simulation calculation, we use FDTD version 2020 solutions software
as an analysis tool. In this simulation, the setting of the light source is very important. We
selected the plane light source from 280 nm to 2500 nm and ensured the polarization of
light aligned along the X-axis by configuring the incident light to propagate vertically in
the negative Z-axis direction. To uphold the rigor and fidelity of our simulation, we applied
periodic boundary conditions in the x and y dimensions to simulate the infinite extended
periodic structure. Along the Z-axis, we choose the perfectly matched layer (PML) as the
boundary condition to effectively absorb and eliminate the possible reflected waves during
the simulation, thus ensuring the accuracy of the simulation results [69].

4. Conclusions

In this paper, we have achieved the successful design of an efficient broadband solar
absorber, leveraging the unique properties of MoS2 two-dimensional materials. Through
numerical calculation, our findings indicate that the absorption efficiency of the structure
surpasses 90% within a wavelength spectrum exceeding 2040 nm, and the absorption
rate can reach 99% or more in the wavelength range of 303 nm. It is noteworthy that an
optimal thickness of 0.625 nm for the MoS2 layer has been identified, and its absorption
bandwidth is significantly extended to 310 nm, which fully verifies the superiority of
two-dimensional materials in improving absorption performance. In addition, MoS2 not
only has excellent thermal stability, but also helps to reduce device size and improve
overall absorption efficiency. Under the condition of AM 1.5 spectrum, our structure shows
excellent weighted average absorption efficiency, reaching a high level of 95.03%. Even at
an extreme temperature as high as 1500 K, its thermal radiation efficiency can be maintained
at an excellent level of 95.96%. The structure demonstrates remarkable independence and
resilience towards variations in both the polarization angle and the incident angle of the
incoming light, and its performance remains stable even in the polarization angle range of
0 to 60. In summary, the high absorption efficiency and stability at extreme temperatures
of this MoS2-based broadband solar absorber we have designed make it ideal for solar
thermal photovoltaic systems that can convert solar energy directly into electricity, thereby
reducing dependence on fossil fuels and lowering greenhouse gas emissions. Additionally,
by using cost-effective titanium (Ti) in place of expensive precious metals, our technology
helps lower the economic barrier to solar technology, advancing its use in a wider range of
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applications. Our design also demonstrates insensitivity to the direction of polarization
of incident light, which increases its reliability in variable environments and opens up the
possibility of applying solar absorbing technologies in different geographical locations
and climates.
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Abstract: Hydrogen generation by photocatalytic water-splitting holds great promise for addressing
the serious global energy and environmental crises, and has recently received significant attention
from researchers. In this work, a method of assembling GeC/MXY (M = Zr, Hf; X, Y = S, Se)
heterojunctions (HJs) by combining GeC and MXY monolayers (MLs) to construct direct Z-scheme
photocatalytic systems is proposed. Based on first-principles calculations, we found that all the
GeC/MXY HJs are stable van der Waals (vdW) HJs with indirect bandgaps. These HJs possess
small bandgaps and exhibit strong light-absorption ability across a wide range. Furthermore, the
built-in electric field (BIEF) around the heterointerface can accelerate photoinduced carrier separation.
More interestingly, the suitable band edges of GeC/MXY HJs ensure sufficient kinetic potential to
spontaneously accomplish water redox reactions under light irradiation. Overall, the strong light-
harvesting ability, wide light-absorption range, small bandgaps, large heterointerfacial BIEFs, suitable
band alignments, and carrier migration paths render GeC/MXY HJs highly efficient photocatalysts
for overall water decomposition.

Keywords: hybrid density functional; GeC/MXY heterojunctions; direct Z-scheme; photocatalysis;
water-splitting

1. Introduction

In recent years, environmental pollution and shortages of non-renewable energy have
become increasingly severe. Photocatalytic water decomposition (PCWD) for hydrogen
generation is considered as an effective approach to alleviating the energy crisis and
environmental pollution [1–10]. In 1972, TiO2 was first used as a photocatalyst (PC) to
decompose water into hydrogen and oxygen [11]. The PCWD process typically comprises
three steps: light capture, photoinduced carrier separation/transfer, and water redox
reactions occurring on the surfaces of the catalysts [12–14]. The required water-splitting PC
(WSPC) must have a band edge exceeding the water redox level; specifically, the H+/H2

Molecules 2024, 29, 2793. https://doi.org/10.3390/molecules29122793 https://www.mdpi.com/journal/molecules70



Molecules 2024, 29, 2793

and H2O/O2 levels must fall between the valence band maximum (VBM) and conduction
band minimum (CBM) [15–17]. Consequently, the bandgap of a WSPC for PCWD should
be greater than 1.23 eV. Furthermore, considering the energy loss during the process of
photoinduced carriers transferring to the catalyst’s surfaces and the kinetic potentials
required to drive the water redox reactions, the bandgap of the WSPC is typically required
to be greater than 1.8 eV [12,18]. In addition to the bandgap requirement, the activity
of WSPCs strongly depends on other factors such as photostability, light capture ability,
trapping of and photoinduced carrier recombination, and the catalyst’s surface reactivities
towards the hydrogen/oxygen evolution reaction (HER/OER) [19]. Although researchers
have developed a series of PCs; a few single WSPCs simultaneously possess the advantages
of wide light response extent, good carrier mobility, high photoexcited carrier separation,
spatially separated reaction sites, strong redox capacity, and lower overpotentials for the
HER and OER processes. Thus, it is still urgent to explore new photocatalytic mechanisms
and develop highly efficient WSPCs.

Inspired by photosynthesis in green plants, a direct Z-scheme mechanism was con-
structed to overcome the shortcomings of single WSPCs [20–22]. A typical direct Z-scheme
WSPC is usually composed of two parts: the hydrogen production PC (HPPC) and oxygen
production PC (OPPC) [23,24]. The photoinduced electrons and holes recombine at the in-
terface between the HPPC and OPPC, resulting in remnant electrons at the HPPC and excess
holes at the OPPC. This process leads to the efficient spatial separation of photogenerated
carriers, thus obtaining strong redox capacity to drive water-splitting. Up to now, the direct
Z-scheme mechanism has been experimentally realized in a series of composites, includ-
ing TiO2/ZnIn2S4 [25], aza-CMP/C2N, [26], Cd0.5Zn0.5/BiVO4 [27], α-Fe2O3/g-C3N4 [28],
black P/BiVO4 [29], CdS/MoS2 [30], CdS/Co1−xS [31], and TiO2/CuO2 [32]. In particu-
lar, direct Z-scheme two-dimensional (2D) van der Waals (vdW) heterojunction (HJ) PCs
(HJPCs) exhibit excellent photocatalytic performance due to their highly specific surface
area, abundant active sites, good carrier mobility, and tunable interfaces [26,33,34]. In addi-
tion, strong electron–hole coupling and charge transfer around such heterointerfaces have
been experimentally observed [35–37] and theoretically proposed [38–42]. This facilitates in-
terlayer carrier recombination and helps to achieve the Z-scheme photocatalytic mechanism.

The graphene-like hexagonal GeC monolayer (ML) receives considerable attention due
to its excellent electronic, mechanical, magnetic, and optical properties [43–46]. Especially, it
possesses lower stiffness and a bigger Poisson’s ratio compared to graphene [47]. Therefore,
the excellent characteristics of the GeC ML promote it to achieve device applications in
the fields of electronics, optoelectronics, and photovoltaic [48]. More excitingly, GeC thin
films have been experimentally synthesized by the chemical vapor deposition (CVD) [49]
and laser ablation [50] methods. Since it is known that a large variety of 2D layers can be
fabricated using the mechanical exfoliation and CVD [51–53] methods, we can speculate that
the GeC ML may also be synthesized using similar preparation methods. The GeC ML not
only has a stable plane structure, but also shares a similar honeycomb structure and lattice
constants with many other 2D materials; thus, some GeC-based HJs have been designed
and studied [54–63]. Although many literature works have explored the photocatalytic
performance of the GeC ML and GeC-based type-II HJPCs, there are still relatively few
reports on the direct Z-scheme mechanism of GeC-based HJs, which remains an open
question thus far. It is interesting and meaningful to find suitable 2D materials to construct
direct Z-scheme HJPCs with GeC MLs. Recently, MXY (M = Zr, Hf; X, Y = S, Se) MLs
with a stable 1T phase have been demonstrated to exhibit excellent mechanical, thermal,
thermoelectric, piezoelectricity, optical, and catalytic properties [64–70]. In particular, HfS2,
HfSe2, ZrS2, and ZrSe2 MLs have been experimentally verified [71–75], as well as Janus
MoSSe and WSSe, which have been experimentally synthesized [76–78]. We can speculate
that the Janus HfSSe and ZrSSe could be potentially fabricated by selenizing HfS2 (or
HfSe2) and ZrS2 (or ZrSe2) MLs, respectively, using the CVD method, which is similar to
the method used for synthesizing MoSSe and WSSe MLs. Moreover, the photocatalytic
properties of MXY-based HJs have also been explored [79–86]. However, the photocatalytic
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properties of HJs composed of GeC and MXY MLs have not been reported yet. Therefore,
we expect to combine GeC MLs and MXY MLs to construct highly efficient direct Z-
scheme HJPCs.

Theoretical calculation is a simple and effective way to screen and design potential
direct Z-scheme WSPCs [87–91]. From density functional theory (DFT) calculations, one
can determine whether a type-II HJ exhibits a direct Z-scheme or type-II photocatalytic
mechanisms based on the carrier migration path, judged according to the built-in electric
field (BIEF) direction [28,92]. If the BIEF promotes interlayer carrier recombination, the
carrier transfer belongs to a Z-scheme mechanism. Otherwise, the type-II mechanism
dominates. Herein, first-principles calculations are performed to explore the possibility
of constructing GeC/MXY HJs using GeC and MXY MLs as direct Z-scheme systems.
Work functions (Φ) and charge density differences (CDDs) indicate that the BIEFs pro-
mote all eight GeC/MXY HJs to form the Z-scheme photocatalytic mechanism for overall
water-splitting. Furthermore, all these HJs possess strong visible light-absorption capacity
and substantial near-infrared light-absorption capacity. Moreover, these HJs can provide
sufficient driving forces to overcome the HER and OER overpotentials to perform overall
water redox reactions. These results are expected to guide experiment progress in exploring
2D direct Z-scheme WSPCs.

2. Results and Discussion

Before constructing GeC/MXY HJs, the geometric and electronic properties of GeC
and MXY MLs are first investigated. The corresponding structural models for GeC, ZrS2,
ZrSe2, ZrSSe, HfS2, HfSe2, and HfSSe MLs are plotted in Figure S1. The obtained Eg values
for GeC, ZrS2, ZrSe2, ZrSSe, HfS2, HfSe2, and HfSSe MLs are, respectively, 2.87, 2.02, 1.19,
1.46, 2.13, 1.33, and 1.56 eV, and the corresponding lattice parameters are, respectively, 3.235,
3.685, 3.800, 3.743, 3.645, 3.768, and 3.705 Å (see Table 1). Furthermore, the bond lengths
of Ge–C in GeC, Zr–S in ZrS2, Zr–Se in ZrSe2, Zr–S (or Zr–Se) in ZrSSe, Hf–S in HfS2,
Hf–Se in HfSe2, and Hf–S (or Hf–Se) in HfSSe are 1.868, 2.574, 2.706, 2.568 (or 2.713), 2.552,
2.685, and 2.550 (or 2.687) Å, respectively (see Table 1). GeC possesses a direct bandgap
with both the VBM and CBM located at the K point, while all the MXY MLs are indirect
bandgap semiconductors with the VBM and CBM, respectively, located at the Γ and M
points (see Figure S2). All these results agree well with previous reports [54–58,64–67,93],
as displayed in Table 1, indicating that our calculations are reliable.

Table 1. Lattice constants (a), bond lengths (LB), bandgaps (Eg), dipole moments (µ), and EPDs (∆E)
between two sides for GeC and MXY MLs.

Systems a (Å) a (Å) (Refs.) LB (Å) LB (Å) (Refs.) Eg (eV) Eg (eV) (Refs.) µ (D) ∆E (eV)

GeC 3.235 3.26 [54,55], 3.233 [56] 1.868 1.882 [54], 1.887 [56] 2.87 3.01 [54], 2.90 [55] 0 0
3.263 [57] 2.88 [56], 2.782 [57]

2.85 [58]
ZrS2 3.685 3.70 [64,65], 3.69 [67] 2.574 2.58 [67], 2.570 [93] 2.02 1.99 [67], 1.96 [93] 0 0

3.669 [93]
ZrSe2 3.800 3.82 [64,65], 3.75 [67] 2.706 2.69 [67], 2.702 [93] 1.19 1.07 [67], 1.14 [93] 0 0

3.786 [93]
ZrSSe 3.743 3.73 [67] 2.568 (2.713) 2.55 (2.72) [67] 1.46 1.37 [67] 0.043 0.135
HfS2 3.645 3.66 [64,65], 3.65 [66] 2.552 2.55 [66], 2.56 [67] 2.13 2.03 [67], 2.07 [93] 0 0

3.65 [67], 3.628 [93] 2.548 [93]
HfSe2 3.768 3.82 [64], 3.78 [65,66] 2.685 2.69 [66], 2.68 [67] 1.33 1.16 [67], 1.26 [93] 0 0

3.72 [67], 3.751 [93] 2.681 [93]
HfSSe 3.705 3.71 [66], 3.68 [67] 2.550 (2.687) 2.55 (2.69) [66], 2.54 (2.69) [67] 1.56 1.45 [67] 0.035 0.110

Although the lattice constants of GeC and MXY are obviously different, the 2 × 2 GeC
supercell could match well with the

√
3 ×
√

3 MXY supercell. Herein, we define the lattice
mismatch as [2 × |LsGeC − LsMXY|/(LsGeC + LsMXY)] ×100%, where LsGeC and LsMXY are
the lattice constants for the GeC and MXY supercells, respectively. The calculated lattice
mismatches between GeC and MXY to construct various GeC/MXY HJs are 1.38%, 1.71%,
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0.20%, 0.20%, 2.47%, 0.87%, 0.82%, and 0.82%, respectively. These small lattice mismatches
are favorable for the direct growth of GeC/MXY HJs by CVD or physical epitaxy [94].
Considering that the ZrSSe (or HfSSe) ML possesses two different surfaces, we loaded√

3 ×
√

3 ZrS2, ZrSe2, ZrSSe, HfS2, HfSe2, and HfSSe MLs onto a 2 × 2 GeC ML to con-
struct eight different GeC/MXY HJs, i.e., GeC/ZrS2, GeC/ZrSe2, GeC/SZrSe, GeC/SeZrS,
GeC/HfS2, GeC/HfSe2, GeC/SHfSe, and GeC/SeHfS. The corresponding models of
GeC/MXY HJs are shown in Figure 1. Note that, here, the average of the lattice pa-
rameters for GeC and MXY is used to build GeC/MXY HJs, and the lattice parameters for
GeC/MXY HJs are illustrated in Table 2.

3 . 4 7  Å  3 . 5 2  Å  3 . 4 2  Å  3 . 4 8  Å  

3 . 4 4  Å  3 . 3 8  Å  

( h )

( d )( a ) ( b ) ( c )

( e ) ( f ) ( g )

3 . 3 7  Å  3 . 4 5  Å  

G e C / H f S 2

G e C / Z r S 2

G e C / H f S e 2 G e C / S H f S e G e C / S e H f S

G e C / Z r S e 2 G e C / S Z r S e G e C / S e Z r S

Figure 1. Top and side views for various GeC/MXY HJs.

Table 2. Lattice parameters (a), interlayer distances (di), interface formation energies (Ef), dipole
moments (µ), EPDs (∆E) between two surfaces, and charge transferred from GeC layer (∆Q) in
various GeC/MXY HJs.

Systems a (Å) di (Å) Ef (meV/Å2) µ (D) ∆E (eV) ∆Q (e)

GeC/ZrS2 6.426 3.367 −18.5 0.16 0.16 0.11
GeC/ZrSe2 6.527 3.446 −28.1 0.15 0.15 0.09
GeC/SZrSe 6.477 3.376 −28.8 0.24 0.25 0.11
GeC/SeZrS 6.477 3.436 −29.4 0.04 0.05 0.09
GeC/HfS2 6.392 3.468 −25.2 0.08 0.09 0.08
GeC/HfSe2 6.499 3.484 −28.5 0.10 0.10 0.07
GeC/SZrSe 6.444 3.421 −27.8 0.19 0.20 0.08
GeC/SeZrS 6.444 3.519 −28.5 0.01 0.02 0.07

The thermodynamic stability of GeC/MXY HJs is assessed by calculating the interface
formation energies (Ef) as follows:

Ef = (ET
GeC/MXY − ET

GeC − ET
MXY)/S, (1)

where ET
GeC/MXY, ET

GeC, and ET
MXY, respectively, denote the total energies of GeC/MXY HJs,

GeC ML, and MXY ML. The calculated Ef values for all the considered HJs are negative,
which means that the construction of all these GeC/MXY HJs release heat and tend to be
thermodynamically stable. The Ef values in Table 2 range from −29.4 to −18.5 meV/Å2,
suggesting that these HJs are formed via the interaction between vdW and the MLs [95].
Moreover, the interlayer distances of GeC/MXY HJs vary from 3.367 to 3.519 Å (see Table 2),
aligning with the results of some other typical vdW structures [96–100]. Consequently, all
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the examined GeC/MXY structures are classified as vdW HJs. The interfacial formation
energy can be directly defined as: Ef = ET

GeC/MXY − ET
GeC − ET

MXY. In this case, the Ef values
for GeC/ZrS2, GeC/ZrSe2, GeC/SZrSe, GeC/SeZrS, GeC/HfS2, GeC/HfSe2, GeC/SHfSe,
and GeC/SeHfS HJs are −0.66, −1.04, −1.05, −1.07, −0.89, −1.04, −1.00, and −1.03 eV, re-
spectively. The Ef value of the GeC/SZrSe (or GeC/SHfSe) HJ is sightly more negative than
that of the GeC/SeZrS (or GeC/SeHfS) HJ, indicating that the formation of the GeC/SZrSe
(or GeC/SHfSe) HJ is energetically slightly more favorable. During experimental prepara-
tion, both GeC/SZrSe (or GeC/SHfSe) and GeC/SeZrS (or GeC/SeHfS) HJs are likely to be
prepared. The difference in their preparation lies in the fact that the Janus ZrSSe (or HfSSe)
ML contacts the GeC ML with different surfaces.

The band structures for various GeC/MXY HJs, computed using the HSE06 hybrid
functional, are illustrated in Figure 2. The orange color denotes the contribution from the
GeC layer, while the green color represents the contribution from the MXY layers. All
the GeC/MXY HJs are indirect bandgap semiconductors, as their VBMs are located at
the K point, while the CBMs are positioned at the M point. The corresponding bandgaps
for GeC/MXY HJs are 0.45 (0.446), 0.45 (0.453), 0.55, 0.43, 0.53, 0.59, 0.66, and 0.54 eV,
respectively (see Table 3), which are significantly lower than those of the corresponding MLs.
Consequently, these HJs are expected to achieve high solar energy utilization. The CBMs
originate from the MXY layer, whereas the VBMs come from the GeC layer, confirming the
staggered type-II nature of all the examined GeC/MXY HJs. These facilitate the spatial
separation of the photoinduced carriers. Furthermore, the band alignments of the GeC and
MXY layers in the HJs retain the primary characteristic of their isolated MLs, suggesting
that the vdW interaction at the heterointerface does not significantly influence the electronic
properties of the layers.
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Figure 2. Band structures for various GeC/MXY HJs. The orange (or green) dots denote the contribu-
tion from the GeC (or MXY) layer.
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Table 3. The bandgap (Eg), CBO, VBO, Ue, and Uh values for GeC/MXY HJs.

Systems Eg (eV) CBO (eV) VBO (eV) Ue (V) Uh (V)

GeC/ZrS2 0.45 2.59 1.70 2.14 2.75
GeC/ZrSe2 0.45 2.30 0.68 1.85 1.73
GeC/SZrSe 0.55 2.19 0.92 1.84 2.08
GeC/SeZrS 0.43 2.32 1.07 1.87 1.99
GeC/HfS2 0.53 2.34 1.79 2.01 2.74
GeC/HfSe2 0.59 2.18 0.71 1.88 1.69
GeC/SHfSe 0.66 2.15 0.99 1.94 2.06
GeC/SeHfS 0.54 2.28 1.12 1.97 1.99

The work function (Φ) and CDD are crucial in determining the BIEF direction at the
heterointerface, a factor that holds a decisive role in the design of Z-scheme PCs [101].
The Φ values can be obtained as follows:

Φ = Evac − EF, (2)

where Evac and EF refer to the vacuum and Fermi energy levels, respectively. The elec-
trostatic potentials (EPs) of the relative MLs and HJs are depicted in Figures 3 and S3.
The vacuum levels of the two surfaces in GeC, ZrS2, ZrSe2, HfS2, and HfSe2 are identical,
meaning that the electrostatic potential differences (EPDs) (∆E) between the two sides are
all zero. The corresponding Φ values for these MLs are 4.80, 6.55, 5.54, 6.46, and 5.68 eV,
respectively. The difference in the electronegativity between the S and Se atoms at the two
opposing sides of the Janus ZrSSe and HfSSe results in inherent BIEFs perpendicular to
the plane, causing the vacuum levels on both surfaces to differ. Consequently, the work
functions are naturally distinct on the surfaces of both ZrSSe and HfSSe. The corresponding
∆E values are 0.13 and 0.11 eV for ZrSSe and HfSSe, respectively. The Φ values for the
S-side (Se-side) for ZrSSe and HfSSe are 6.07 (5.93) and 5.95 (5.84) eV, respectively. Evidently,
GeC exhibits a lower Φ value compared to the MXY MLs. Once GeC and MXY come into
contact to form a GeC/MXY HJ, electrons will transfer from the material with a lower work
function to the one with a higher work function until dynamic equilibrium is achieved.
Consequently, a BIEF is established across the GeC/MXY heterointerface, pointing from
GeC towards MXY. Additionally, the vacuum levels on both sides of the GeC/MXY HJs
also differ. The calculated values ∆E for the various GeC/MXY HJs are 0.16, 0.15, 0.25,
0.05, 0.09, 0.10, 0.20, and 0.02 eV, respectively. Furthermore, the work functions for the
respective GeC/MXY HJs are 5.12 (5.29), 5.13 (5.28), 5.08 (5.34), 5.12 (5.17), 5.06 (5.14), 5.05
(5.15), 5.00 (5.20), and 5.04 (5.06) eV. This indicates that, when GeC and MXY contact to
form a GeC/MXY HJ, electrons migrate from GeC to MXY to reach the same Fermi level.

Moreover, we analyzed the charge transfer at the heterointerface region in GeC/MXY
HJs by calculating the visual charge density difference (VCDD) based on the following
relationship [102,103]:

∆ρ = ρGeC/MXY − ρGeC − ρMXY, (3)

where ρGeC/MXY, ρGeC, and ρMXY represent the charge densities for the GeC/MXY HJ, GeC
ML, and MXY ML, respectively. The yellow (or cyan) region denotes charge accumulation
(or consumption). Additionally, the planar-averaged CDD (PACDD) along the z-direction
is obtained by the following equation [103,104]:

∆ρ(z) =
∫

ρGeC/MXYdxdy−
∫

ρGeCdxdy−
∫

ρMXYdxdy, (4)

where
∫

ρGeC/MXYdxdy,
∫

ρGeCdxdy, and
∫

ρMXYdxdy represent the planar-averaged
charge densities of the GeC/MXY HJ, GeC ML, and MXY ML, respectively. The positive
(or negative) value indicates the charge accumulation (or consumption). It can be clearly
seen from Figure 4 that the charge around the heterointerfaces of all the GeC/MXY HJs
is redistributed. Charge accumulation primarily occurs at the heterointerface region near
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MXY, while charge consumption mainly takes place at the heterointerface region near GeC.
This further confirms that electrons migrate from GeC to MXY in all the GeC/MXY HJs.
The Bader charge analysis also suggests that 0.11, 0.09, 0.11, 0.09, 0.08. 0.07, 0.08, and 0.07 e,
respectively, migrate from GeC to MXY in the various GeC/MXY HJs. The charge transfer
at the heterointerfaces of GeC/MXY HJs could cause the BIEF to point away from GeC
toward MXY, which commonly promotes the spatial separation of carriers, thus extending
the lifetime of photoexcited carriers and enhancing the photocatalytic activity.
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Figure 3. Electrostatic potential diagrams of (a) GeC, (b) ZrS2, (c) ZrSe2, (d) ZrSSe, (e) GeC/ZrS2,
(f) GeC/ZrSe2, (g) GeC/SZrSe, and (h) GeC/SeZrS, respectively.

Figure 4. VCDDs and PACDDs for various GeC/MXY HJs.
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As is well known, the type-II band alignment corresponds to both the type-II and
direct Z-scheme photocatalytic mechanisms based on different charge transfer pathways.
For a type-II HJPC, the band edges of its two components must simultaneously straddle
the water redox potentials. Thus, a type-II HJPC usually does not provide sufficient driving
force for water redox processes. For a direct Z-scheme HJPC, the VBM of one component
should be lower than the water oxidation potential (WOP), while the CBM of the other
component should be higher than the water reduction potential (WRP) [105,106]. Thus,
a direct Z-scheme HJPC is usually capable of proving sufficient driving force for redox
reactions. Next, we arrange the band edges of the GeC ML, MXY MLs, and GeC/MXY
HJs in contrast to the water redox levels in Figures 5 and S4, in order to further determine
the photocatalytic mechanisms of the considered GeC/MXY HJs. It is known that the
water redox levels are determined by the electrochemical potentials relative to the vacuum
level, so the difference in the vacuum energy levels on the two surfaces of PCs causes the
movement of H+/H2 and H2O/O2 levels between the two surfaces. The band edges of
GeC only span the WOP, indicating that GeC is only suitable for the HER. Conversely,
the band edges of MXY MLs solely cross the WRP, meaning that MXY MLs only serve for
the OER. Thus, neither GeC nor MXY alone could achieve overall PCWD.
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Figure 5. Band alignments for (a) GeC, (b) ZrS2, (c) ZrSe2, (d) ZrSSe, (e) GeC/ZrS2, (f) GeC/ZrSe2,
(g) GeC/SZrSe, and (h) GeC/SeZrS versus vacuum level.

Since the photocatalytic mechanisms for all GeC/MXY HJs are similar, we will use
GeC/ZrS2 as an illustrative example for a detailed discussion. As the GeC ML and ZrS2
ML approach each other to form the GeC/ZrS2 HJ, electrons migrate from GeC to ZrS2 due
to the smaller work function of GeC compared to ZrS2. Consequently, the GeC and ZrS2
layers become positively and negatively charged, respectively. This results in a BIEF that is
directed away from GeC toward ZrS2 across the GeC/ZrS2 heterointerface. Electrons in
GeC are repelled by the negatively charged ZrS2, causing GeC’s bands to bend upward.
Similarly, ZrS2’s bands will bend downward near the heterointerface due to the same
mechanism [107,108]. To simplify the discussion, we have omitted the band bending in the
band-alignment diagram of GeC/MXY HJs. When exposed to sunlight, both GeC and ZrS2
can absorb photons with greater energy than their respective bandgaps. This stimulates
electrons to transition from the valence bands (VBs) to the conduction bands (CBs), leaving
holes in the VBs. However, GeC is unsuitable for the OER due to its higher VBM than the
WOP, while ZrS2 is unsuitable for the HER owing to its lower CBM than the WRP. This
implies that the photoinduced holes in the VBs of GeC (or the photoexcited holes in the CBs
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of ZrS2) cannot directly participate in the OER (or HER) process. The calculated conduction
band offset (CBO) and valence band offset (VBO) are 2.59 and 1.70 eV, respectively (see
Table 3). Due to the BIEF directed from GeC to ZrS2, the migration of photoinduced
electrons from the CBs of GeC to the CBs of ZrS2 and the migration of photoinduced
holes from the VBs of ZrS2 to the VBs of GeC are hindered. Conversely, the photoexcited
electrons are encouraged to migrate from the CBs of ZrS2 to the VBs of GeC, where they
recombine with the photoexcited holes. Furthermore, the interlayer bandgap of 0.45 eV is
significantly smaller than both the CBO and the VBO, favoring the interlayer electron–hole
recombination. Consequently, GeC (or ZrS2) accumulates more photoinduced electrons (or
holes). Naturally, the superfluous electrons on the CBs for GeC can achieve the HER, while
the excess holes on the VBs of ZrS2 can realize the OER. Evidently, the migration path of
photoexcited carriers is like a “Z”. Thus, the GeC/ZrS2 HJ constitutes a direct Z-scheme
system. The spatial separation of photoexcited electrons and holes contributes to enhancing
photocatalytic efficiency. Additionally, schematic diagrams illustrating the photocatalytic
mechanisms of all considered MLs and HJs versus the normal hydrogen electrode (NHE)
are presented in Figures S5 and S6.

Furthermore, the sufficient kinetic potentials (Ue and Uh) provided by photoexcited
electrons and holes are crucial for driving the OERs and HERs. The Ue and Uh values affect
the number of active electrons and holes participating in water redox reactions, thereby
influencing the photocatalytic activity. Here, Ue (or Uh) is defined as the potential difference
between the CBM and the H+/H2 level (or between the H+/H2 level and the VBM). Given
that the water redox levels depend on the pH values, Ue and Uh can be expressed as
follows [109]:

Ue = Ue(pH = 0)− pH × 0.059 V,

Uh = Uh(pH = 0) + pH × 0.059 V.
(5)

For the sake of simplicity, we will only discuss the Ue (or Uh) value at pH = 0. The cal-
culated Ue and Uh values are 2.14 and 2.75 V, respectively, which are comparable to
some previously studied Z-scheme PCs (see Figure 6) [24,40–42,89–91,109]. Consequently,
GeC/ZrS2 HJ emerges as a highly efficient Z-scheme WSPC.
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The CBO (VBO) values for GeC/ZrSe2, GeC/SZrSe, GeC/SeZrS, GeC/HfS2, GeC/HfSe2,
GeC/SHfSe, and GeC/SeHfS HJs are 2.30 (0.68), 2.19 (0.92), 2.32 (1.07), 2.34 (1.79), 2.18
(0.71), 2.15 (0.99), and 2.28 (1.12) eV, respectively (see Table 3). Obviously, the bandgaps
of these HJs are smaller than their CBOs and VBOs, which is conducive to interlayer
electron–hole recombination. Additionally, the BIEF direction is pointing from GeC to MXY.
Similarly, the GeC/ZrS2, GeC/ZrSe2, GeC/SZrSe, GeC/SeZrS, GeC/HfS2, GeC/HfSe2,
GeC/SHfSe, and GeC/SeHfS HJs are all Z-scheme WSPCs. Moreover, the obtained Ue
(Uh) values are 1.85 (1.73), 1.84 (2.08), 1.87 (1.99), 2.01 (2.74), 1.88 (1.69), 1.94 (2.06), and 1.97
(1.99) V, respectively (see Table 3). These values are also close to those reported for Z-
scheme WSPCs (see Figure 6) [24,40–42,89–91,109]. This indicates that the GeC/ZrSe2,
GeC/SZrSe, GeC/SeZrS, GeC/HfS2, GeC/HfSe2, GeC/SHfSe, and GeC/SeHfS HJs could
supply sufficient dynamic potentials to drive HERs and OERs under light irradiation.

At the initial stage of photocatalytic water-splitting, the light absorption capacity
serves as another crucial factor. For highly efficient solar utilization, a wide and intense
light absorption spectrum is typically required. Therefore, we investigated the optical
absorption curves of GeC, MXY, and GeC/MXY HJs using the HSE06 method. The optical
absorption coefficient can be calculated using the following formula [110]:

α(ω) =

√
2ω

c
[
√

ε2
1(ω) + ε2

2(ω)− ε1(ω)]1/2, (6)

where ε1 (or ε2) represents the real (or imaginary) part of the dielectric function and ω is
the frequency of light. As shown in Figure 7, GeC/MXY HJs possess strong visible light
absorption ability and non-negligible near-infrared light absorption ability. In addition,
GeC/MXY HJs exhibit higher absorption coefficients in the visible and near-infrared light
regions, along with a redshift of the absorption spectra, compared to the corresponding MLs.
Herein, the GeC/MXY HJs demonstrate excellent light absorption capacity. Furthermore,
the proper band alignments and suitable directions of the heterointerface BIEF enable these
GeC/MXY HJs to form a Z-scheme photocatalytic mechanism. This facilitates the HERs and
OERs to occur in different sublayers and provides sufficient driving force to spontaneously
achieve water redox reactions under illumination. Generally speaking, GeC/XYs HJs are
promising candidates for direct Z-scheme WSPCs.
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Figure 7. (a–h) Optical absorption curves of various GeC/MXY HJs compared with those of GeC and
MXY MLs.

3. Computational Details

In this work, the GeC/MXY (M = Zr, Hf; X, Y = S, Se) HJs are constructed by stacking
the
√

3 ×
√

3 MXY supercell onto a 2 × 2 GeC supercell with an 18 Å vacuum layer to
eliminate the image interaction between adjacent layers. Additionally, dipole correction
is introduced along the z-direction [111]. All DFT calculations were carried out using
VASP5.4 [112,113], and the electron–ion interactions were described using the projector-
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enhanced wave (PAW) method [114]. The generalized gradient approximation (GGA) [115]
of Perdew–Burke–Ernzerhof (PBE) [116] was employed for the exchange correlation func-
tional. Furthermore, Grimme’s DFT-D3 [117,118] method was employed to account for
weak vdW interactions. The Monkhorst–Pack k-point grid for the first Brillouin zone
was set to 13 × 13 × 1 (or 7 × 7 × 1) for MLs (or HJs). The energy cutoff was set to
500 eV, and all structures were sufficiently optimized with an energy (or force) tolerance
of 10−5 eV (10−2 eV/Å). Given that GGA-PBE tends to underestimate the bandgaps [119],
the Heyd–Scuseria–Ernzerhof functional (HSE06) was applied to accurately compute the
electronic and optical properties [120]. The optical absorption spectra were computed
based on the imaginary part of the dielectric functional, following the Kramers–Kronig
dispersion relationship [110], and the band alignments of MLs and HJs were referenced to
a common vacuum level.

4. Conclusions

In summary, the potential applications of GeC/MXY (M = Zr, Hf; X, Y = S, Se) HJs have
been investigated through the calculation of their geometric, electronic, optical properties,
band arrangement, and interface binding energies. Based on first-principles calculations,
we analyzed their photocatalytic mechanism. All the considered GeC/MXY HJs, namely
GeC/ZrS2, GeC/ZrSe2, GeC/SZrSe, GeC/SeZrS, GeC/HfS2, GeC/HfSe2, GeC/SHfSe,
and GeC/SeHfS, were found to be direct Z-scheme photocatalytic systems with band
edges spanning the water redox potentials. Charge redistribution at the heterointerface
results in the formation of a BIEF pointing from GeC to MXY, enhancing the separation
of the photoinduced carriers. Excitingly, the GeC/MXY HJs exhibit strong redox capacity
for photocatalytic water decomposition, ensuring that the HER and OER processes occur
spontaneously under light irradiation. Furthermore, the GeC/MXY HJs demonstrated
strong visible light absorption and some near-infrared light absorption, guaranteeing
efficient utilization of solar energy. These theoretical findings indicate that these GeC/MXY
HJs are all promising WSPCs.
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Abstract: Increased environmental pollution and the shortage of the current fossil fuel energy supply
has increased the demand for eco-friendly energy sources. Hydrogen energy has become a potential
solution due to its availability and green combustion byproduct. Hydrogen feedstock materials like
sodium borohydride (NaBH4) are promising sources of hydrogen; however, the rate at which the
hydrogen is released during its reaction with water is slow and requires a stable catalyst. In this
study, gold nanoparticles were deposited onto mesoporous carbon to form a nano-composite catalyst
(AuNP-MCM), which was then characterized via transmission electron microscopy (TEM), powder
X-ray diffraction (P-XRD), and scanning electron microscopy/energy dispersive X-ray spectroscopy
(SEM/EDS). The composite’s catalytic ability in a hydrogen evolution reaction was tested under vary-
ing conditions, including NaBH4 concentration, pH, and temperature, and it showed an activation of
energy of 30.0 kJ mol−1. It was determined that the optimal reaction conditions include high NaBH4
concentrations, lower pH, and higher temperatures. This catalyst, with its stability and competitively
low activation energy, makes it a promising material for hydrogen generation.

Keywords: nanocomposite; hydrogen evolution; mesoporous carbon; gold nanoparticles; mesoporous
carbon; sustainable source

1. Introduction

Hydrogen fuel is an alternative type of fuel that has potential in solving the world’s
energy crisis [1]. The energy generation of gasoline combustion is lower than the energy
released from hydrogen combustion [2]. When hydrogen is used as a fuel, the major
byproduct, in terms of its energy reaction, is water, so its environmental impact is min-
imal [2]. Furthermore, hydrogen can be generated from the reaction between hydrogen
feedstock, such as sodium borohydrides (NaBH4), and water [3], as seen in Equation (1).
The widespread implementation of hydrogen as a fuel would reduce dependence on fossil
fuels; however, the biggest disadvantage of this reaction is the slow rate of reaction between
metal hydrides and water. As such, a catalyst is necessary before hydrogen gas can become
a viable fuel source [3].

NaBH4 + 2H2O→ 4H2 + NaBO2 (1)

Among the catalysts, nanoparticles have been the focus of much scientific study due
to their unique properties, including their catalytic properties [4,5]; however, it is difficult
to control nanoparticle performance in reactions as this depends greatly on characteristics
such as shape, size, crystal structure, and texture [6–8]. The agglomeration of nanoparticles
often affects their size and structure and leads to the degeneration of catalytic ability [9,10].
In order to mitigate this issue, the nanoparticles can be imbedded on a carbon template
to prevent their agglomeration and improve the durability of the material in catalytic
reactions [5,11].

One family of durable carbon materials that also has catalytic potential is that of
mesoporous carbon materials (MCMs) [12,13]. The different types of porous carbons are
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characterized by their differences in pore size, with mesoporous carbon materials having a
pore size 2–50 nm, while microporous and macroporous carbon have smaller and larger
pore sizes, respectively [14,15]. The narrow pore size range allows for significant control of
various characteristics during synthesis, which includes thermal, mechanical, and electrical
stability, chemical inertness, ordered pore structure, large surface area, pore volume, and
catalytic activity [16,17]. Most traditional metal and biological catalysts have several
disadvantages, such as high reaction temperature, long reaction time, low conversion
ratio, and low regioselectivity, so research is being conducted with MCMs to reduce these
disadvantages [18]. For example, factors like cost, complexity of synthesis, and potential
wasted materials can be reduced by using MCMs as opposed to traditional catalysts as
MCMs are only made of ordered carbon atoms that are synthesized via well-established
procedures [19].

One such method of synthesizing MCMs involves filling mesoporous silica with a
carbon precursor like sucrose, which undergoes several high-temperature processes. The
silica is removed with hydrofluoric acid, which leaves only carbon in the form of MCMs [20].
Unfortunately, this process involves aggressive chemicals that, along with intermediary
products, become dangerous waste products. One novel method of forming MCMs has
recently been developed, which involves using starches and expanding the present pores to
increase the catalytic potential [21]. Starches are typically high-density substances, which
makes them catalytically inert; but by expanding the pores, this activity was increased [21].
The pore expansion temperature is the key to controlling pore size and volume, with a
similar process used on plant fibers resulting in similar results [21,22]. The benefits of this
new method include the starting material being completely nontoxic and renewable, the
lack of toxic materials needed for the reaction, and the ease of synthesis [21,23,24].

For this study, MCMs were decorated with gold nanoparticles to form a nanocomposite
catalyst (AuNP-MCM) that is highly active, stable, and easily recyclable. The synthesized
AuNP-MCM was characterized via TEM, P-XRD, and SEM-EDS. The catalytic ability of
nanocomposite was tested in the hydrogen evolution reaction under various pHs (6, 7, 8),
reactant concentrations (793 µmol, 952 µmol, 1057 µmol), and temperatures (273 K, 288 K,
295 K, 303 K). The recyclability of AuNP-MCM was also examined in reusability trials.

2. Results/Discussions
2.1. Catalyst Characterization

The gold nanoparticles for the AuNP-MCM seen in the TEM micrograph of Figure 1
vary greatly in diameter, but the particle specifically observed in Figure 1d under a smaller
scale has a diameter of 20 nm. The SEM/EDS analysis in Figure 2a,b shows the gold
nanoparticles on the mesoporous carbon with the gold concentration of 8.54% and carbon
concentration of 10.73%. Figures 1b and 2a also show that the gold nanoparticles are evenly
distributed on the MCM backbone.

The P-XRD spectrum seen in Figure 3 for the MCM showed a peak in the 20–30◦ range,
correlating to the carbon framework, and a peak at the 40–45◦ range that also corresponds
to the mesoporous carbon [25]. After AuNPs were deposited on the MCM, the observed
peaks of the MCM were slightly shifted, but they were still within the acceptable range.
The peaks at 40–45◦ disappeared in AuNP-MCM; the same phenomena were reported in
some previous studies [26,27]. The peaks at 38◦, 44◦, and 64◦ corresponded with the (111),
(200), and (220) lattice planes of gold nanoparticles [28].
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Figure 3. P-XRD spectra for the MCM and AuNP-MCM. The asterisks highlight the location of
important peaks.

2.2. Catalytic Tests

Figure 4 shows the catalytic ability of AuNP-MCM at different reactant concentrations.
The catalyzed reaction achieved the highest hydrogen generated rate of 0.0346 mL min−1 mg−1

at 1057 µmol, while the reaction achieved the lowest rate of 0.0140 mL min−1 mg−1 at
793 µmol. At the concentration of 952 µmol, the reaction rate was 0.0159 mL min−1 mg−1.
The hydrogen generated rate increased as the concentration of NaBH4 increased. The

89



Molecules 2024, 29, 3707

increase in the reactant concentration shifted the equilibrium of Equation (1) and led to the
formation of more products [3,29].
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Figure 4. Volume of hydrogen generated over time in the hydrogen evolution reactions catalyzed by
AuNP-MCM at different NaBH4 concentrations (793 µmol, 952 µmol, and 1057 µmol).

The effect of pH on the catalyzed reactions was indicated in Figure 5. The reaction rate
at pH 6 (0.0447 mL min−1 mg−1) was higher than that of pH 7 (0.0159 mL min−1 mg−1).
The lowest reaction rate was 0.0087 mL min−1 mg−1 at pH 8. It had been stated in a
previous kinetic study of sodium borohydride hydrolysis that the rate becomes lower as the
pH increase due to the inhibition effect of OH− [29]. The free proton at low pH condition
accelerated the hydrolysis process [29].
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Scheme 1 shows a proposed mechanism for the overall reaction, which could explain
these results. NaBH4 reduces when hydrolyzed and forms a reversable complex with the
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metal nanoparticle at a catalytic site. An adjacent catalytic site receives a hydride ion and
stabilizes the nanoparticle–borohydride complex, which reacts with the water to release
hydrogen gas. This process repeats until there are no longer any hydride ions available and
the complex breaks, releasing tetrahydroxylborate and H2 gas. More acidic pHs increase
the concentration of H+ ions, which increase the conversion rate and supply of hydroxide
ions for the conversion.
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Scheme 1. Proposed mechanism for the hydrolysis of NaBH4 while catalyzed by AuNP-MCMs.

Figure 6 shows that the reaction rate of catalyzed hydrogen evolution reaction im-
proved at higher temperature. The hydrogen generation rates were 0.0062 mL min−1 mg−1,
0.0117 mL min−1 mg−1, 0.0159 mL min−1 mg−1, and 0.0232 mL min−1 mg−1 at 273 K, 288 K,
295 K, and 303 K, respectively. The same pattern was observed in other studies [3,4,29].
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From the Arrhenius plot seen in Figures 7 and S2, the activation energy for the AuNP-
MCM catalyst is determined to be 30 kJ mol−1. The activation energy is also compared to
previously recorded activation energies for other catalysts in Table 1, which shows it as
one of the higher activation energies among other inorganic catalysts. AuNP-MCM has
higher activation energy than other catalysts, except the gold nanoparticle supported over
multiwalled carbon nanotubes (Au/MWCNTs). When compared to unsupported gold
nanoparticles (BCD-AuNPs), there was a marked improvement. This indicates that the
addition of MCM improves the catalytic ability of gold nanoparticles. These results highly
imply that AuNP-MCM is an efficient catalyst for sodium borohydride hydrolysis.
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Table 1. Comparison of reported activation energies for catalyzed NaBH4 hydrolysis.

Catalyst Ea (kJ mol−1) Temperature (K) Reference
CuNWs 42.48 298–333 [30]

Co/Fe3O4@C 49.2 288–328 [31]
Ni-Co-B 31.3 273–303 [32]
Cu-Fe-B 57 285–333 [33]

Co-Ce-B/Chi-C 33.1 266–303 [34]
Pt-MCM 37.7 298–328 [35]

Cu based catalyst 61.16 293–313 [36]
CuO/Co3O4 56.38 294–333 [37]

Pt/CeO2-Co2Ni2Ox 47.4 298–318 [38]
NaBH4@Ni 46.6 283–333 [39]

Au/MWCNTs 21.1 273–303 [20]
Ag/MWCNTs 44.45 273–303 [40]
Pt/MWCNTs 46.2 273–303 [41]
Pd/MWCNTs 62.66 273–303 [42]

AgNPs 53.3 273–295 [43]
PtNPs 39.2 273–303 [44]

Pt-MCM 37.7 273–303 [45]
Ag-MCM 15.6 273–303 [45]
Pd-MCM 27.9 273–303 [46]

BCD-AuNP 57.4 283–303 [4]
AuNP-MCM 30 273–303 This Work
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2.3. Catalytic Reusability Tests

The AuNP-MCM catalyst underwent reusability trials to determine its reusability
after five consecutive uses under conditions involving 952 µmol of NaBH4, a pH of 7,
and at 295 K. The plot in Figure 8 shows that the catalytic activity for the AuNP-MCM
catalyst drastically decreased in catalytic activity after the second trial. From the third
trial, the catalytic ability was increased and remained consistent in the fourth and fifth
trials. This indicates that if more trials were to have been conducted, the catalytic activity
may eventually remain consistent, resulting in a more ideal and durable catalyst. This
would be consistent with Scheme 1, which shows the catalyst breaking away from the
nanoparticle-borohydride complex to start the series of reactions again [47]. However,
these reusability trials indicate that while the nanoparticles greatly increase the catalytic
activity of the developed catalysts, the AuNP-MCM catalyst is generally less stable.
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Figure 8. Testing reusability of the AuNP-MCM catalyst after five consecutive hydrogen genera-
tion reactions.

3. Experimental Section
3.1. Synthesis

The Mesoporous carbon was reported to be synthesized from starch via the Starbon
synthesis method [21,22,24]. Nitrogen sorption/desorption isotherms generated at 77 K for
mesoporous carbon is presented in Figure S1 and nitrogen adsorption data for mesoporous
carbon is included in Table S1. Gold nanoparticles were synthesized by bringing a 1 mM
aqueous chlorauric acid (Sigma Aldrich, St. Louis, MO, USA) solution to a boil and adding
1% aqueous sodium citrate (Sigma Aldrich) dropwise for five minutes with continuous
stirring with a magnetic stir bar [48]. The AuNP-MCM nanocomposite was synthesized
by adding 40 mL of the nanoparticle solution to 1 g of mesoporous carbon in order to
functionalize the mesoporous carbon via the incipient wetness impregnation method [4,5].
The resulting precipitate was filtered and dried in a vacuum oven at 100 ◦C for 24 h.

3.2. Characterization

Transmission electron microscopy (TEM, JEM-2100F, JEOL, Akishima, Tokyo, Japan)
was used to visualize the size of the nanoparticles in the composite and to characterize
the binding between the nanoparticles and the mesoporous carbon. These samples were
prepared by putting 1 µL of the nanoparticle solution onto the TEM sample grid and letting
it dry overnight. X-ray diffraction (XRD, Rigaku Miniflex II, Cu Kα X-ray, nickel filters,
Rigaku, Tokyo, Japan) was used to determine the crystal structure of mesoporous carbon
and its composite. The sample was put onto a P-XRD slide, and a Rigaku Miniflex II
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was used to perform the P-XRD. Scanning electron microscopy (SEM, JEOL JSM-6060LV,
JEOL, Akishima, Tokyo, Japan)/energy dispersive spectroscopy (EDS, ThermoScientific
UltraDry, Thermo Fischer Scientific, Waltham, Massachusetts, USA) was used to determine
the elemental composition of the nanocomposite and further confirm the presence of
nanoparticles on the mesoporous carbon. The sample, in powder form, was mounted on a
sample holder with carbon tape and analyzed under SEM with an EDS attachment.

3.3. Catalytic Tests

The catalytic properties of the nanocomposite were tested in the hydrogen evolution
reaction between water and sodium borohydride (NaBH4) as the reducing agent. The
volume of generated hydrogen was determined via a gravimetric water displacement
system [4,5]. Various conditions, such the concentration of NaBH4 (793 µmol, 952 µmol,
1057 µmol), pH (6, 7, 8) and temperature (273 K, 288 K, 295 K, 303 K), were applied in the
tests. In all trials, 0.01 g of the AuNP-MCM nanocomposite catalyst was used, and 100 mL
of deionized water was used in all NaBH4 solutions. During the reaction, the solution
was stirred with a magnetic stir bar to maintain the dispersion of the AuNP-MCM. The
water displaced during the reaction was measured via an Ohaus Pioneer Balance (Pa124)
with proprietary mass logging software. Each variation was repeated in triplicate with the
averages calculated.

3.4. Catalyst Reusability

In order to test for the reusability of the AuNP-MCM nanocomposites, a 952 µmol
solution of NaBH4 and 100 mL of deionized water at pH 7 and 295 K was made and 0.01 g
of the nanocomposite was added. The same solution containing the deionized water and
the catalyst was used in five reduction reactions, adding a constant amount of NaBH4 for
each trial.

4. Conclusions

The structure and composition of the AuNP-MCM catalyst was confirmed via trans-
mission electron microscopy (TEM), scanning electron microscopy/energy dispersive spec-
troscopy (SEM/EDS), and X-ray diffraction (P-XRD). The catalytic activity for this catalyst
saw its catalytic activities increase only with increasing NaBH4 concentrations, increasing
temperature, and lower pH. The variations in temperature allowed for the determination
of an activation energy of 30.0 kJ mol−1, which, when compared to previously tested
inorganic catalysts, represents one of the lower activation energies, making it favorable.
Catalytic reusability tests of this catalyst showed that the AuNP-MCM catalyst is stable and
produces a consistent volume of hydrogen after five consecutive uses. This stability and
low activation energy make this catalyst a competitive option for the hydrolysis of NBH4.
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Highlights:

• In this work, graphene nanoplates (GNPs) with a supreme medium were obtained.
• Pt particles (4.50 nm) were uniformly dispersed on the surface of S-ZrO2-GNP support.
• The Pt-Pd/S-ZrO2-GNPs exhibited higher ECSA than Pt-Pd/ZrO2-GNPs and Pt/C.
• Pt-Pd/S-ZrO2-GNPs exhibited higher ORR mass activity than other studied electrodes.
• Pt-Pd/S-ZrO2-GNPs exhibited low charge transfer resistance in EIS measurements.

Abstract: Developing highly active and durable Pt-based electrocatalysts is crucial for polymer
electrolyte membrane fuel cells. This study focuses on the performance of oxygen reduction reac-
tion (ORR) electrocatalysts composed of Pt-Pd alloy nanoparticles on graphene nanoplates (GNPs)
anchored with sulfated zirconia nanoparticles. The results of field emission scanning electron mi-
croscopy and transmission electron microscopy showed that Pt-Pd and S-ZrO2 are well dispersed
on the surface of the GNPs. X-ray diffraction revealed that the S-ZrO2 and Pt-Pd alloy coexist in the
Pt-Pd/S-ZrO2-GNP nanocomposites without affecting the crystalline lattice of Pt and the graphitic
structure of the GNPs. To evaluate the electrochemical activity and reaction kinetics for ORR, we
performed cyclic voltammetry, rotating disc electrode, and EIS experiments in acidic solutions at room
temperature. The findings showed that Pt-Pd/S-ZrO2-GNPs exhibited a better ORR performance
than the Pt-Pd catalyst on the unsulfated ZrO2-GNP support and with Pt on S-ZrO2-GNPs and
commercial Pt/C.

Keywords: Pt-Pd alloy; sulfated zirconia; graphene nanoplates; cathode; ORR; PEMFC

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are increasingly gaining acceptance
as a clean, efficient, and silent energy conversion technology, and are seen as a future
alternative energy source [1–3]. However, the sluggish kinetics of the oxygen reduction
reaction (ORR) and the instability of the platinum electrocatalysts for ORR significantly
hinder the commercialization of PEMFCs [4–7]. Accordingly, a higher mass activity and
longer durability/stability of the platinum electrocatalysts for ORR are required to increase
the popularity of PEMFCs.

It is well understood that the specific activity of the Pt electrocatalyst in the ORR corre-
lates with the carbon support [8]. Carbon supports such as Vulcan have excellent electrical
conductivity, chemical stability in acidic solutions, and a large surface area, suitable for
the dispersion of catalyst nanoparticles. On the other hand, the latest examinations have
shown that the degradation of the electrodes containing carbon supports under the ORR
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leads to a deterioration in cell efficiency over an extended period [9]. It was found that the
electrocatalysts are severely destroyed by the oxidation-induced carbon corrosion under
the operating conditions of the cathode, generally due to high potentials, 0.6–1.2 V; high O2
concentration; and high temperatures, 50–90 ◦C. Therefore, the support materials should
be more stable to avoid the destruction of the catalyst.

Valve metals, including titanium, zirconium, tantalum, niobium, etc., are known for
their high resistance to oxidization as they are passivated in a strongly acidic solution [10].
The oxides of these metals, such as Ti4O7 [11] and indium tin oxide [12], have been pro-
posed as exceptionally corrosion-resistant materials. These oxides could potentially serve
as support materials for cathodes in PEMFCs. In addition, the surfaces of these metal
oxides are modified with sulfonic acid (SOx) to act as solid superacids [13]. Specifically,
sulfated ZrO2 (S–ZrO2) is a solid superacid (H0 = −16.03) and is thermally stable at high
temperatures of about 500 ◦C. In their study, Hara and Miyayama discovered that S–ZrO2
exhibits high proton conductivity when it has a high atomic ratio of sulfur to zirconia [14].
According to their report, the high proton conductivity was attributed to the localized elec-
trons on the oxygen in SOx and the Lewis acid sites on Zr, which can easily generate new
Brønsted acid sites, resulting in a higher conductivity [14]. In the current technology, the
addition of a proton conductor, such as a perfluorosulfonated ionomer (PFSI), is crucial for
the construction of the wide three-phase boundaries in the back layer of the electrode. The
use of a proton-conducting metal oxide as a support for the electrocatalyst would provide
an innovative function for the cathode of PEMFCs due to the stability of ZrO2. In particular,
it is estimated that the amount of altered electrolyte ionomer could be reduced. Reducing
ionomer content can improve gas diffusion and water transport. In addition, an increase in
the utilization of platinum is expected. Since Pt nanoparticles can not penetrate the tiny
pores of the carbon support, they have limited contact with a proton conductor in PFSI [15].
Consequently, the usage of Pt is reduced. S-ZrO2 has acidic sites on its surface, even in tiny
pores. Therefore, the Pt on S-ZrO2 can exchange an H+, which increases the Pt utilization.
In addition, the SO4 group on the ZrO2 surface increases the hydrophilicity of ZrO2 [16,17],
which results in S-ZrO2 improving the fuel cell performance in low humidity [18]. So
because of the solid metal–support interaction, metal oxides improved the ORR activity of
the Pt-based catalysts in most examinations [19,20] against the posing effect of the sulfate
anion in PFSI in ORR kinetic activity which was recently reported by some authors [21–24].

Metal oxides generally have poor electrical conductivity. In addition, it is difficult
to produce platinum in high concentrations on the metal oxide surface due to the small
surface area. Therefore, metal oxides must be modified to increase electrical conductivity
or they must be combined with conductive materials such as carbon [25,26]. Designing a
complex structure of Pt-based alloys, metal oxides, and carbonaceous materials is a crucial
challenge to fully realize their potential. When metal oxides are deposited on carbonaceous
materials before the deposition of Pt-based nanoparticles, the Pt-based nanoparticles can
deposit on the metal oxides, resulting in poorer ORR activity due to the non-conductivity
of the metal oxides. Otherwise, when the Pt-based nanoparticles are first loaded onto the
carbonaceous materials, followed by successive deposition of the metal oxide nanoparticles,
the metal oxides may cover the Pt-based nanoparticles, resulting in a lower ORR activity
because of the reduction in Pt active points. In several studies, metal oxides and carbon
were used, but ORR activity could not be increased due to uncontrollable Pt dispersion on
metal oxides and carbon [27–29]. One approach to solve this problem is to investigate a
new carbon-based material as a support.

Over the past few years, graphene—a monolayer of carbon atoms in sp2 hybridization
arranged in a honeycomb matrix—has attracted considerable technical attention. This
unique 2D carbon material exhibits extraordinary properties, such as exceptional electrical,
thermal, and mechanical properties [30,31]. As scientists continue to explore its physi-
cal and chemical properties, graphene has become one of the most important materials
in electronics, nanosensors, nanocomposites, and hydrogen storage [32–34]. Due to its
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large surface area, excellent electrical conductivity, and exceptional mechanical properties,
graphene has the potential to serve as a catalyst support in PEMFCs.

The performance of fuel cell electrodes can be improved by using a more active
electrocatalyst or by improving the structure of the catalyst layer. In addition to improving
the inherent activity of Pt nanoparticles, there is also a strong interest in achieving similar
activity improvements by saving Pt to reduce costs. Overcoming the sluggish reduction
kinetics of molecular oxygen at low temperatures has been a major challenge in finding an
effective catalyst for the cathode side of the fuel cell. Although Pt is generally considered
to be the best catalyst for this reaction, successful results have also been obtained with
bimetallic Pt alloys [35–39], which exhibit activity towards the ORR that is as good as
that of pure Pt in an acidic solution. It is believed that bimetallic Pt alloys improve the
durability of PEMFCs by reducing Pt dissolution and migration during operation [39–42].
Among the many possible combinations of Pt and other metal catalysts, Pd is one of
the most commonly used catalysts for ORR in fuel cells operating with acid or alkaline
electrolytes [43–48]. Moreover, except for Pt, the electrocatalytic activity of Pd due to the
electronic properties very similar to Pt is one of the highest among the pure metals for
ORR [49,50]. This motivates the development of Pt-Pd alloy catalysts for ORR.

As far as we know, the effectiveness of the platinum–palladium sulfated zirconia/grap-
hene nanoplate (Pt-Pd/S-ZrO2-GNP) electrode in the oxygen reduction reaction in PEMFCs
has not been investigated. We propose a hybrid electrocatalyst combining sulfated ZrO2
nanocrystals with GNP supports and Pt-Pd nanoparticles to achieve better proton and
electron conductivity. In the present study, the superacid SO4

–2-ZrO2 was synthesized
on the GNP surface by chemically linking proton-conducting sulfonic acid groups to
form SO4

–2-ZrO2-GNP support for Pt-Pd catalysts in PEMFCs. Pt-Pd was dispersed on
the surface of S-ZrO2-GNPs by the electrodeposition route (Pt-Pd/S-ZrO2-GNPs). The
purpose for the choice of the electrochemical method was explained in our previous
work [51]. The resulting Pt-Pd/S-ZrO2-GNP electrode was characterized by physical and
electrochemical methods, including AFM, FESEM, TEM, XRD, FTIR, CV, and LSV curves.
The study investigated the impact of sulfation on the prepared electrocatalysts (Pt-Pd/S-
ZrO2-GNPs). The electrocatalysts containing sulfated zirconia oxide–graphene nanoplate
(S-ZrO2-GNP) powder outperformed the non-sulfated ZrO2-GNP powder (Pt-Pd/ZrO2-
GNP). Additionally, the ORR mechanism behind the role of the S-ZrO2 nanoparticles in the
electrode structure has been proposed.

2. Results and Discussion
2.1. Physical Characterization
2.1.1. Topography Study of Graphene Nanoplates and S-ZrO2-GNPs

The synthesized graphene nanoplates were studied with atomic force microscopy to
specify lateral size and width. Figure 1 shows 2D and 3D AFM images of the ZrO2-GNPs
with a corresponding height profile along the GNPs derived from the chemical reduction
of the exfoliated graphene oxide. The topography height of the graphene nanoplates shows
that the graphene nanoplates consist of few layers. As shown in Figure 1c, twenty percent
of the produced GNPs have pore size distributions ranging from 1 to 7 nm, while the
remaining 80% have a distribution ranging from 8 to 100 nm. Moreover, the images of
zirconia nanospheres on graphene nanosheets are visible in Figure 1a. From the assessment
(by the Nanosurf Easyscan2 software (Version 2.2.1.16), specific for the used AFM device in
this work), the thickness of the S-ZrO2-doped graphene nanoplates is about 32–87 nm.
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were well and homogeneously distributed on the GNPs. Meanwhile, the particle size dis-
tribution of Pt-Pd on the S-ZrO2–GNPs with sizes ranging from 2 to 8 nm are depicted in 
Figure 2d. From this histogram, it is concluded that the prepared Pt-Pd nanoparticles were 
highly dispersed on the support with quite a narrow particle size distribution. 

It should be mentioned that to take the microscopic images and peel off the thin layer 
of the electrodeposit from the surface of the GC electrode, the electrodeposition process 
was repeated several times. Depending on the number of the repetition cycles of electro-
deposition, the Pt-Pd covers the entire surface of the GNPs. 

Figure 1. The 2D and 3D AFM topography images along with an equivalent height profile of the
(a) S-ZrO2/GNPs, (b) GNPs, and (c) the phase scan of GNPs and pore size distribution.

2.1.2. Morphological Study of GNPs and Pt-Pd Nanocrystals on S-ZrO2-GNPs

Figure 2 shows the general FESEM and TEM illustrations of the (a) GNPs and (b) Pt-
Pd/S-ZrO2-GNP nanocomposites. Figure 2a reveals a high mass of the chemically prepared
GNPs. Figure 2b,c reveal that the uniform spherical Pt-Pd/S-ZrO2 nanoparticles were well
and homogeneously distributed on the GNPs. Meanwhile, the particle size distribution of
Pt-Pd on the S-ZrO2–GNPs with sizes ranging from 2 to 8 nm are depicted in Figure 2d.
From this histogram, it is concluded that the prepared Pt-Pd nanoparticles were highly
dispersed on the support with quite a narrow particle size distribution.

It should be mentioned that to take the microscopic images and peel off the thin
layer of the electrodeposit from the surface of the GC electrode, the electrodeposition
process was repeated several times. Depending on the number of the repetition cycles of
electrodeposition, the Pt-Pd covers the entire surface of the GNPs.
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doubly resonant disorder-induced mode [52–60]. The ID/IG intensity ratio is a measure-
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G (graphite) and D (disorder) bands and their second-order harmonic (2D band) are visi-
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The form of these bands is not impacted by doping with S-ZrO2, indicating that the overall 
structure of the graphene sheet remains intact during sulfation treatments or doping. 
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method does not introduce specific functional groups to the surface of the GNPs [61,62]. 

Figure 2. (a) FESEM illustrations of graphene nanoplates and (b,c) FESEM and TEM images of
Pt-Pd/S-ZrO2-GNPs electrocatalyst. (d) Corresponding Pt-Pd nanoparticle size histogram.

2.1.3. Structural Specifications of Synthesized Support Material

The study was conducted to identify the vibrational modes of the GNPs and ZrO2-
GNPs after sulfation. The G-band is a distinctive feature of the graphitic layers and
represents the tangential vibration of sp2-bonded carbon atoms in a two-dimensional
hexagonal lattice. Another characteristic feature of carbon materials is the presence of
the D-band, which corresponds to the vibration of defective graphitic structures resulting
from the doubly resonant disorder-induced mode [52–60]. The ID/IG intensity ratio is a
measurement of the quality of a sample. A higher value of this ratio indicates a more
ordered structure. In Figure 3, the Raman spectra for the GNPs and S-ZrO2-GNPs are
shown. The G (graphite) and D (disorder) bands and their second-order harmonic (2D
band) are visible in the spectra at 1585.66 cm−1, 1311.30 cm−1, and 2611.92 cm−1 in the
GNPs, respectively. The form of these bands is not impacted by doping with S-ZrO2,
indicating that the overall structure of the graphene sheet remains intact during sulfation
treatments or doping. Moreover, the Raman spectra of the two nanostructures presented in
Figure 3 show that the intensity ratio of D-band to G-band (ID/IG) does not significantly
change with the addition of zirconia. However, the peaks of D-, G-, and 2D-band have
shifted to slightly higher wavelengths. This indicates that the addition of zirconia through
the adopted method does not introduce specific functional groups to the surface of the
GNPs [61,62].
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Figure 3. Raman characterization of GNP and S-ZrO2-GNP support.

The FTIR results of GO and ZrO2-graphene nanoplates and sulfated zirconia-GNPs
were presented in our previously published work [63].

2.1.4. XRD Pattern Characterization

The crystal lattice formation of the Pt-Pd/S-ZrO2-GNP electrocatalyst is shown in
Figure 4, indicating the presence of carbon and platinum. The obtained nanocomposite
exhibits the characteristic prominent peaks of the Pt Fcc structure at the Bragg angles of
86.44◦, 82.08◦, 68.05◦, 46.62◦, and 40.10◦ which relate to the (222), (311), (220), (200), and
(111) diffraction peaks of the crystal surface, respectively, showing that it is a disordered
Pt-Pd alloy. The formation of the bimetallic Pt-Pd nanoparticles in the Pt-Pd/S-ZrO2-GNP
electrocatalyst was confirmed by a small transference of the XRD spectrum to greater angles
due to the reduction in the lattice compared to Pt, indicating that the interatomic space of
platinum was reduced by the replacement of the smaller Pd atom in the Pt metal lattice.
The sharper diffraction peaks at 2θ = 26.651◦ and 54.27◦ are the features of the parallel GNP
layers in the Pt-Pd/S-ZrO2-GNP composite, signifying a highly graphitic organization of
the GNP in faces of (002) and (004) correspondingly. These plans show that the S-ZrO2 does
not affect the graphitic structure of the GNPs. The preservation of the graphitic structure of
the carbon is advantageous in the preparation of an electrocatalyst because it maintains the
conductivity of the support materials. Besides the characteristic peaks of the graphite and
Pt construction, some additional peaks at 2θ of 29.95◦ and 31.69◦ with the surfaces of −111
and 111 [64–69] were found in the nanocomposite, which is related to the ZrO2 nanocrystals
used in the composition of the catalyst. The average size of the Pt-Pd nanoparticles was
evaluated from the Debby–Scherrer formulation using the full width at half maximum
(FWHM) of the (111) plane. This reflection was chosen for the Scherrer examination due to
its high-strength level. This formula can be defined as follows [70]:

d = 0.9
λ

Bcosθ
(1)

where d is the diameter of the mean particle size in
·

A; λ is the X-ray wavelength (1.5406
·

A)
for CuK α; θ is the Bragg angle; and B is the FWHM in radians. Based on the sample’s

102



Molecules 2024, 29, 2129

Pt(111) reflection, the average sizes of the Pt particles were calculated to be 4.50 nm with a

d-spacing of 0.2246 nm (2.22
·

A). The XRD results indicated that the innate attributes of the
catalyst were not altered by the treatment of the crystalline ZrO2 with H2SO4.
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2.1.5. Chemical Composition of Synthesized Nanocomposite

Figure 5 illustrates the composition of the Pt-Pd/S-ZrO2-GNP electrocatalyst. The
main ingredients of the spectrum are Pt, Pd, Zr, S, and C (from the GNPs). The sulfur
comes from sulfated zirconia. Additionally, the ingredients Si, Al, and K were present.
The solid silicon and Al peaks are likely due to the Si and Al substratum used in the
FESEM examination. A small quantity of potassium observed in the spectrum may be
caused by the KMnO4 used in graphene oxide production. A relatively trivial amount
of Na and CL observed in the EDS image is essentially from the NaCl electrolyte used in
the plating bath. Table 1 provides further information on the chemical composition of the
synthesized nanocomposite resulting from the energy-dispersive X-ray (EDX) spectrum.
The Pt-Pd (with the atomic ratio of 0.68%/0.61%) loading on the electrocatalyst containing
the graphene nanoplates was quantitatively computed as 18.24%, which is close to the
theoretic extent of 20 wt%.

Table 1. Chemical composition of Pt-Pd/S-ZrO2-GNP nanocomposite (quantitative values).

Element Line wt%

C Kα 52.84
O Kα 11.27

Na Kα 0.95
Al Kα 2.43
Si Kα 1.77
S Kα 10.30
Cl Kα 0.28
K Kα 0.57
Zr Lα 1.35
Pt Lα 10.03
Pd Lα 8.21

100
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Figure 5. EDX pattern of Pt-Pd/S-ZrO2-GNP electrocatalyst.

2.2. Electrochemical Measurements
2.2.1. Electrochemical Surface Area (ECSA) of Electrodes

Cyclic voltammetry is a commonly used electroanalytical technique to study electroac-
tive species and electrode surfaces. It is usually the first electrochemical study performed.
This technique is used to measure the ECSA of electrocatalysts using the hydrogen desorp-
tion method in a three-electrode system [72]. In Figure 6, the steady-state cyclic voltammo-
grams of the different working electrodes, such as Pt-Pd/S-ZrO2-GNPs, Pt-Pd/ZrO2-GNPs,
Pt/S-ZrO2-GNPs, and Pt/C, are presented. These electrodes were submerged in a 0.1 M
HClO4 solution saturated by 99.9995% N2 in the voltage range between −0.2 and 1.2 V vs.
Ag/AgCl (saturated KCl) at the scan rate of 50 mVs−1. All given potentials were converted
and reported in the reversible hydrogen electrode (RHE) scale using the following: ERHE =
EAg/Agcl + 0.205 V (=ERHE = EAg/AgCl +∅Ag/AgCl + 0.0591(V)× pH) [73,74].

The figure shows clear hydrogen absorption/desorption peaks ranging from 0.04
to 0.3 V vs. RHE, along with distinct surface oxidation and reduction peaks. The elec-
trochemical surface area (ECSA) of the electrocatalysts was evaluated by computing the
hydrogen adsorption/desorption area after double-layer correction, using a conversion
factor of 210 µCcm−2 for the polycrystalline Pt. The ECSA (m2 gmetal

−1) was calculated as
follows [75,76]:

ECSA
(

m2gmetal
−1
)
=

⌈
QH−adsorption(C)

210µCcm−2 × LPt(mgcm−2)×As(cm−2)

⌉
105 (2)

where LPt is the Pt loading (mg cm−2) on the surface of an electrode, QH is the hydrogen
adsorption charge (mCcm−2), and As is the electrode surface area.
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0.1 M HClO4 solution scan rate: 50 mVs−1 at 25 ◦C under N2 flux.

The comparison of the cyclic voltammograms of the Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-
GNP, Pt/S-ZrO2-GNP, Pt-Pd/C and commercial Pt/C electrodes in Figure 6 indicates that
the double-layer of the Pt-Pd/S-ZrO2-GNP electrode is a little thinner than that of the Pt/S-
ZrO2-GNP electrode due to the contribution of Pd. Additionally, the current density of the
H2 release area extends when Pd is added, indicating a variation in the ECSA value of the
catalyst due to Pd addition. Furthermore, adding Pd to platinum caused a slightly positive
shift in the start of the anode O2 chemisorption (oxide development) and the reduction
peak voltage of the oxide. For instance, the start of the anode oxygen chemisorption for the
Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, and Pt-Pd/C electrodes occurred at approximately
0.87 V, 0.83 V, and 0.82 (vs. RHE), in comparison to 0.79 V for Pt/C (this value for Pt/S-
ZrO2-GNPs was 0.75 V). The contrast in the O2 chemisorption and oxide formation between
the Pt/S-ZrO2-GNPs and Pt/C relative to the Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, and
Pt-Pd/C electrodes is due to the transition metal Pd. It suggests that the addition of Pd
(alloying process) hinders the chemisorption of OH on the platinum sites at high voltages
by altering the electronic effects (increase Pt d-band vacancy) and geometric (decrease
in the Pt-Pt bond distance) factors [77,78]. This might facilitate the O2 adsorption at low
overpotential and, therefore, enhance the oxygen reduction reaction kinetic performance.
Also, the cathodic current peaks associated with the reduction of platinum oxide positively
shift for the Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, and Pt-Pd/C electrodes as compared to
the Pt/S-ZrO2-GNP and Pt/C electrodes. This implies that the desorption of the oxygenate
species (e.g., OH) from the surfaces of the alloy particles is easier than from the surface
of pure Pt, i.e., the oxygenate species have lower adsorption energy on the Pt-Pd alloy
catalysts. Since the adsorption of OH or other oxygenate species on the platinum surface
can inhibit its catalytic activity toward oxygen reduction reaction, the weak adsorption of
the oxygenated species would increase the surface active sites for ORR. Table 2 lists the
ECSA for the Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP, Pt-Pd/C, and Pt/C
electrodes. According to the table, the ECSA of Pt-Pd/S-ZrO2-GNPs is more significant
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than that of Pt/C, indicating that a more significant quantity of active sites is available for
H2 adsorption and desorption reactions. This could be due to the structural modifications
caused by alloying, the high specific surface area (SSA) of GNPs as catalyst support as
well as the positive effects of ZrO2 as a promoter. Moreover, comparing the ECSA value
of the Pt-Pd/S-ZrO2-GNPs, Pt-Pd/ZrO2-GNPs show that the catalyst layer containing
sulfated ZrO2-GNP support utilizes a significant amount of Pt, suggesting that the sulfating
increases the efficiency of PEMFCs. Furthermore, from Table 2, it is seen that the bimetallic
Pt-Pd/C electrode had a relatively lower Pt surface area than the monometallic Pt/C
electrode. This was expected because some Pt surface atoms are covered by Pd atoms. The
smaller ECSA value of the Pt-Pd/C electrode in comparison to the Pt/C electrode also
can be explained by the obtained XRD results. The reduced Pt active surface area of the
Pt-Pd/C electrode is consistent with its higher particle size produced by alloying.

Table 2. Electrochemical surface area of the Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP,
Pt-Pd/C, and Pt/C electrodes with a catalyst loading of 0.1 mgcm−2 in a N2-saturated solution of
0.1 M HClO4.

Electrode Crystallite Size
(XRD) (nm) QH(C) ECSA ( m2

g metal )

Pt-Pd/S-ZrO2-GNPs 4.50 14.443 × 10−4 97.32 **

Pt-Pd/ZrO2-GNPs 4.54 14.011 × 10−4 94.51 **

Pt/S-ZrO2-GNPs 4.31 12.338 × 10−4 83.21 *

Pt-Pd/C 4.39 9.940 × 10−4 67.02 **

Pt/C(20 wt%) 4.20 10.205 × 10−4 68.83 *
* Per unit weight of Pt. ** per unit weight of metals including both Pt and Pd.

It can be seen that the Pt-Pd/S-ZrO2-GNP electrode had a higher Pt-based metal active
surface area (97.32 m2 · g−1metal−1) compared to the Pt/C electrode (68.83 m2 · g-1Pt-1).
The combination of sulfation, alloying, and GNPs helped maintain the catalytic activity of
the Pt-Pd/S-ZrO2-GNP composite.

2.2.2. Mechanism of Reaction

The activity of the Pt catalyst towards oxygen reduction is improved by the presence
of a Pd alloy structure on S-ZrO2-treated GNPs. It is proposed that the presence of S-ZrO2
in the catalyst promotes the activity of ORR by PtPd which is explained by the flowing
reactions [79,80].

Pt + O2 → Pt−O2 (3)

Pt−O2 + H+ + e− → Pt−HO2ad (4)

Pt + Pt−HO2 → Pt−HO + Pt−O (5)

ZrO2 + H2O→ ZrO2 −OHad + H+ + e− (6)

Pt−O + ZrO2 −OHad + 3H+ + 3e− → Pt + ZrO2 + 2H2O (7)

Pt−HO + ZrO2 −OHad + 2H+ + 2e− → Pt + ZrO2 + 2H2O (8)

It is well known that a catalyst for oxygen reduction needs to break the O-O bonds of
oxygen and facilitate the reaction of the ORR. During this reaction, some formed intermedi-
ates like OH and O species are strongly adsorbed on the Pt surface. The surface oxygen of
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S-ZrO2 helps reduce the adsorbed HO and/or O on the Pt surface [81]. So, the enhancement
of the Pt-Pd/S-ZrO2-GNP activity towards ORR is likely to occur at the interface of Pt and
S-ZrO2 in the reactions (7) and (8). The importance of the surface oxygen source for the
effective O2 reduction in fuel cell electrocatalysts has been highlighted in the case of carbon-
coated tungsten oxides [82]. ZrO2 is a well-known reducible oxide that shows high oxygen
storage capacity and strong metal support interaction between Pt and ZrO2 [63,83–85]. The
overall reaction mechanism for oxygen reduction on the Pt–Pd/S-ZrO2-GNP electrode can
be proposed as follows:

PtPd . . . S− ZrO2−2x(interface) + 2xO2 + 4xH+ + 4xe− → PtPd . . . S− ZrO2(interface) + 2xH2O (9)

The enhancement of oxygen reduction is likely to occur at the interface of PtPd and
S-ZrO2 in the supported system. In the presence of S-ZrO2 as a promoter, O2 adsorption
starts at a higher potential at the interface of PtPd. . . S-ZrO2 thereby decreasing the anodic
overpotentials. The Pt–O and Pt-H species are reduced to H2O at the PtPd. . . S-ZrO2
interface [81].

2.2.3. ORR Kinetics

The prepared electrodes were evaluated in two ways. Firstly, the kinematic current
and the number of exchanged electrons were calculated in the experiments conducted
on the rotating disk electrode (RDE). Secondly, the mass transfer corrected Tafel plots
constructed from the RDE data and the kinetic parameters of i0 were determined through
the linear sweep voltammetry (LSV) analysis.

Estimation of Electrocatalyst Efficiency Using the RDE Instrument

In the present study, the RDE method was used to investigate the oxygen reduction
reaction (ORR) of the five types of electrodes Pt/C, Pt-Pd/C, Pt/S-ZrO2-GNPs, Pt-Pd/ZrO2-
GNPs, and Pt-Pd/S-ZrO2-GNPs. The electrodes were prepared and tested in 0.1 M HClO4
at room temperature in a three-electrode cell. The ORR experiments were examined by
flowing 99.999% O2 at a rate of 100 mL/min through the cell for 30 min using an MFC
(model ALIGAT, SCIENTIFIC SCinTIFic, Tucson, AZ 85743, USA). The scanning voltage
ranged from 1.1 to 0 V versus RHE, with a scan rate of 5 mV/s at a rotation speed of
1600 rpm. The results (Figure 7) showed that the onset potential of the Pt-Pd/S-ZrO2-GNPs
was shifted by 30 mV, 50 mV, 70 mV, and 90 mV to a positive direction when compared
to the Pt-Pd/ZrO2-GNPs, Pt/ZrO2-GNPs, Pt-Pd/C, and Pt/C, respectively (from 1.01 for
Pt/C to 1.1 V for Pt-Pd/S-ZrO2-GNPs). It was observed that the electrochemical reaction
occurred under mixed control, which was a combination of kinetic and diffusion control,
ranging from 1.1 V to 0.7 V (vs. RHE). The diffusion limiting currents were achieved in the
potential region under 0.7 V. The half-wave potential (E1/2, the potential where the current
is half of its limiting value, the point of half-way between zero current and the diffusion-
limited current density plateau) of the Pt-Pd/S-ZrO2-GNPs was found to be 960 mV, which
was higher than that of the Pt/C, Pt-Pd/C, Pt/ZrO2-GNPs, and Pt-Pd/ZrO2-GNPs, which
were 890 mV, 900 mV, 910 mV, and 940 mV, respectively. This indicates that the Pt-Pd/S-
ZrO2-GNP catalyst has higher activity and is more promising than the other catalysts for
PEMFC cathode applications [74,76,86].

The loading amount of Pt and ECSA was normalized to obtain the mass and specific
activities, correspondingly. The current values of mass and specific activity at 0.9 V (where
influences of mass transport are negligible) for the Pt-Pd/S-ZrO2-GNPs were found to be
as high as 45.43 mA mgPt−1 and 0.0466 mA mgPt−1, respectively. In contrast, the values for
Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP, Pt-Pd/C, and Pt/C electrodes were 40.75 mA mgPt−1

and 0.0431 mA mgPt−1; 33.29 mA mgPt−1 and 0.0401 mA mgPt−1; 28.67 mA mgPt−1

and 0.0402 mA mgPt−1; and 23.54 mA mgPt−1 and 0.0342 mA mgPt−1, respectively. The
improved mass activity of the Pt-Pd/S-ZrO2-GNPs can be attributed to the bifunctional
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mechanism of the Pt-Pd alloy nanoparticles, as well as the interface effect between the
Pt-Pd nanoparticles and O2 vacancy-rich ZrO2 nanoparticles and GNPs.

The hydrodynamic behavior of the Pt-Pd/S-ZrO2-GNP electrode in the ORR was
studied through rotating disk electrode experiments at different rotation speeds in an
oxygen-saturated 0.1 M HClO4 solution at a scan rate of 5 mV s−1. The results of the
experiments are presented in Figure 8. The ORR current was measured using the Koutechy–
Levich equation, a standard metric for comparing various electrocatalysts [74,76,87,88].

1
I
=

1
Ik

+
1

Bω
1
2

(10)

B = 0.62nFD
2
3 ϑ
−1
6 CO2 (11)

where D, ϑ, and C are the diffusion coefficient, kinematic viscosity, and dissolved oxygen
concentration, respectively, in a 0.1 M HCLO4 solution [89]. ω is the rotation speed in
radians, and F is Faraday’s constant. Ik and B are defined as the kinematic current and
Levich parameter, respectively.
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Figure 7. Polarization curves for ORR on Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP,
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Figure 8. Disk current density achieved for the duration of the ORR in the cathodic scanning from
the Pt-Pd/S-ZrO2-GNP electrode at various RDE rotation speeds (scan rate: 5 mV s−1). The inset
displays the Koutechy–Levich plot attained at the diffusion flat terrain at 0.64 V.

The calculations were performed using Equations (10) and (11), with the following
values: DO2 = 1.9× 10−5 cm2 s−1, ϑ = 9.87× 10−3 cm2 s−1, and CO2 = 1.6× 10−6 mol cm−3.
The Faraday constant is 96,485 C mol−1. The calculated number of exchanged electrons
with the kinematic current value of 3.13 mAcm−2 is 3.95 (n ≈ 4), which is in accordance
with most scientific publications [90–93]. Consequently, oxygen reduction proceeds via the
overall 4-electron path on the Pt surface of the Pt-Pd/S-ZrO2-GNP electrode. A similar
result was also obtained from the intercept of the inset curve of Figure 8. The inset in
Figure 8 shows the current region for the Pt-Pd/S-ZrO2-GNP catalyst.

Determination of Kinetic Parameters of b and i0
The kinetic parameters were obtained after the measured currents were corrected for

diffusion to give the kinetic currents in the mixed activation–diffusion region calculated
based on the following equation:

ik =
i× id
id − i

(12)

where id
id−i is the mass transfer correction.

The Tafel plots (Figure 9) for Pt-Pd/S-ZrO2-GNPs, Pt-Pd/ZrO2-GNPs, Pt/ZrO2-GNPs,
Pt-Pd/C, and Pt/C were examined by plotting log(−ik) against overpotential. According to
the Tafel equation, the relation between the electrode overpotential (η) and current density
is specified as follows [94,95]:

η = − 2.3RT
n(1− α)Flogi0 +

2.3RT
n(1− α)F log(−ik) (13)

where η = (E − E0) is the difference between the applied voltage and the Nerst voltage, R is
gas constant, T is absolute temperature, n is the number of exchanged electrons, α is the
transfer coefficient, F is Faraday’s constant, and ik and i0 are the kinetic current density and
exchange current density, respectively [95,96]. The equation can be simplified as follows:

η = a + blog(−ik) (14)
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where b = 2.3RT
n(1−α)F and is called Tafel slope and a = − 2.3RT

n(1−α)F logi0. This equation implies
that in a certain current density range, overpotential is linearly dependent on the logarithm
of current density. The exchange current density can be obtained from the intercept (at
η = 0) at the current density axis. In the higher Tafel slope, the kinetics of the ORR reaction
is lower [96].

In Figure 9, the mass-transfer corrected Tafel plots from the RDE data are presented.
Even though it is clear that the Tafel slope for the ORR is changing continuously on the
potential range examined, in this figure, two Tafel regions with characteristic slopes near
−120 and −60 mVdec−1 are distinguished, a transition in slope occurring at potentials
between 0.95 and 1.02 V (vs. RHE, from 0.95 for Pt/C to 1.02 V for Pt-Pd/S-ZrO2-GNPs).
The value of −120 mVdec−1 indicates that the rate-determining step is the transfer of
the first electron to the O2 molecule. As suggested previously, the change in the slope
is not related to the change in the reaction mechanism, but it has been attributed to the
potential-dependent coverage of the surface oxides that inhibit the adsorption of oxygen
molecules and reaction intermediates [97–100].

The experimental data were fitted to the two Tafel slope regions at low (E > 0.9 V,
region1) and high overpotentials (E < 0.85 V, region2). The kinetic parameters were obtained
using the Tafel equation and are presented in Table 3. They are in good agreement with
the Tafel slopes for the carbon-supported Pt catalysts [88,101–103], with values around
− 2.3RT

n(1−α)F at low overpotentials and values of ca. −2× 2.3RT
n(1−α)F at high overpotentials.
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(sweep rate: 5 mV s−1) in an O2-saturated solution of 0.1 M HClO4.
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Table 3. Kinetic parameters of Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GN, Pt/S-ZrO2-GNPs, Pt-Pd/C, and
Pt/C electrodes in O2-saturated solution of 0.1 M HClO4.

Electrode Tafel Slope: b( mV
dec )

in (E > 0.9 V)
Tafel Slope: b( mV

dec )
in (E < 0.85 V)

i0( A
cm2 )

For (E < 0.85 V)

Pt-Pd/S-ZrO2-GNPs −56 −106 1.662 × 10−3

Pt-Pd/ZrO2-GNPs −57 −107 1.610 × 10−3

Pt/S-ZrO2-GNPs −59 −111 1.021 × 10−3

Pt-Pd/C
Pt/C (20 wt%)

−58 −113 1.020 × 10−3

−61 −122 1.018 × 10−3

Based on Figure 9, it is clear that the Pt-Pd/S-ZrO2-GNP electrode by itself offers a
substantial improvement over the Pt/C electrode. Obvious from this figure is the higher
activity for ORR for the Pt-Pd/C electrode than the monometallic Pt/C electrode. The other
Pt-Pd/S-ZrO2-GNPs and Pt-Pd/ZrO2-GNPs are very similar in activity as can be seen in
Figure 9. This can be concluded also from the Tafel slopes obtained at the two electrodes
of Pt-Pd/S-ZrO2-GNPs and Pt-Pd/ZrO2-GNPs in Table 3. This suggests that the same
rate-determining step is occurring at two electrodes. The results in Figure 9 and Table 3
showed that the kinetic current was higher in the Pt-Pd/S-ZrO2-GNPs compared to the Pt-
Pd/ZrO2-GNPs, Pt/ZrO2-GNPs, Pt-Pd/C, and Pt/C. This indicates that charge transfer is
faster on the Pt-Pd/S-ZrO2-GNPs than on the others. These results are compatible with data
reported in the references [73,104–107] for other Pt-alloy components. The improvement in
the catalytic properties of Pt-alloys is attributed to various factors, such as the structural
alterations caused by alloying, an increase in Pt d-band vacancy due to electronic factors,
which weakens the strength of the metal-O band, and a reduction in the Pt-Pt bond space
due to geometric factors [77,78]. GNPs are considered a favorable supporting material for
enhancing the catalytic efficiency of Pt-based materials in fuel cell electrodes. Additionally,
the use of sulfated metal oxides like sulfated zirconia as a Co-catalyst with Pt helps to
enhance the electron and proton conductivity of S-ZrO2-GNP nanocomposites.

2.2.4. Electrochemical Impedance Spectroscopy (EIS) Studies of the Electrodes

To seek the influence of carbon corrosion on electrode resistance changes and learn the
interface process of electrodes, EIS analysis is utilized. The EIS examination of the electrodes
was conducted at 0.05 V versus SCE by scanning frequencies ranging from 0.1 to 100 KHz
with 67 decades and a changing sinusoidal signal of 0.05 V peak-to-peak superimposed on
the DC potential. During the examinations, the electrodes were kept in an oxygen-saturated
aqueous solution of 0.1 M HClO4, and all EIS measurements were completed below 25 ◦C.
The corresponding Nyquist plots (imaginary against actual impedance) are presented in
Figure 10a. The impedance spectra of all the electrodes exhibit similar characteristics in
the Nyquist plots, i.e., a broken-down semi-circle at the high-frequency section, whose
diameter corresponds to the charge transfer resistance demonstrating the catalytic activity
for ORR, and relatively straight lines, approximately 45◦ (Warburg) in the low-frequency
area which relates to the diffusion-limiting of the electrocatalyst (the impedance chart of the
commercial Pt/C electrode displayed a half-circle at high-frequency region). In these plots,
the actual axis intercept at the high-frequency region relates to the unadjusted resistance of
the electrolyte solution in bulk. As can be seen, charge transfer and ohmic resistance (IR)
increased harshly in the Pt-Pd/C and Pt/C after substantial carbon corrosion. However, no
major fluctuations were seen for the Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, and Pt/S-ZrO2-
GNP samples (with sulfated zirconia-graphene nanoplate supports) suggesting simple
oxygen reduction reactions on the surface of these electrodes. In fact, the charge transfer
resistance (Rct) of the Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GN, and Pt/S-ZrO2-GNP electrodes
is considerably lower than that of Pt-Pd/C and Pt/C electrodes due to the well-known
conductivity of the GNPs, showing a high activity for ORR. The finest results were achieved
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for the Pt-Pd/S-ZrO2-GNP electrode, which exhibited a faster electron transfer and an
improved mass diffusion kinetics after the sulfate treatment. Sulfated zirconia is responsible
for less IR losses due to providing sufficient proton conductivity in the catalyst layer.

The contribution of each component to the cell resistance can be better understood by
simplifying the circuits. In this experiment, the impedance data were fitted to appropriate
equations, and the best equivalent circuits (EC) were selected, as displayed in the inset of
Figure 10a. This circuit contains the sum of the electrode and electrolyte ohmic resistance
(R1) with the charge transfer resistance (R2), which controls the electron transfer kinetics
of electroactive kinds at the electrode boundary. The circuit also includes mass-transfer
Warburge (W1) of the electrode parallel to the constant phase element, which belongs to the
double-layer capacity (C1). In other words, the model R1 + (R2 + W1) × C1 corresponds to
the CDC of R1(R2W1)C1.

In addition, the corresponding phase plots and bode diagrams in the real and imagi-
nary parts of the impedance spectra of the studied electrodes are presented in Figure 10b–d
and demonstrate that the ohmic resistance in all the electrodes did not change much during
the ORR. However, in these diagrams, the lowest values of Rs+Rct and −1/Rct Cdl were
found with the Pt-Pd/S-ZrO2-GNP electrode emphasizing that the O2 reduction reaction
measured on the Pt-Pd/S-ZrO2-GNP electrode was significantly faster than the others. This
may be an explanation for the higher performance in the Pt-Pd/S-ZrO2-GNP electrode in
the polarization curve.

The orthogonal form of the Nyquist plots is also presented in Figure 10e.
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Figure 10. EIS chart in (a) Nyquist form, (b) bode phase plots, (c,d) bode magnitude diagrams, and
(e) orthonormalized form of Nyquist plots of Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP,
Pt-Pd/C, and Pt/C electrodes in 0.1 M HClO4 at 25 ◦C under O2 flux.

2.2.5. Long-Term Activity and Durability

The effectiveness of the prepared electrocatalysts was evaluated through various
indicators. The electrocatalysts were evaluated based on durability through successive
voltage cycling in CV scanning and RDE. An accelerated durability test (ADT) was then
performed on the four studied electrocatalysts. For CV scanning, first a working electrode
with an electrodeposited catalyst in a plating bath covered with a Nafion-bonded catalyst
layer dried in a vacuum oven at 80 ◦C (for the Pt/C electrode, the ink way prepared
electrode, as described in Section 3.2.3, was used). The ADT involved cycling between
potential −0.2 to 1.2 V (vs. Ag/AgCl reference electrode potential of 0.205 V stable in dilute
acidic solution) for 500 cycles in a 0.1 M HClO4 solution saturated by high purity (99.9995%)
nitrogen with a scan rate of 50 mV/s. Then, the ORR mass activity of the samples was
examined in RDE configuration in an O2-saturated 0.1 M HClO4 solution at a scan rate of
5 mV s−1 with a rotation speed of 1600 rpm. The corresponding mass and specific activity
based on the RDE experiments, as well as the ECSA value after the ADT (also before the
ADT), are presented in Table 4 and Figure 11.
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Table 4. Mass and specific activity based on RDE experiments at 0. 9 V as well as ECSA values of
Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP, Pt-Pd/C, and Pt/C electrodes before and
after ADT test.

Test Electrode Mass Activity at 0. 9 V
(vs. RHE) (mA/mg metal)

Specific Activity
(mA/mg metal) ECSA ( m2Pt

gmetal )

Before ADT

Pt-Pd/S-ZrO2-GNPs 45.43 0.0466 97.32
Pt-Pd/ZrO2-GNPs 40.75 0.0431 94.51
Pt/S-ZrO2-GNPs 33.29 0.0401 83.21

Pt-Pd/C 28.67 0.0402 67.02
Pt/C 23.54 0.0342 68.83

After ADT

Pt-Pd/S-ZrO2-GNPs 17.20 0.0233 73.54
Pt-Pd/ZrO2-GNPs 14.19 0.0213 66.49
Pt/S-ZrO2-GNPs 9.03 0.0181 49.77

Pt-Pd/C 5.85 0.0189 30.83
Pt/C 3.48 0.0132 26.38
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ZrO2-GNPs, Pt-Pd/C, composite electrocatalysts, and Pt/C were evaluated from the ECSA 
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Figure 11. ECSA, mass, and specific activity based on RDE experiments at 0.9 V as well as ECSA
values of Pt-Pd/S-ZrO2-GNP, Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP, Pt-Pd/C, and Pt/C electrodes
before and after ADT test.

The catalytic activity and stability of the Pt-Pd/S-ZrO2-GNPs, Pt-Pd/ZrO2-GNPs,
Pt/S-ZrO2-GNPs, Pt-Pd/C, composite electrocatalysts, and Pt/C were evaluated from the
ECSA measurement after the ADTs and the results are presented in Figure 12a–f. With
cycling, a reduction in the HUPD peak is observed for all electrocatalysts indicating an
increase in the metal particle size. The loss of electrochemical surface area was observed
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on four catalysts during potential cycling caused by Pt dissolution and cluster formation.
It is clear from Figure 12a that the ECSA for the Pt-Pd/S-ZrO2-GNP electrode is more
significant than that of the Pt-Pd/ZrO2-GNPs, Pt/S-ZrO2-GNPs, Pt-Pd/C, and commercial
Pt/C after the CV cycling, indicating both of the sulfating metal oxide/GNPs and alloying
effects can preserve the electrocatalytic activity and stability of the composite. The ECSA
values of the Pt-Pd/S-ZrO2-GNP electrode decreased by 24% after 500 cycles, while that of
the Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP, Pt-Pd/C, and Pt/C electrodes decreased by 29, 40,
54 and 61%, respectively. The results disclosed that the Pt-Pd/S-ZrO2-GNP electrode was
more electrochemically stable than the Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-GNP, Pt-Pd/C, and
Pt/C electrodes. Another important point that can be seen from Table 4 is that although the
electrochemically active surface area of the bimetallic Pt-Pd/C electrode in the first state is
lower than the monometallic Pt/C electrode, its ECSA value is higher than that of the Pt/C
after the ADT tests, and this can be explained by the alloying effects, which prevent the
increase in ECSA losses.
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Also, the durability of each electrode was further examined by the RDE experiments
in an O2-saturated 0.1M HClO4 solution at a scan rate of 5 mV s−1 with a rotation speed
of 1600 rpm, and the results are presented in Figure 13. According to Table 4, the ORR
mass activity of Pt-Pd/S-ZrO2-GNP composite electrocatalyst after 500 cycles at 0.9 V
is 17.20 mA mg−1Pt−1, which is higher than that of the Pt-Pd/ZrO2-GNPs (14.19), Pt/S-
ZrO2-GNPs (9.03), Pt-Pd/C (5.85), and Pt/C (3.48) after the ADTs. The results confirm
once again that the Pt-Pd/S-ZrO2-GNP composite electrocatalyst has a high tolerance to
electrochemical corrosion and premiere electrocatalytic performance in ORR.
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3. Materials and Methods
3.1. Materials

Graphite powder (Gr) of 99.9999% purity was bought from Alfa Aesar, Heysham, Lan-
cashire LA3 2XY, UK. Chemical materials, including H2PtCl6·6H2O (40%), ZrOCl2·8H2O,
Na2NO3, KMnO4, H2SO4, 2-propanol, ethanol, (CH2OH)2, AgNO3, NaCL, and H2O2,
were obtained from Sigma-Aldrich, Chemie GmbH, Eschenstr. 5, Taufkirchen, Germany.
PdCl2 (59 wt.%) obtained from Scharlau chemie S.A., European Union, Pt/C (20 wt%) and
Nafion® solution (5 wt%, Dupont, Wilmington, Delaware) were purchased from Fuel Cell
Earth Company, Woburn, MA, USA. O2 (99.999%) and N2 (99.9995%) gases were provided
by Canadian Sigma Inc. 2149 Winston Park Drive, Oakville, ON L6H 6J8, Canada. Milli-Q
water was utilized during the electrodeposition and electrochemical analysis. Polishing kits
and glassy carbon (GC) electrode (d = 3 mm) were procured from Bio-Analytical System
(BASi Corporate Headquarters, 2701 Kent Avenue. West Lafayette, IN 47906, USA).

3.2. Methods
3.2.1. Synthesis of Graphene Nanoplates

To convert the pristine Gr to graphite oxide, the method of Hummer and Offenman
was modified under a usual oxidation synthesis method [108]. In a container containing
90 mL of concentrated sulfuric acid (95%), 1 g of NaNO3 and 2 g of graphite were added to
an ice bath. Gradually, 6 g KMnO4 was added and the mixture was agitated at 30 ± 5 ◦C
for around 10 h. To the contents, 300 mL of deionized (DI) water was added and then
(after about 30 min) diluted with 500 mL DI water. An amount of 5% H2O2 was added
dropwise to the solution until the brown slurry turned yellow. The mixture was filtered,
and the residue was dispersed in DI water through an ultrasonic system. By performing
several centrifugation processes at 11,000 rpm for 25 min, the residue was washed out with
1:30 hydrochloric acid dilution and water to a pH value of 7. The filtrate was then dried
in a vacuum furnace at 80 ◦C for 20 h. To generate graphene nanoplates, the resultant
was dispersed in DI water and exfoliated through sonication via a welding horn. After
decanting the mixture into a flask, NH2NH2. H2O (hydrazine monohydrate) was added as
a reducing agent to the brown GO nanosheet dispersion. The solution was then refluxed at
about 100 ◦C for 3 h which caused the color to repeatedly change into dark black due to
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the advent of the GNP dispersal floating on the surface of the solution. A small amount
of the precipitate was removed through centrifugation for 10 min at 3500 rpm. The GNPs’
dispersion supernatants were directly dried in a vacuum oven to obtain the bulk of the
graphene nanoplate powder.

3.2.2. Synthesis of S-ZrO2-GNP Support

For synthesizing S-ZrO2-GNP nanocomposite, GNPs, ZrCl2 · 8H2O, H2SO4, and NH3
were used as the beginning material, sulfating agent, and precipitating agent. The blend
was adjusted to a pH of 10 by regularly dripping 28% ammonia solution into zirconium
oxychloride octahydrate solution (0.20 M) with proper amounts of GNPs and agitated for
36 h. The obtained ZrO2 · nH2O sol was washed with double distilled water by a centrifuge
until chloride ions were not noticed by 0.1 N AgNO3, dried at 130 ◦C for 6 h, and powdered.
The ZrO2 · 8H2O and GNP admixture was added to 0.50 M H2SO4 with strong stirring for
25 min, filtrated, and dried at 120 ◦C. Following that, the resulting powder was calcinated
at 600 ◦C under airflow for 40 min, and the obtained support was regarded as S-ZrO2-GNPs.
For comparison, the ZrO2-GNP powder was also prepared in the same way except that the
sulfation step was not performed.

3.2.3. Electrodeposition of Pt-Pd Nanoparticles on the S-ZrO2-GNP-Contained
Glassy Carbon

A two-electrode cell was used to carry out the galvanostatic pulse co-electrodeposition
of Pt-Pd. To begin, 10 mg of S-ZrO2-graphene powder was mixed with 1000 µL of iso-
propanol solution and sonicated for 30 min to create a soft slurry. Next, 10 µL of the slurry
was micro-pipetted onto the top of the glassy carbon electrode and dried at 30 ◦C. The
experiment used an S-ZrO2/graphene ink on glassy carbon as a cathode and Pt wire as an
anode electrode. The electrodeposition process was carried out in a plating cell containing
a solution of 4 mM H2PtCl6 · 6H2O + 4 mM PdCl2 dissolved in 0.5 M NaCl [109]. The pH
of the solution was brought to 2.8 by adding HCl and NaOH. A peak current density of
300 mAcm−2 was applied with an on/off time of 10/100 ms, resulting in a duty cycle of
10% for the studied electrode. The solution was gently stirred during electrodeposition
to pass new metal ions to the cathode and remove any gas bubbles produced. A total of
4 mM concentration of Pt and Pd metal precursors were calculated to reach 20% of the
electrocatalyst value based on the theoretical assumption, and the step of applying the
S-ZrO2/graphene slurry to the working electrode before electrodeposition was repeated to
reach the support weight of 80% and was controlled by weighing. Before the Pt-Pd elec-
trodeposition, the active surface of the glassy carbon containing sulfated-zirconia-doped
graphene nanoplates was impregnated with a solution of 0.05% Nafion in ethanol. Since
the S-ZrO2 nanocrystals act as a proton conductor in the catalyst layer, only a small amount
of Nafion ionomer was required in the catalyst layer composition of the electrodes in com-
parison to the preparation of the conventional Pt/C electrodes. After the electrodeposition,
the electrode was instantly taken away from the electrolyte, carefully washed with DI water,
and dried out under an IR lamp. The total amount of charge passed through the electrode
was 200 mCcm−2, corresponding to approximately 0.1 mgcm−2 of the Pt-Pd alloy catalyst
according to a formula presented in our previously published article [51]. The amount of
Pt-Pd deposited increased with an increase in charge passed. The metal deposition time,
assuming a faradic yield of 100% is approximately 36,630 ms (37 s) with toff = 100 ms and
ton = 10 ms.

The experimental methodology to synthesize the Pt-Pd/S-ZrO2-GNP electrode is
depicted in Figure 14. Also, the current(potential)–time charts of Pt-Pd/S-ZrO2-GNP elec-
trode under the electrodeposition condition at the end of the electrodeposition process and
the quantity of Pt-Pd electrodeposited on the GC surface have been shown in Figure 15a,b.
A conventional Pt/C electrode was made up by spraying a slurry of commercial 20 wt%
Pt/C nanoparticles in ink preparation way onto a GC electrode with a Pt/C loading of
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0.1 mg/cm2 and an optimal Nafion load of 0.28 mg/cm2 according to the formula below
which was introduced in ref. [110].

Nafion
(

mg cm−2
)
∼= 56

LPt

PPt
(15)

where LPt is the platinum loading
(
mg cm−2) and PPt the weight percentage of the metal

supported on carbon (Pt/C).
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3.2.4. Characterization and Analysis

The Pt-Pd/S-ZrO2-GNPs were analyzed using an Equinox 3000 spectrometer (IENL
France, Head Quarters, INEL, Paris, France). The analysis employed Cu Kα λ = 0.15406 nm
radiation yielded at 40 kV and 30 mA with a resolution of≤0.1◦. The AFM (model Nanosurf
Easyscan2, Nanosurf AG, Gräubernstrasse 12, 4410 Liestal, Switzerland) was used in
contact mode to study the physical structure of graphene nanosheets. A field emission
scanning electron microscopy (FESEM) depiction and EDX spectroscopy joined with SEM
MAG100.00kx with a silicon detector were performed at 15 kV. The particle morphology
and size of Pt-Pd nanoparticles deposited on the support are characterized by transition elec-
tron microscopy (TEM, EM208, 1−−100 kV, Philips, Eindhoven, The Neterlands). The
FTIR spectra of GO, ZrO2/GNPs, and S-ZrO2-GNP composites were obtained using a
WQF-510A/520 FTIR spectrometer (No.160 Beiqing Road, Haidian District, Beijing 100095,
China). The Pt-Pd electrodeposition and electrochemical measurements as well as the
ORR experiments were conducted on a conventional 2- and 3-electrode cell using Ivium-
stat potentiostat/galvanostat (Vertex, De Zaale 11, 5612 AJ Eindhoven, The Netherlands),
respectively. A Pt foil was used as a counter electrode, Ag/AgCl saturated KCl as the
reference electrode, and a glassy carbon disk as the working electrode. Due to safety
considerations in the laboratory, instead of the Pt/H2/H+ standard dynamic hydrogen
electrode, the most popular Ag/AgCl/Cl− reference electrode was used to record data
in an acidic solution of 0.1 M HClO4. Before use, the electrode surface was polished via
alumina suspension with successively reduced particle sizes between 1 and 0.05 µm on
polishing mats. The electrode was then ultrasonicated in C2H5OH and DI water for 15 min
to eliminate contamination.

4. Conclusions

The corrosion of carbon supports and the need for more durable materials have led
to the exploration of alloy- and ceramic-based support materials for Pt catalysts. Non-
precious metal oxides are promising options due to their resistance to corrosion in severe
fuel cell environments. However, their low surface area and electric conductivity prevent
them from being used as primary support materials. In this paper, Pt-Pd/S-ZrO2-GNP
nanocomposite electrode was prepared and compared with Pt-Pd/ZrO2-GNP, Pt/S-ZrO2-
GNP, Pt-Pd/C, and Pt/C electrodes in terms of the electrochemical activity and durability
for ORR using CV, RDE, polarization curves (Tafel plots) and EIS in acidic solutions. All
the results showed that the Pt-Pd/S-ZrO2/GNPs gave a higher catalytic activity and
durability for ORR. The Pt-Pd/ZrO2-GNP electrode had a higher electrochemical surface
area with a positive shift peak potential for ORR than other studied electrodes. The ECSA
of the Pt-Pd/S-ZrO2/GNPs was 97.32 m2/gPt, which was higher than that of the Pt-
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Pd/ZrO2-GNPs, Pt/S-ZrO2-GNPs, Pt-Pd/C, and Pt/C with values of 94.51, 83.21, 67.02,
and 68.83 m2/gPt, respectively. Furthermore, the mass activity of the Pt-Pd/S-ZrO2/GNPs
for ORR at 0. 9 V versus RHE was 45.43 mA mg−1Pt−1, which was 1.92 times higher than
commercial Pt/C (23.54 mA mg−1Pt−1) based on RDE experiments. The electrocatalyst also
demonstrated high activity for ORR cathode operation after 500 cycles of durability testing.
The electrochemical surface area of the Pt-Pd/S-ZrO2/GNP electrode remained at 76% of
its initial value. The charge transfer resistance of the Pt-Pd/S-ZrO2/GNPs was smaller
than that of the Pt-Pd/ZrO2-GNPs, Pt/S-ZrO2-GNPs, Pt-Pd/C, and Pt/C, indicating an
increase in reaction kinetics. The enhanced mass activity and durability of the Pt-Pd/S-
ZrO2/GNPs could be attributed to the synergistic effect between Pt-Pd alloy NPs, oxygen
vacancy-rich ZrO2 NPs, sulfation effect, and high conductive GNPs. The function of each
component in the Pt-based electrocatalyst was analyzed to determine their impact on
electrochemical surface area, electron, and proton conductivity. It was suggested that a
collaborative effect exists between metal oxides (ZrO2), deposited Pt-Pd NPs, and GNP
sublayer, which improves the electron transfer rate. In addition, another effect related to the
attractive feature of the S-ZrO2/GNP composite increases electron and proton conductivity.
Based on the results of this paper, the Pt-Pd/S-ZrO2-GNPs can be selected as one of the
best electrodes with excellent ORR for PEMFC application. The application of sulfated
metals, i.e., S-ZrO2 as a Co-catalyst of Pt-Pd, seems to be a promising oxygen reduction
cathode catalyst.
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Abstract: Tribocatalysis is an emerging advanced oxidation process that utilizes the triboelectric
effect, based on friction between dissimilar materials to produce charges that can initiate various
catalytic reactions. In this study, pure and rare-earth-modified ZnO powders (La2O3, Eu2O3, 2 mol %)
were demonstrated as efficient tribocatalysts for the removal of the tetracycline antibiotic doxycycline
(DC). While the pure ZnO samples achieved 49% DC removal within 24 h at a stirring rate of 100 rpm,
the addition of Eu2O3 increased the removal efficiency to 67%, and La2O3-modified ZnO powder ex-
hibited the highest removal efficiency, reaching 80% at the same stirring rate. Additionally, increasing
the stirring rate to 300 and 500 rpm led to 100% DC removal in the ZnO/La case within 18 h, with the
pronounced effect of the stirring rate confirming the tribocatalytic effect. All tribocatalysts exhibited
excellent recycling properties, with less than a 3% loss of activity over three cycles. Furthermore, a
scavenger assay confirmed the importance of superoxide radical generation for the overall reaction
rate. The results of this investigation indicate that the rare-earth-modified ZnO tribocatalysts can
effectively utilize mechanical energy to decompose pollutants in contaminated water.

Keywords: tribocatalysis; zinc oxide powder; rare earths; doxycycline; water remediation

1. Introduction

The major environmental hazard worldwide and a significant contributor to the decline
in human health is wastewater, due to its complex composition and slow degradation
rate [1–3]. Degrading organic substances in sewage using widely available environmental
energy sources, such as solar, thermal, and mechanical energy, is a promising strategy for
environmental remediation [4–7]. Among these, photocatalysts can absorb solar energy,
one of the cleanest and most renewable energy sources, to initiate various photocatalytic
reactions, including the reduction of carbon dioxide and water splitting for hydrogen
production [8,9]. Photocatalysis can also be employed to remediate polluted wastewater
under UV or visible light irradiation for the degradation of organic pollutants. However,
photocatalysis technology has limited practical applications due to the high recombination
rate of photo-excited carriers and challenges in transmitting light through optically opaque
environments.

A new avenue to energy-catalyzed organic pollutant removal is pyroelectric catalysis,
where heat energy is used for charge generation. However, most pyroelectric catalysts
require a high rate of temperature change to efficiently convert thermal energy into chemical
energy, and meeting the excitation conditions of thermal catalysis in aqueous environments
is challenging [10]. Therefore, developing a novel catalytic approach to address current
environmental pollution issues is imperative.
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This leads to the possibility of utilizing mechanical energy for catalytic conversion. In
this context, the tribocatalytic effect has attracted significant interest due to its repeatability
and environmentally friendly nature [11–13]. Tribocatalysis is based on the triboelectric
effect, where triboelectric charges are generated when two materials come into contact
through friction [14–16]. A promising method to reduce environmental pollution is to use
the positive and negative triboelectric charges produced during friction to react with oxygen
and hydroxyl ions in water, respectively, for reactive species generation which may in turn
be employed to decompose hazardous dyes in effluents from the textile industry [17,18].
For the first time, Li et al. reported that tribocatalytic Ba0.75Sr0.25TiO3 nanoparticles could
effectively break down organic dyes in a liquid environment [19]. These nanoparticles
absorb frictional energy between glass and PTFE surfaces, breaking down dye molecules
through electron–hole pair activation and subsequent redox chemical reactions. Zhao
et al. [20] employed ZnO nanorods and PTFE magnetic bar stirring to degrade Rhodamine
B (RB) dye; at a rotation speed of 1000 rpm, the RB dye decomposition efficiency reached
99.8% within 60 h. Thus, utilizing the frictional effect of nanomaterials to degrade dyes has
emerged as a novel concept; however, the degradation of drugs by ZnO-based tribocatalysts
has not been widely studied. Only two publications, by Sun et al. [21] and Li et al. [22], have
demonstrated the tribodegradation of tetracycline using alternative materials—FeOOH
nanorods and pyrite-based tribocatalysts, respectively.

In this study, ZnO was chosen due to its remarkable semiconductor properties, high
chemical stability, environmental friendliness, and piezoelectric properties, which are key
for the fabrication of efficient tribocatalysts. Pure and La- or Eu-modified ZnO powders
were prepared to examine their tribocatalytic efficiency in decomposing doxycycline (DC),
motivated by the expectation that rare-earth elements, known to enhance piezoelectric
properties, would improve the triboelectric efficiency of the ZnO catalyst. We demonstrate
that doping with rare-earth ions and increasing the magnetic stirring speed enhances
degradation activity, confirming that the degradation of DC is driven by mechanical
energy. This finding aligns with our previous work, where we showed that rare-earth
doping improves the photocatalytic efficiency of ZnO by suppressing the recombination of
photogenerated electrons and holes [23].

2. Results and Discussion
2.1. Structural and Morphological Characterization of the Pure and Rare-Earth-Modified ZnO
Tribocatalysts

The microstructure and morphology of the ZnO samples modified with Eu and La
rare-earth (RE) ions were examined in detail using scanning electron microscopy (SEM).
The SEM images (Figure 1) reveal that the ZnO nanocomposites consist of particles with
different shapes and sizes. An analysis of the SEM images shows an average particle
diameter of 0.7 ± 0.1 µm for pristine ZnO, which remains consistent in the ZnO/Eu sample
(0.7 ± 0.2 µm) and increases slightly to 0.8 ± 0.2 µm in the ZnO/La case. Despite the
incorporation of Eu2O3 and La2O3 in the ZnO/Eu and ZnO/La case, respectively, the
low treatment temperature (100 ◦C) preserved the morphology of the samples, with no
significant effect observed based on the type of rare-earth element.

The Brunauer–Emmett–Teller (BET) surface area analysis revealed that all the RE-
modified samples exhibited a higher surface area than pure ZnO (10.3 ± 1.6 m2/g). Notably,
the ZnO/La powder displayed the largest surface area (32.3 ± 1.8 m2/g), suggesting the
potential for higher tribocatalytic activity compared to ZnO/Eu (30.3 ± 1.7 m2/g).

Energy-dispersive X-ray spectroscopy (EDS) confirmed the presence of Zn, O, and
rare-earth elements in the modified ZnO powders (Figure 2). Peaks corresponding to zinc,
oxygen, and the respective rare-earth elements were observed. The RE elements’ weight
percentage was approximately 3 wt. % in all cases (Table 1). The absence of impurity peaks
in the EDS spectrum indicates the high purity of the starting ZnO material. Europium and
lanthanum were homogeneously distributed across the ZnO surface, as evidenced by the
mapping data in Figure 2c.
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Figure 1. SEM micrographs of (a) pure ZnO; (b) Eu-modified ZnO; and (c) La-modified ZnO powder.
Insets show the particle size distribution obtained from the respective micrographs.
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Figure 2. EDS spectra of ZnO powders modified with different rare-earth ions (2 mol %): (a) Eu;
(b) La; (c) mapping surface data for rare-earth-modified samples.
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Table 1. EDS values of ZnO/RE powders.

Sample Powders C Norm. [wt. %] C Atom. [at. %] C Error, [%]

ZnO/Eu
O 41.66 O 64.90 O 4.9
Zn 45.84 Zn 34.26 Zn 1.6
Eu 3.25 Eu 0.84 Eu 0.1

ZnO/La
O 42.45 O 61.81 O 4.4
Zn 54.28 Zn 36.45 Zn 1.5
La 3.27 La 1.74 La 0.2

Transmission electron microscopy (TEM) further revealed the morphology and posi-
tioning of the RE-oxide phase on the ZnO surface, with the resulting micrographs presented
in Figure 3.
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Figure 3. TEM micrographs of (a) pure ZnO, (b,d) ZnO/Eu, and (c,e) ZnO/La powders.

The TEM images confirmed that the tribocatalysts consist of polycrystalline agglomer-
ates several hundred nanometers in diameter, consistent with SEM observations. The ZnO
phase is decorated by the respective Eu2O3 and La2O3 co-catalyst RE-oxide phases, which
appear as surface-bound particles approximately 10 nm in diameter in higher magnification
images (Figure 3c,d).

The chemical state of the RE-modified ZnO tribocatalysts was investigated via X-ray
photoelectron spectroscopy (XPS). Figure 4a shows the Zn 2p region of the XPS spectrum,
where a peak with a binding energy (BE) of 1021.7 eV and another band at 1045 eV
correspond to Zn 2p1/2 and Zn 2p3/2 in ZnO.
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Figure 4. XPS spectra of ZnO and RE-modified ZnO powders showing (a) the Zn 2p region in pure
ZnO; (b) the O 1s region in pure ZnO; (c) the Zn 2p region in ZnO/Eu; (d) the O 1s region in ZnO/Eu;
(e) the Eu 3d region in ZnO/Eu3+; (f) the Zn 2p region in ZnO/La; (g) the O 1s region in ZnO/La;
and (h) the La 3d region in ZnO/La.

The O 1s region (Figure 4b) shows a doublet at 530.3 eV and 531.6 eV, corresponding to
extraneous and lattice oxygen in wurtzite ZnO [24]. No significant changes were observed
in the Zn 2p and O 1s XPS spectra for ZnO/Eu (Figure 4c,d) and ZnO/La (Figure 4f,g).
In the ZnO/Eu case (Figure 4e), a peak around 1135 eV BE corresponds to the Eu 3d5/2
level, indicating oxygen-coordinated Eu3+ [25]. For the ZnO/La sample, the La 3d region
(Figure 4h) shows a doublet at 835.2 eV with a satellite at ~838 eV BE, consistent with the
presence of La3+ [26].

XPS analysis revealed an RE concentration of 5.52 at. % for ZnO/La, suggesting
uniform coverage of the ZnO particles with the dopant. However, for the ZnO/Eu case,
only 0.24 at. % was detected via XPS, which is inconsistent with the EDX results. This
discrepancy suggests that ZnO particles accumulate around the Eu2O3 oxide, masking it in
the surface-sensitive XPS analysis.

Powder X-ray diffraction (XRD) patterns of the pure and RE-modified ZnO powders
after annealing at 100 ◦C are shown in Figure 5. The crystalline phase of pure ZnO is
hexagonal wurtzite, evidenced by intense diffraction peaks at 2θ = 31.94◦, 34.67◦, 36.51◦,
48.23◦, 56.84◦, 63.22◦, 67.53◦, and 68.18◦. These peaks correspond to the lattice planes (100),
(002), (101), (102), (110), (103), (112), and (201), respectively [27]. The peak positions align
with JCPDS Card No. 36-1451. No impurities or phase modifications were observed in the
crystalline structure, and the XRD patterns of both pure and RE-modified ZnO samples
show strong, sharp peaks, indicating a high degree of crystallinity [28]. The RE3+ phase
is uniformly distributed as tiny oxide clusters among ZnO nanoparticles, and the low
concentration of lanthanide ions (2 mol %) in the modified ZnO composite may explain the
absence of a distinct phase. Notably, the crystallite size of RE-modified ZnO is larger than
that of pure ZnO, as determined by the Scherrer equation using the main peak (101). The
crystallite size of pure ZnO is 37 nm, while the modified ZnO catalysts have crystallite sizes
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of approximately 42 nm. The increase in the crystallite size of ZnO/RE could be attributed
to bond formation between the oxides on the surface of the composite samples, which
affects the crystallite size [29,30].
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Figure 5. XRD patterns of (a) ZnO/Eu and (b) ZnO/La powders, with main reflections denoted,
according to JCPDS 36-1451 (wurtzite ZnO), JCPDS 43-1008 (Eu2O3), and JCPDS 83-1355 (La2O3).

The XRD data show no discernible change in crystal size with the addition of lan-
thanide ions (2 mol %). Except for a minor increase in the average crystallite size after
modification, the crystalline lattice parameters remain largely unchanged (Table 2). The cal-
culated lattice parameters closely resemble those of ZnO, indicating that powders modified
with rare-earth elements maintain their hexagonal wurtzite structure. A positive value for
tensile strain is observed when the microstrain of the samples is calculated using the c-axis
lattice parameter. The tensile strain is slightly reduced in modified powders compared to
ZnO.

Table 2. Crystallite size and lattice parameters of pure and RE-modified ZnO powders.

Sample Powders Crystallite Size, nm Parameters of the
Crystalline Lattice, Å Microstrains, a.u.

ZnO 37 a, b: 3.2531
c: 5.2057 6 × 10−4

ZnO/Eu 41 a, b: 3.2516
c: 5.1535 4 × 10−4

ZnO/La 42 a, b: 3.2504
c: 5.1524 4 × 10−4

Raman spectroscopy further confirmed the phase composition of the ZnO materials,
with the spectra depicted in Figure 6. In all cases, the most intensive Raman bands were
observed at 331, 439, and 1154 cm−1, corresponding to ZnO’s E2(high −)–E2(low) mode,
the E2(high) mode, and the 2A1(low) + 2E2(low) broad band, respectively [31]. These data
are consistent with wurtzite ZnO and do not suggest any major modifications of the main
tribocatalyst component due to functionalization.

130



Molecules 2024, 29, 3913Molecules 2024, 29, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 6. Raman spectra of pristine ZnO, ZnO/Eu, and ZnO/La powders. 

2.2. Tribocatalysis for Decomposition of Doxycycline—Effect of Rare-Earth Elements 

The tribocatalytic efficiency of pure and rare-earth-modified ZnO powders was 

evaluated for the degradation of a tetracycline antibiotic, doxycycline (DC), under dark 

conditions. Magnetic stirring facilitated the tribocatalytic process, and the drug concen-

tration was consistently maintained at 15 mg/L in all experiments. UV/Vis spectroscopy 

was employed to monitor the degradation of DC by tracking the absorption maxima at 

275 nm. To determine how the different rare-earth elements affect ZnO’s activity during 

the tribocatalytic process, spectral changes in the degradation of DC were examined. 

Figure 7 presents the UV/Vis spectra for DC degradation using pure ZnO, ZnO/Eu, and 

ZnO/La, respectively. 

 

Figure 7. Spectral data for the tribodegradation of DC for (a) pristine ZnO; (b) Eu-modified ZnO; 

and (c) La-modified ZnO. 

Figure 8a displays the tribodegradation results (at 300 rpm), highlighting that 

ZnO/La powder exhibits the fastest degradation rate, achieving 92.5% degradation after 

24 h of friction. In contrast, a control experiment without a tribocatalyst showed negligi-

ble degradation (~4%), underscoring the importance of the catalyst in the friction process. 

The catalytic efficiencies follow the order ZnO/La > ZnO/Eu > ZnO. The higher efficiency 

of ZnO/La is likely due to its increased specific surface area, which promotes better sep-

aration of tribogenerated electron–hole pairs and enhances carrier participation in redox 

reactions, along with providing an increased number of active sites for DC adsorption 

[32]. The reaction rate constants, as shown in Figure 8b, were determined by ln(C t/C0) = 

−kt pseudo-first order kinetics, typically used to describe photo- and tribocatalytic re-

Figure 6. Raman spectra of pristine ZnO, ZnO/Eu, and ZnO/La powders.

2.2. Tribocatalysis for Decomposition of Doxycycline—Effect of Rare-Earth Elements

The tribocatalytic efficiency of pure and rare-earth-modified ZnO powders was evalu-
ated for the degradation of a tetracycline antibiotic, doxycycline (DC), under dark condi-
tions. Magnetic stirring facilitated the tribocatalytic process, and the drug concentration
was consistently maintained at 15 mg/L in all experiments. UV/Vis spectroscopy was
employed to monitor the degradation of DC by tracking the absorption maxima at 275 nm.
To determine how the different rare-earth elements affect ZnO’s activity during the tri-
bocatalytic process, spectral changes in the degradation of DC were examined. Figure 7
presents the UV/Vis spectra for DC degradation using pure ZnO, ZnO/Eu, and ZnO/La,
respectively.
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Figure 7. Spectral data for the tribodegradation of DC for (a) pristine ZnO; (b) Eu-modified ZnO; and
(c) La-modified ZnO.

Figure 8a displays the tribodegradation results (at 300 rpm), highlighting that ZnO/La
powder exhibits the fastest degradation rate, achieving 92.5% degradation after 24 h of
friction. In contrast, a control experiment without a tribocatalyst showed negligible degrada-
tion (~4%), underscoring the importance of the catalyst in the friction process. The catalytic
efficiencies follow the order ZnO/La > ZnO/Eu > ZnO. The higher efficiency of ZnO/La is
likely due to its increased specific surface area, which promotes better separation of tribo-
generated electron–hole pairs and enhances carrier participation in redox reactions, along
with providing an increased number of active sites for DC adsorption [32]. The reaction rate
constants, as shown in Figure 8b, were determined by ln(Ct/C0) = −kt pseudo-first order
kinetics, typically used to describe photo- and tribocatalytic removal [20] and to further
confirm this trend, with ZnO/La exhibiting the highest rate constant (k = 0.1015 h−1).
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in RE-modified ZnO: (i) How does the rare-earth ion energy level relate to the host 

Figure 8. (a) Stirring degradation of DC solution using ZnO and ZnO modified with different
rare-earth elements (2 mol%) under magnetic stirring conditions (300 rpm); (b) kinetic fitting.

2.3. Tribocatalysis for Decomposition of Doxycycline—Plausible Mechanism

The mechanism of tribocatalysis is still being explored, but two primary pathways
have been proposed [33]: (i) electron transfer from the tribocatalyst to the PTFE bar; and (ii)
excitation of electron–hole pairs due to ZnO deformation, similar to photocatalysis [34].
Figure 9 illustrates a schematic representation of tribocatalysis by ZnO and ZnO/RE
composites.
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Figure 9. Plausible mechanism of the tribocatalysis degradation of DC by ZnO and ZnO/RE powders
by analogy to [33,34].

During rotational friction stirring, the interaction between the PTFE bar and tribocat-
alyst powders generates positive and negative charges through electron extraction onto
the PTFE surface. PTFE absorbs electrons from the ZnO and ZnO/RE surfaces and, addi-
tionally, electron–holes are generated in the semiconductor chemical reactions caused with
the DC molecule. Electrons represent excited e−, and holes represent the formed h+ that
results from ZnO absorbing mechanical energy during friction; similarly, heterogeneous
photocatalysis in which organic pollutants are broken down by photoexcitation of ZnO
electron–hole pairs is comparable to frictional contact-induced catalysis [35,36]. During
the decomposition of the drug, the oxygen molecules react with the tribogenerated elec-
trons on the PTFE surface, and superoxide radicals are formed, while the holes remaining
on the ZnO surface may interact with OH− and be transformed into OH•, with both
tribogenerated radicals effectively attacking the DC molecule.

Two fundamental questions must be addressed to comprehend the energy transfer
in RE-modified ZnO: (i) How does the rare-earth ion energy level relate to the host tri-
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bocatalyst’s valence and conduction bands? (ii) How do the locations of rare-earth ion
energy levels impact the processes of charge migration and trapping?

Duffy’s oxide model [37] is thus used to calculate the energy band gaps of ZnO and RE
ions as a function of their optical electronegativity: Eg = 3.71 × ∆χ, where ∆χ is the optical
electronegativity of the binary oxide, which is 3.15 for ZnO, 2.54 for Eu2O3 and 2.5 for La2O3.
The calculated band gap values are discovered to increase in the following order: Eg[ZnO]
= 3.3 eV < Eg[ZnO/Eu] = 4.3 eV < Eg[ZnO/La] = 5.5 eV. To confirm this expectation, UV/Vis
diffuse reflectance spectra were obtained for the pure ZnO and ZnO/RE composites, and
then converted using the Kubelka–Munk approach: F(R) = (1-R)-2/2R, where F(R) is the
Kubelka–Munk (K-M) function, which can be approximated functionally to an absorption
coefficient, i.e., F(R)∝α, and used directly to obtain the optical bandgap (Eg) of the powders
via Tauc analysis. As ZnO is a direct bandgap semiconductor, Eg can be obtained as
the cross-section of the functional dependence (F(R)hυ)2 vs. hυ, where hυ is the energy
corresponding to the wavelength at which the reflectance value of the obtained F(R) was
measured. Figure 10 depicts the resulting Tauc plots for ZnO and the three ZnO/RE
composites.
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As shown in Figure 10, the experimentally observed optical bandgaps closely follow
the expected arrangement, predicted by Duffy’s model: Eg[ZnO] < Eg[ZnO/Eu] < Eg[ZnO/La];
however, only a modest difference of 0.05 eV is observed across the ZnO and ZnO/La case.
It should be noted, however, that in the model case, a binary oxide is assumed, while as
seen by the TEM evidence in Figure 3, a heterostructure between ZnO and RE oxide is
formed; hence, the optical absorption will be governed mainly by the ZnO semiconductor.
As the most active tribocatalyst, namely ZnO/La, also exhibits the highest bandgap, it
could be suggested that the main contribution to its enhanced activity is expected to be
the improved triboelectric charge separation between the ZnO and the RE oxide phase
and the formation of a heterojunction between the two dissimilar semiconductors, which
has been demonstrated as an effective strategy for improved tribocatalytic activity in the
literature [38]. Additionally, the RE ion’s 4f-shell can take electrons from or transfer them
to the energy bands of a compound through the RE3+/RE2+ or RE4+/RE3+ valence change,
in which, as illustrated in Figure 9, the La and Eu ions in ZnO composite catalysts could
contribute to electron trapping and transfer.

Apart from the enhanced activity of the La and Eu modification potentially attributed
to electron–hole separation, the generation of O2

•− and OH• radicals is among the main
mechanisms in tribocatalysis [18,38]. The highest efficiency is seen in the La-modified ZnO
sample, which can be guessed as possibly being due to the higher number of oxygen vacan-
cies in this instance (caused by the differing charge and electronegativity of lanthanum and
zinc ions) and the stronger hydroxyl ion adsorption onto the ZnO surface [39]. The reaction
between the hole and OH− promotes the formation of OH•. Degradation of the organic
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pollutant at the surface of La-modified ZnO can thus be linked to the tribogeneration of
the extremely potent non-selective oxidants OH• [40]. Since the added RE energy levels in
the case of Eu-modified ZnO are near but below the energy of the ZnO conduction band,
the reaction of the tribogenerated electron and O2 molecules favors the formation of O2

•−

radicals.
Introducing the RE oxide phase into ZnO creates distinct energy levels and potentially

suppresses tribogenerated charge recombination, further boosting catalytic efficiency. The
RE phase helps to trap electrons, prevent electron–hole recombination, and produce more
superoxide and hydroxyl radicals, all of which contribute to pollutant degradation.

To confirm the involvement of hydroxyl and superoxide radicals, a radical scavenger
assay was performed using ascorbic acid (AA) and isopropyl alcohol (IPA) as scavengers
for superoxide (O2

•−) and hydroxyl (OH•), respectively [41,42].
Figure 11 shows that three tribocatalyst systems responded similarly to the addition of

AA and IPA scavengers. The results show that superoxide radicals have a more significant
impact on the DC tribodegradation rate in all three tribocatalyst systems, as evidenced by
the pronounced inhibition with AA.
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Figure 11. Effect of scavengers on DC degradation in tribocatalysis process using (a) pure,
(b) europium, and (c) lanthanum-modified ZnO powder.

2.4. Tribocatalysis for Decomposition of Doxycycline—Effect of Magnetic Stirring and Catalyst
Recycling

The impact of varying rotational speeds on the tribocatalytic breakdown of doxycycline
(DC) using pure and RE-modified ZnO powders was studied at different speeds: 100, 300,
and 500 rpm, and as illustrated in Figure 12 there is a concomitant increase in DC removal
with stirring speed. The pure ZnO sample exhibited degradation efficiencies of 49.2%,
66.7%, and 80.4% at 100, 300, and 500 rpm respectively.
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Figure 12. (a) Degradation of DC at different rotation speeds using pure and RE-modified ZnO com-
posites; (b,c) ln(C/Co) vs. plot showing the rate of drug decomposition in tribocatalysis experiments
by semiconductors stirred at 100 and 500 rpm.

The ZnO/La sample demonstrated the highest catalytic performance, achieving 100%
drug degradation in less than 20 h at a rotation speed of 500 rpm, outperforming the other
modified samples (Figure 12a). In all cases, the tribocatalytic activity followed the order
of ZnO/La > ZnO/Eu > ZnO and the increased rotation speed enhanced the rate of drug
decomposition (Figure 12b,c).

Table 3 presents the rate constants and percentages of DC decomposition after the first
tribocatalytic cycle. The data support the conclusion that rare-earth elements enhance the
tribocatalytic process, allowing for effective drug degradation even in the absence of light.

Table 3. The values of rate constants and percent of DC decomposition using the tribocatalytic
process after the first cycle.

Sample Powders 100 rpm 300 rpm 500 rpm
k, h−1 D, % k, h−1 D, % k, h−1 D, %

ZnO 0.0296 49 0.0483 67 0.0725 80

ZnO/Eu 0.0464 68 0.0609 75 0.1003 91

ZnO/La 0.0747 83 0.1015 93 0.2603 100

Figure 13 shows the results of a study on the recyclability of ZnO, Eu/ZnO, and
La/ZnO powders over three consecutive cycles. The catalytic properties of the powders
declined slightly with each cycle, with the tribocatalytic degradation of DC decreasing by
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approximately 3% for each type of catalyst after three cycles in distilled water. Despite
this decrease, the hydrothermal powders demonstrated good cycling stability for DC
decomposition. Notably, the ZnO/La nanostructures maintained the highest degree of
tribocatalytic activity across all cycles, confirming their potential for repeated use in DC
degradation. These findings indicate that while the tribocatalytic efficiency of the powders
decreases slightly with repeated use, the ZnO/La composite remains the most effective
and stable catalyst over multiple cycles.
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Figure 13. Tribocatalytic degradation rate of DC for three consecutive cycles using ZnO (a), Eu/ZnO
(b), and La/ZnO (c) powders at different rotation speeds.

3. Materials and Methods
3.1. Reagents and Preparation of RE-Modified ZnO Powders

Zinc oxide commercial powder (>99.0%), La2O3 (>99.0%), Eu2O3 (>99.0%), and abso-
lute C2H5OH were obtained from Fluka, Burlington, MA, USA).

Doxycycline (C22H24N2O8, λmax = 275 nm, Teva, Sofia, Bulgaria) was selected for
the tribocatalytic experiments as the modal pollutant because of its widespread use in
real-world settings.

A straightforward and environmentally friendly hydrothermal process was used to
create three series of ZnO/RE composite powders. In a glass vessel, the appropriate
amounts of commercial ZnO powder and La2O3 (2 mol %) were combined, and ethanol
was added as a mixing medium to create La-modified tribocatalysts. The materials were
combined for ten minutes, sonicated for thirty more minutes, and then dried for one hour
at 100 ◦C to produce the ZnO/La powders needed for tribocatalytic testing. The remaining
catalyst (Eu) was prepared under the same ideal conditions, with a concentration of 2 mol%
of RE ions.

3.2. Instrumental Methods

The surface morphology of pure ZnO and ZnO modified by RE was examined us-
ing SEM (JSM-5510, Krefeld, Germany) operating at 10 kV of acceleration voltage. For
elemental analysis or chemical characterization of the samples, energy-dispersive X-ray
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spectroscopy (EDXdetector: Quantax 200, Bruker Resolution 126 eV, Berlin, Germany)
was employed. Transmission electron microscopy was performed on a JEOL JEM-2100
(JEOL Ltd., Tokyo, Japan), operating at 200 kV. Based on Brunauer–Emmett–Teller (BET) N2
absorption (Quantachrome Instruments NOVA 1200e, Boyton Beac, FL, USA), the surface
area of pure and RE/ZnO composite powders was estimated. The samples were degassed
at 150 ◦C for four hours before N2 adsorption for the BET analysis. XRD (Siemens D500
with Cu Kα radiation, Karlsruhe, Germany) was used to analyze the crystallinity and phase
composition of the catalysts. Scherrer’s equation was used to estimate the average crys-
tallite sizes. X-ray photoelectron measurements were performed using the ESCAAB MkII
electron spectrometer (VG Scientific, now Thermo Scientific, Manchester, UK) equipped
with a twin anode MgKα/AlKα non-monochromated X-ray source that used excitation en-
ergies of 1253.6 and 1486.6 eV, respectively. The base pressure in the analysis chamber was
5 × 10−10 mbar. The only non-monochromated X-ray source used for the measurements
was AlKα. There was roughly 1 eV in the instrumental solution. SpecsLabl2 CasaXPS soft-
ware (2.3.25PR1) was used to analyze the data. Shirley-type background and X-ray satellite
subtraction were used in the processing of the measured spectrum. Using a symmetric
Gaussian–Lorentzian curve fitting, the peak positions and areas were assessed. Raman
spectrometry was carried on a ThunderOptics Eddu TO-ERS-532 spectrometer, Montpellier,
France), equipped with a 532 nm laser source and a 20× microscope objective lens. UV/Vis
spectra were obtained on an Evolution 300 Thermo Scientific spectrophotometer (Madison,
WI, USA), equipped with a DRA-EV-300 Diffuse Reflectance Accessory.

3.3. Tribocatalytic Experiments and Radical Assay

The tribocatalytic experiments were carried out with 50 mL DC solution prepared
with distilled water in a 100 mL glass beaker, equipped with a magnetic stirrer. The
tribocatalytic reaction was conducted at constant room temperature (23 ± 2 ◦C) in the
dark. The initial concentration of DC was 15 ppm. In total, 50 mg catalyst (pure or RE-
modified ZnO) was added to a glass reactor containing DC solution and the suspension was
magnetically stirred using a PTFE-coated magnetic bar (ø 8 mm, L = 35 mm). To attain the
adsorption equilibrium between the doxycycline solution and tribocatalysts, the resultant
mixture was soaked for 30 min without any magnetic stirring. After that, the reactor was
turned on, initially rotating at a constant speed of 300 rpm. At regular intervals, aliquot
samples of 2 mL of the reaction solution were taken. The tribocatalyst was then centrifuged
at 6000 rpm. UV–Vis spectra of aliquots from the reaction media were recorded in the
range of 200–450 nm. The peak at maximal drug absorption was at 275 nm (absorbance
decreased as a function of stirring time for each catalyst). At this wavelength, not only
was the degradation of doxycycline observed but also its degradation products (phenolic
compounds) [43,44]. This method was similar to all other decomposition performance tests,
except for differences in the type of catalyst (pure and ZnO/RE powders) and magnetic
stirring conditions (100 and 500 rpm).

The following formula was used to estimate the drug tribodegradation degree (D%):

Decomposition% =
C
C0

× 100% (1)

where C0 is the initial concentration of doxycycline and C is the concentration (absorbance)
of drug at time = t (min) [18,22].

Additionally, blank experiments without catalysts were carried out—there was no sign
of any removal of the tetracycline antibiotic under PTFE stirring without a tribocatalyst.

The reactive species causing the degradation of the DC were investigated using a
scavenger test. Isopropyl alcohol (IPA) and ascorbic acid (AA) were used as scavengers
to absorb superoxide and hydroxyl radicals, respectively. To identify the specific reactive
species that underwent tribocatalysis-induced degradation of the organic dye (50 mL),
6 mM of each scavenger was used separately.
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4. Conclusions

In this study, the tetracycline antibiotic doxycycline (DC) was successfully degraded
using magnetic stirring in the dark, facilitated by three types of ZnO powders modified
with rare-earth elements (Eu3+ and La3+). Among these, the ZnO/La composite, which
exhibited the highest specific surface area, demonstrated the most effective degradation.
The degradation rate significantly increased with higher stirring speeds, emphasizing
the role of mechanical energy in the process. The results reveal that mechanical energy
absorbed during friction effectively excites the electrons and holes in ZnO and ZnO/RE
composites, leading to efficient drug breakdown. This tribocatalytic effect represents a
promising, eco-friendly pathway for harnessing mechanical energy from the environment
to address pollution. By enabling drug degradation through tribocatalysis, this method
opens new possibilities for controlling environmental contamination.
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Abstract: The recycling and recovery of value-added secondary raw materials such as spent Zn/C
batteries is crucial to reduce the environmental impact of wastes and to achieve cost-effective and
sustainable processing technologies. The aim of this work is to fabricate reduced graphene oxide
(rGO)-based sorbents with a desulfurization capability using recycled graphite from spent Zn/C
batteries as raw material. Recycled graphite was obtained from a black mass recovered from the
dismantling of spent batteries by a hydrometallurgical process. Graphene oxide (GO) obtained
by the Tour’s method was comparable to that obtained from pure graphite. rGO-based sorbents
were prepared by doping obtained GO with NiO and ZnO precursors by a hydrothermal route
with a final annealing step. Recycled graphite along with the obtained GO, intermediate (rGO-
NiO-ZnO) and final composites (rGO-NiO-ZnO-400) were characterized by Wavelength Dispersive
X-ray Fluorescence (WDXRF) and X-ray diffraction (XRD) that corroborated the removal of metal
impurities from the starting material as well as the presence of NiO- and ZnO-doped reduced
graphene oxide. The performance of the prepared composites was evaluated by sulfidation tests
under different conditions. The results revealed that the proposed rGO-NiO-ZnO composite present
a desulfurization capability similar to that of commercial sorbents which constitutes a competitive
alternative to syngas cleaning.

Keywords: Zn/C battery waste; reduced graphene oxide; rGO-based composites; desulfurization;
syngas cleaning; sustainability

1. Introduction

The global production and demand for graphite has increased in recent years, largely
because of the use of graphite for producing batteries of electric vehicles. In 2022, the
global consumption of graphite reached 3.8 million tons, compared to 3.6 million tons in
2021 [1]. Actually, mining continues to be the main source of graphite with 1.6 million tons
in 2023 [2]. It is essential to preserve carbonaceous natural resources by the application of
sustainable approaches for graphite production whilst reducing the environmental impact.
According to the principles of a circular economy, recycling graphite from devices where it
is present may contribute to the key challenge for achieving the objective of closed-loop
system materials and sustainability [3].

Cathodes from Zn/C batteries are made of graphite carbon. The recycling process is
based on a hydrometallurgical process in a preliminary step of the dismantling of batteries
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followed by acidic leaching [4]. This yields a black mass consisting of a mixture of graphite
and metallic oxides. In spite of the presence of metallic impurities, recovered graphite can
be used as a precursor to prepare high-added-value products such as graphene-related
materials and graphene-based composites [5–7].

Graphene is a 2D material that has recently received an enormous amount of attention
due to their exceptional physicochemical properties. It is constituted of a single-atom-thick
layer of conjugated sp2 carbon atoms arranged in a honeycomb structure. The top-down
approach based on chemical exfoliation constitutes the most standardized method to
synthesize graphene-related materials, such as graphene oxide (GO) or reduced graphene
oxide (rGO) [8,9]. Among its strengths is its versatility, scalability and tunability in terms
of the surface area, size and functionality while its weaknesses lie in the presence of defects
and remaining functional groups due to the incomplete reduction of oxygen groups [10].
To date, chemical exfoliation represents the most suitable route to produce large amounts of
graphene at a reasonable cost from graphite oxide [11]. Graphene oxide (GO) is synthesized
from graphite under strong oxidative conditions and subsequent exfoliation. Afterwards,
GO may be converted to reduced graphene oxide (rGO) by a reduction process where the
oxygen-containing groups are partially removed.

rGO presents characteristics that make it an ideal support to prepare hybrid sorbents.
Among them, the most crucial in order to prepare rGO-based composites are the high
surface-to-volume ratio, owing to its 2D nature, its porous structure as well as its remaining
oxygenated groups, which act as anchoring sites to active groups, and the presence of
vacancies that serve as a trap for incoming atoms and nanoclusters [12]. This allows the
possibility of incorporating a wide variety of groups that determine the functionality of the
resulting composites. Potential applications of rGO-based sorbents include the retention
and removal of pollutants and energy storage [13–17]. In a recent study, the suitability
of rGO-NiO-ZnO-based sorbents for hydrogen sulfide removal from syngas has been
demonstrated [18].

Gasification is a thermochemical process that under sub-stoichiometric oxygen con-
verts biomass or waste into a gaseous chemical energy carrier, known as synthesis gas,
which can be used to produce bioenergy or further transformed into a variety of gaseous
and liquids fuels such as hydrogen, synthetic natural gas (SNG), jet fuels, or chemicals, e.g.,
methanol or dimethyl ether (DME) [19].

One issue of concern is the presence of sulfur species in the raw syngas since all the
above transformation processes rely on the use of catalysts, which are extremely sensitive to
deactivation by sulfur compounds. Zinc oxide-based sorbents have been demonstrated to
achieve gas desulfurization targets. In addition to that, sulfur removal with such sorbents
can be nicely coupled with thermochemical biofuel catalytic production given that they
work in similar temperature windows. Their main drawback is their cost. There is a clear
need for the development of cheaper materials and their synthesis from recovered materials
is a good way [20].

In the recent literature, there have been several works based on the use of recycled
graphite from spent Zn/C batteries to synthesize graphene-related materials [21]. Compos-
ite materials have been used as a support to energy applications such as supercapacitors [22]
or to fuel hydrogen production [6]. However, to the best of our knowledge, no prior studies
have considered the preparation of rGO-based sorbent for the removal of sulfur pollutants
from renewable fuels produced by catalytic processes.

In this work, the synthesis of cost-effective and efficient rGO-based sorbents with a
gas desulfurization capability is proposed. The black mass recovered from exhausted Zn/C
battery rods is leveraged as a low-cost and sustainable graphite source to be used as a
precursor of graphene oxides. Previous studies from Zn/C batteries are typically based on
the use of strong leaching conditions that generate waste with difficult management [5].
In the proposed work, a previously assessed process to recovery the metals from Zn/C
batteries, allowing the production of Zn/Mn oxides with varying stoichiometry for various
applications [23], has been performed. This method results in a carbonaceous insoluble
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residue, which is suitable for its use as a raw material to obtain carbon-based materials.
Furthermore, the use of this solid residue allows the achievement of a fully sustainable zero-
waste process. Further functionalization with Ni and Zn reagents allows the obtainment of
rGO-NiO-ZnO composites. The developed composites have been evaluated as sorbents to
remove hydrogen sulfide and compared to other commercially available sorbents. rGO-
based sorbents from recycled graphite may contribute to the circular economy by the
valorization of wastes that are typically scrapped.

2. Results

Starting from graphite previously expanded by treatment with sulfuric acid and
hydrogen peroxide, functionalized reduced graphene oxides have been synthesized, as
described in Section 3.3. The synthesized materials as well as the starting materials have
been chemically and structurally characterized to confirm the presence, in each case, of the
desired material with both the catalytic activity (ZnO and NiO) and support capacity (rGO).

The synthesized materials have been named as set out in Table 1 below:

Table 1. Denomination of the materials involved in this work.

Denomination Type of Material Treatment

GRERV21-MX-SA Recycled graphite Recycled graphite from batteries
treated with sulfuric acid

GO-17 Graphene oxide
Graphene oxide obtained using the

Tour method and
ultrasonic exfoliation

rGO-NiO-ZnO
Reduced graphene oxide
functionalized with NiO

and ZnO

Hydrothermally reduced graphene
oxide, pre-functionalized with NiO

and ZnO

rGO-NiO-ZnO-400
NiO and ZnO functionalized
reduced graphene oxide with

calcination at 400 ◦C.

Graphene oxide reduced by
hydrothermal reduction,

pre-functionalized with NiO and ZnO
and subsequently subjected to 400 ◦C

2.1. Chemical Characterization of the Materials

All the materials were analyzed using the X-ray fluorescence (XRF) technique, which
allows the direct analysis of the solid. The analysis was carried out using helium gas as
a medium and introducing the samples directly into a specific sample holder for pow-
der samples.

The elemental characterization performed by the Wavelength Dispersive X-ray Flu-
orescence (WDXRF) technique is able to determine the elements present in the sample
between oxygen and uranium and in concentrations ranging from a percentage (%) to parts
per million (mg/kg). The semi-quantitative method used in the analysis, developed by
Malvern Panalytical, allows the rapid analysis of the elements in the sample. The results
of the analyses carried out on the materials involved in this work are shown in Table 2,
expressed as a %.

All samples show moderate-to-high C concentrations (Table 2). The GRERV21-MX-SA
sample, recycled graphite, shows the highest percentage (63%). As the oxygenated groups
have been introduced between the graphite sheets upon oxidation, to obtain the graphite
oxide, GO-17 sample, as expected, the concentration of carbon in the GO samples decreases
to around 40%. These C concentrations are significantly lower than those observed in GO
samples obtained by the Tour method from high-purity natural graphite [24,25]. This means
that the oxidation process takes place in a higher extent resulting in a more oxidized product
with a greater abundance of oxygen groups. In the functionalized reduced-graphene oxide
material, the rGO-NiO-ZnO sample, the C concentration has been considerably reduced,
as expected [26]. This result corroborates the tendency of rGO-NiO-ZnO to recover the
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original graphite structure. On the other hand, high concentrations of the elements Ni and
Zn are observed, corresponding to 5 and 37%, respectively, demonstrating the successful
introduction of Ni and Zn into the structure of the rGO material. These two metal oxides
are the active species for hydrogen sulfide removal at an intermediate temperature. In
the thermal reductions of graphene oxides, a violent process of CO and CO2 emission
occurs [27] which causes part of the oxygen along with part of the C to be removed as
a gas. This effect along with the introduction of a large proportion of Zn and Ni phases
produces an important reduction of the C concentration in the rGO-NiO-ZnO-400 sample.
The removal of carbon and oxygen in the form of CO and CO2 results in a pre-concentration
of the elements Ni and Zn, whose concentrations correspond to 6.2 and 47%, respectively,
which are comparable to those observed for composites synthesized from natural graphite
in the same experimental conditions [18]. However, the C percentage in the composite
(rGO-NiO-ZnO-400) is significantly lower than that obtained from natural graphite (3.9%
vs. 11.0%). The reason might be the presence of remaining unreduced oxygen groups
probably because of the great abundance of oxygen groups in the GO which results in a
lesser degree of reduction.

Table 2. Results of the chemical characterization (%) carried out by WDXRF on the materials involved
in this work. (-) means the absence of the element.

Element (%) GRERV21-MX-SA GO-17 rGO-NiO-ZnO rGO-NiO-ZnO-400

C 63 39 8.5 3.9

Zn 0.080 - 37 47

Ni - - 5.0 6.2

Mn 9.6 0.31 - -

Ba 1.3 1.2 0.16 0.22

Al 0.14 0.080 0.029 0.039

Br 0.037 0.020 - -

Ca 0.0095 0.0041 - -

Ce - - 0.07 0.12

Cl 0.94 0.31 - 0.022

Fe 0.46 0.020 0.011 0.016

K 0.15 0.15 - -

La 0.054 0.032 - -

P 0.017 0.055 0.0087 0.0089

Pb 0.041 0.043 - -

S 0.66 1.8 0.18 0.26

Si 0.53 0.28 0.091 0.11

Ti 0.20 0.090 0.055 0.062

The results presented in Table 2 show that in the GRERV21-MX-SA sample, the most
abundant element after C is Mn (9.6%), an element coming from the cathode of Zn/C
batteries. A high concentration of Ba is also observed, corresponding to 1.3%. However,
in the GO-17 sample, all the elements, with the exception of C, are in a low concentration,
below 2%. The most abundant element after C is found to be S, which may be partly due
to the oxidation process. Ba, with a concentration of 1.2% in the GO-17 sample, presents
a concentration equivalent to that in the starting graphite (GRERV21-MX-SA). The rest
of the elements, except C, Ni and Zn, appearing in the rGO samples are in a very low
concentration, including Ba. This means that the oxidation process applied to the sample
is able to remove the major elements present in the original sample with the exception
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of barium. The concentration of this element strongly decreases in the rGO samples as a
consequence of thermal annealing.

2.2. Structural and Textural Characterization of the Materials

To determine the crystalline structures present in the materials, X-ray diffraction (XRD)
was performed. Table 3 shows the crystalline phases found in the synthesized materials.

Table 3. The crystalline phases found in the synthesized materials.

Material Compounds

GRERV21-MX-SA C, BaSO4, SiO2

GO-17 BaKxSO4

rGO-NiO-ZnO ZnO, Zn4(CO3)(OH)6H2O, Zn5(OH)6(CO3)2, ZnSO4, 3Zn(OH)2

rGO-NiO-ZnO-400 ZnO, Ni0.7Zn0.3

As can be seen in Table 3, the starting sample (GRERV21-MX-SA) is mainly composed
of graphite (Figure 1), with a main peak around 26◦ (2θ). BaSO4, a rather insoluble
compound, and SiO2 phases are also identified. Figure 1 shows that in the GO-17 sample,
a main peak can be seen at approximately 10◦ (2θ) corresponding to graphene oxide [28].
This result corroborates the complete transformation of graphite to graphene oxide, with
the disappearance of the peak around 26◦ (2θ). This peak is quite broad, with a width at
mid-height corresponding to 1.71◦ (2θ) and a low intensity, which indicates that adequate
oxidation and exfoliation of the graphite has occurred [28], corroborating the data obtained
by the WDXRF technique. In addition, a BaKxSO4 phase similar to the one found in the
GRERV21-MX-SA sample appears, since it has not been possible to remove the Ba with the
treatment employed, as it corresponds to a rather insoluble compound, which may come
from the starting graphite.
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Figure 1. XRD patterns for the synthesized materials.

The functionalization and reduction process has resulted in the sample labeled rGO-
NiO-ZnO. This sample also shows a poorly crystalline profile with low intensity peaks
(Figure 1). Furthermore, a very broad band between 20 and 30◦ (2θ) appears, corresponding
to the reduced graphene oxide (rGO) [27].

The crystalline phases found in rGO-NiO-ZnO correspond, in their totality, to com-
pounds with Zn (Table 3); however, from Table 2 it can be deduced that also 5% Ni has been
introduced in the sample during the hydrothermal treatment. Ni when is introduced into
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graphene structures gives rise to amorphous structures (probably nickel oxyhydroxides),
which could be anchored via covalent bonds to the graphene sheets [26]. The presence of
these partially oxidized phases is typically from composites derived from hydrothermal
routes and it has been previously observed in similar structures [18,29]. The crystalline
Zn compounds that have been identified in this sample (Table 3) correspond to zinc ox-
ide as well as other compounds such as oxyhydroxides formed during the hydrothermal
process [30] that are the ultimate precursors of zinc oxide.

The analysis of the rGO-NiO-ZnO-400 material is shown in Figure 1. The profile of
this material is more crystalline with more defined peaks. The phases found (Table 3)
correspond to Zn (ZnO) and Ni (Ni0.7Zn0.3O) oxides, although the latter is doped with a
small proportion of Zn. This corroborates the results obtained in the WDXRF analysis and
demonstrates the effectiveness of the annealing treatment at 400 ◦C to effectively complete
the oxidation of oxyhydroxide’s intermediate phases into ZnO and NiO.

Textural characterization was carried out by assessing the specific surface area (SSA),
applying the physical adsorption of nitrogen (N2) at 196 ◦C, and the results were calculated
according to the Brunauer–Emmett–Teller (BET) method. Also, the pore volume was
calculated by applying t-plot methodology.

This textural characterization has been applied on the rGO-NiO-ZnO-400 sample as
this is the sample used in the proposed application. This sample has a specific surface
area (SSA) of 46.48 m2·g−1 and t-Plot micropore volume of 0.003385 cm3·g−1, which is
similar to that obtained with the same treatment on pure graphite [18]. In a previous work,
J. M. Sánchez-Hervas et al. synthesized several materials similar to ZnO-NiO-400 from
pure graphite. In particular, the so-called rGO (5) (Zn-Ni-rGO) had the same synthesis
as rGO-ZnO-NiO-400. In this case, the SSA corresponded to 46.42 m2·g−1 and a t-Plot
micropore volume of 0.0028 cm3·g−1.

The BET and t-Plot measurements show the rGO specific surface area and micropore
volume data, which are comparable to those measured in rGO obtained from non-recycled
graphite precursors.

2.3. Sulfidation Tests

The reduced graphene rGO-NiO-ZnO-400 sample has been studied as a desulfuriza-
tion sorbent.

The H2S removal ability of the same type of sorbents synthetized from pure graphite
was demonstrated in a previous study [18]. The reactive adsorption of H2S on rGO/metal
hydroxides occurs via acid–base reactions. Through this mechanism, H2S is effectively
retained on the surface of the adsorbent by the direct replacement of OH groups and the
acid–base reaction with the metal (hydr)oxides, resulting in the formation of sulfites and
sulfates. In this work, the performance of the rGO-NiO-ZnO-400 sorbent in three different
atmospheres is presented. Firstly, a simplified atmosphere with 0.9% (v/v) in nitrogen is
used to compare the performance of this sorbent with the ones studied in our previous
research. Then, two different syngas compositions representative of biomass gasification
processes were employed.

To compare the performance of the new sorbent with those previously evaluated, the
same conditions were studied, namely: 400 ◦C of temperature, 10 bar of pressure and a gas
space velocity of 3500 h−1 with a gas stream containing 9000 ppmv of H2S/N2.

The gas’ hourly space velocity, GHSV, is the ratio of the volumetric gas-flow-rate in
normal conditions to the bulk sorbent volume loaded into the reactor. The selected values
for the desulfurization operating conditions were set in accordance with previous studies
published by the authors [31].

The performance of the sorbents has been evaluated by the S loading capacity and ac-
tual breakthrough times compared to the theoretical values. To determine these theoretical
values, two sulfidation reactions were considered:

ZnO +H2S→ ZnS + H2O (1)
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NiO +H2S→ NiS + H2O (2)

The theoretical S load capacity (S0) is, therefore, calculated following the equation:

S0(%) =

(
%ZnO

MWZnO
+

%NiO

MWNiO

)
·MWS (3)

And the theoretical sorption time, t0, when complete sulfidation is achieved, was
calculated as the ratio between the theoretical amounts of S that each material can adsorb
(g) based on its composition and the S mass flow rate used in each experiment (g/min).
This procedure assumes that S is totally retained by the sorbent and no S escapes in the
gas outlet.

t0(min) =

(
S0(%)·Msorb (g)

MWS · P ·QH2S
R ·T

)
(4)

where Msorb is the mass of sorbent used for desulfurization, MW is the molecular weight
of S, P is the absolute pressure in sulfidation conditions, QH2S is the volumetric gas flow
rate of H2S in the process conditions, R is the universal gas constant and T is the absolute
temperature in sulfidation conditions. The sulfidation breakthrough point was set at
0.01% (v/v).

Dimensionless breakthrough curves and the utilization yield for two sample sorbents
obtained from pure graphite (rGO(5)) and from recycled graphite as well as commercial sor-
bents (Z-Sorb IIITM) are depicted in Figures 2 and 3. As can be observed, the sorbent from
recycled graphite shows a lower desulfurization capacity than the sorbents obtained from
pure graphite at the same experimental conditions. This is expected since the lesser reduc-
tion observed in rGO from recycled graphite with respect to the same rGO obtained from
pure graphite should result in a lower degree of recovery of the characteristic π-conjugated
structure and, therefore, a lower electron mobility [32,33]. However, the desulfurization
capacity remains at the levels of the commercial sorbent, Z-Sorb IIITM, indicating the
suitability of the proposed sorbents for desulfurization applications.
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As many gasifiers operate at atmospheric pressure and because of the difficulties
of compressing a dirty syngas, the performance of the rGO-NiO-ZnO-400 sorbent was
evaluated at 1 bar in a simplified atmosphere with 0.9% (v/v) in nitrogen.

The breakthrough curves for both operating pressures are shown in Figure 4. A closer
value to the theoretical time is achieved at atmospheric pressure. Unlike the commercial
sorbent which exhibits a better performance at high pressure values (2MPa) [34], the
desulfurization capacity of the rGO-NiO-ZnO sorbent increases from 17.8% to 24.1% when
the pressure decreases from 10 bar to 1 bar. This result is clearly advantageous since it
means that in the case of the commercial application of this technology, there would be no
need for gas compression upstream to the desulfurization reactor.
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Figure 4. Dimensionless sulfidation breakthrough curves at different pressures.

Since better results were obtained when a lower pressure was applied, it was decided
to study the sorbent performance with synthetic syngas mixtures at 1 bar. The operating
conditions, including the atmosphere composition, of the three different types of experiment
carried out to determine the desulfurization capacity of the sample are summarized in
Table 4.
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Table 4. Experimental conditions.

N◦ 1 2 3

Reactor temperature (◦C) 400 400 400

Pressure (bar) 1 1 1

Gas hourly space velocity GHSV (h−1) 3500 3500 3500

Sufidation gas composition (% v/v)
H2S 0.9 0.3 0.3
N2 99.1 39.8 33.0
H2 - 26.1 22.7
CO - 13.6 24.9
CO2 - 7.4 8.5
CH4 - 2.8 0.6
H2O - 10 10

Table 5 summarizes the results obtained. The actual S loading capacity and the
breakthrough times determined in the experiment (in test 2) were close to the theoretical
ones. Therefore, the utilization of the sorbent at a breakthrough time provides a very high
value (efficiency).

Table 5. Summary of experimental results and comparison of desulfurization performance.

N◦ 1 2 3

Theoretical Sulfur load capacity S0 (%) 26.4 26.4 26.4

Real Sulfur load capacity St (%) 24.1 27.1 22.8

Theoretical sorption time, t0 (min) 466 1389 1200

Breakthrough time (min) 414 1385 1008

Efficiency (St/S0) (%) 91 102 86

Regarding the syngas composition, some components of the gas can interfere with sor-
bent sulfidation. Many examples of CO2 interference can be found in the literature [35–39]
as well as CO, CH4 and H2O [35,40–43]. In this work, different composition of CO, CO2
and CH4 were used while the water content was kept constant.

By analyzing the effect of the gas atmosphere, no significant differences were observed
between the sorbent performances in tests under nitrogen and syngas atmospheres. Under
a full syngas atmosphere, the sorbent did not lose its S retention capacity very significantly,
which means that there is no strong competitive adsorption of or deactivation by any of the
syngas components and, therefore, it does not interfere in the desulfurization process.

The mixture with a low quantity of CO and CO2 and higher CH4 (test N◦2: 13.6%, 7.4%
and 2.8%, respectively) exhibited a good sorbent performance. However, when a syngas
composition with a higher content of CO and CO2 and lower CH4 (test N◦3: 24.9%, 8.5%
and 0.6%) was used, a slight decrease in the S loading capacity was observed. The S loading
capacity decreased from 27% to 23%. This can be attributed to the reducing power of the
gas for the second mixture which was a little bit higher. The reducing power is expressed
as the ratio of reducing compounds in the syngas (sum of H2 + CO + CH4) to oxidized
compounds (CO2 + H2O). For the syngas mixture, denoted as number 2, the reducing
power is 2.44, whereas for the syngas mixture, number 3, it is 2.6. Moreover, in a previous
study [34], the authors also observed that for rich CO syngas, the Boudouard reaction, CO
disproportionation, occurred under a specific gas velocity, leading to a poor desulfurization
performance. Coking due to methane cracking would also decrease the S removal capacity
due to hindering access to zinc oxide and nickel oxide desulfurization sites.

Figure 5 shows the sorbent’s dimensionless breakthrough curves of rGO-NiO-ZnO-400
for the three gas mixtures. As can be seen, there is almost no H2S in the exit stream prior to
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the breakthrough point, which is then followed by a sharp increase in the hydrogen sulfide
concentration in the reactor outlet.
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2.4. Regeneration and Ciclability of Sorbents

The capability of the sorbent was tested under the three atmospheres evaluated in
order to have a preliminary insight on its performance over repeated sulfidation and
regeneration cycles. To that aim, first, in a nitrogen atmosphere, three sulfidation and
regeneration cycles were performed. Regeneration was carried out using a mixture of
nitrogen with 2% of oxygen at 550 ◦C. These conditions were maintained until no SO2 was
detected in the outlet stream and then another subsequent sulfidation test was conducted.
Then, the same number of cycles was undertaken for the syngas mixture atmospheres.

In Figure 6a–c, breakthrough curves are presented. A slow decrease in the sulfur
retention capacity can be observed when nitrogen and the mixture with a low quantity of
CO and CO2 and higher CH4 (13.6%, 7.4% and 2.8%, respectively) are used. On the other
hand, when the mixture with a higher CO and CO2 and lower CH4 content (24.9%, 8.5%
and 0.6%) was used, no significant difference was observed in the sorbent’s performance.
Despite this negligible reduction in the sulfur retention capacity for the first syngas mix-
ture, the efficiency of the sorbent remained high enough (see Table 6) to allow its use in
several cycles.

Table 6. Summary of cyclability experimental results.

N◦ Test Type 1 2 3

Cycle n◦ 1 2 3 1 2 3 1 2 3

Theoretical Sulfur load capacity S0 (%) 26.4 26.4 26.4

Real Sulfur load capacity St (%) 24.1 23.7 22.8 27.1 24 24 22.8 23.1 23.7

Theoretical sorption time, t0 (min) 466 1389 1200

Breakthrough time (min) 414 406 392 1385 1232 1230 1008 1021 1048

Efficiency (St/S0) (%) 91 90 86 102 91 91 86 87 90
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Figure 6. Cyclability of sorbent, (a–c) present breakthrough curves.

3. Materials and Methods
3.1. Chemicals

All reagents used for graphene oxide and rGO-NiO-ZnO synthesis were of analytical
reagent grade, mostly supplied by Fisher Scientific (Hampton, NH, USA). Ultrapure water
(resistivity ≥ 18.2 MΩ·cm) from a Milli-Q system (Millipore Bedford, Bedford, MA, USA)
was used throughout.

3.2. Apparatus and Instruments

Equipment used for the synthesis of graphene oxide and rGO-NiO-ZnO composites
includes a thermostatic bath with heating control (Huber KISS225B, Offenburg, Germany),
a rod stirrer (Selecta SE-100, Barcelona, Spain), a vacuum freeze-dryer (LaboGene Coolsafe
Touch 1110-4, Allerød, Denmark), a high-capacity floor centrifuge (Gyrozen 1736R, Daejeon,
Republic of Korea), an ultrasonic probe (Fisherbrand model 505, Pittsburgh, PA, USA),
an automatic mill (Bosch TSM6A011W, Stuttgart, Germany), a magnetic stirrer (Selecta
Multimatic 9N, Barcelona Spain), 250 mL PTFE lined autoclave reactors, a vacuum drying
oven (WITEG WOV 70, Wertheim, Germany) and a gradient tube furnace (CARBOLITE
TZF 1200 ◦C, Sheffield, United Kingdom).

X-ray diffraction (XRD) measurements were carried out using a X’Pert Pro (Malvern-
Panalytical, Almelo, Netherlands) using Cu Kα radiation (λ = 1.54056 Å). The instrument
was configured with Bragg–Brentano geometry and with the operating parameters of 40 kV
and 45 mA. Diffractograms were acquired in the range 5–120◦ 2θ, with scanning steps of
0.02◦ 2θ.

Phase composition and structural analyses on the materials were obtained using
HighScore Plus 4.8 software (Malvern-Panalytical). Compound identification was carried
out using information available from the Crystallography Open Database (COD) and the
International Center for Diffraction Data (ICDD).

Chemical characterization (% and mg/kg concentrations) of all samples involved
in this study was performed employing wavelength dispersive X-ray fluorescence (XRF)
instrumentation by using an automated AXIOS Malvern-PANalytical spectrometer with a
Rh tube.
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To assess the C content of the samples, an Elemental analyzer, LECO TruSpec CHN
elemental analyzer (St. Joseph, MI, USA, was employed, which was then heated up to at
least 900 ◦C in the presence of oxygen gas. Mineral and organic compounds were oxidized
and/or volatilized to carbon dioxide, which was measured by an infrared detection method.

An ASAP 2020 analyzer (Micromeritics, Norcross, GA, USA) was employed to evaluate
the specific surface area and pore volume of graphene material.

3.3. Recovery and Treatment of Graphite from Spent Zn/C Batteries

The recycled graphite used as starting material was obtained following a procedure
described below. The recovered black mass from spent Zn/C batteries was subjected to
acidic leaching using a mixture of 250 mL of milliQ water, 250 mL of H2O2 and 500 mL
of HCl at room temperature for 1 h [44]. After that, the final mixture was filtered using a
pressure filter obtaining the carbonaceous material which will be used as a precursor. In
order to remove the possible small quantities of metals that may be present, the non-soluble
residue was subjected to acidic leaching using a sulfuric acid 2 M concentration solution
at 80 ◦C. Finally, the mixture was filtered and the obtained solid was dried to achieve the
corresponding recycled graphite material precursor.

3.4. Synthesis Methods
3.4.1. Synthesis of Graphene Oxide

Graphene oxide was synthesized following the guidelines provided in the Marcano–
Tour method [45] with slight modifications in order to manage the highly reactive graphite.
Briefly, 3 g of recycled graphite were weighed and a 9:1 mixture of concentrated H2SO4
and H3PO4 (360:40 mL) was added. In order to avoid an explosive reaction because of the
presence of remaining trace metal from the original black mass, the mixture was cooled
onto crushed ice and then 18 g of KMnO4 was slowly added in small portions, usually
four portions. The mixture was then heated to 50 ◦C using a temperature-controlled water
bath and stirred for 18 hours, turning out into a dark purple paste. Afterwards, the content
was cooled down to room temperature by adding 400 mL of ultrapure ice-water to the
mixture to stop the oxidation process. Finally, 10 mL of 30 wt.% H2O2 was added in order
to reduce residual KMnO4 to soluble MnSO4 in an acidic medium, as described in the
following reaction:

2 KMnO4 + 5 H2O2 + 3 H2SO4 → 2 MnSO4 + K2SO4 + H2O + 5 O2 (5)

After H2O2 addition, bubbling occurred and suspension turned dark yellow, which
is indicative of a high oxidation level. The obtained yellow–brown suspension was then
cooled down to room temperature overnight. After its transfer to two 400 mL centrifuge
tubes, the suspension was centrifuged at 8000 rpm for 1h and the supernatants removed.
The obtained graphite oxide was washed repeatedly with 250 mL 1M HCl and ultrapure
water until the pH of the supernatant achieved 3.5–4. The final sample was placed in a
Petri dish to be deep-frozen at −80 ◦C for 48 h and subsequently freeze-dried under high
vacuum. Finally, the obtained graphite oxide was ground using an automatic mill.

3.4.2. Synthesis of rGO-NiO-ZnO Composites

rGO-NiO-ZnO composites were prepared according to experiment 5 from Sanchez-
Hervas et al. [18] with several modifications in order to scale up the production. In spite
of not presenting the highest adsorption capacity, the synthesis conditions were selected
as a compromising solution between a high surface area, chemical stability and easiness
to scalability. In a typical synthesis, 1 L of 5 mg/mL homogeneous aqueous dispersion of
graphite oxide was prepared from four batches of 250 mL. Then, each 250 mL dispersion
was successively sonicated in a low-power sonication bath for 1 h and with probe sonication
for 3 h, producing clear graphene oxide (GO) dispersions with no visible particulate matter.
After sonication process was complete, the four dispersions were joined and equally
distributed in five beakers and subjected to magnetic stirring. Corresponding quantities
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of Zn(NO3)2, Ni(NO3)2 and urea were successively added in small portions across 3 h
to the GO dispersions while stirring. The mass ratio of Zn(NO3)2:GO is 12.4:1 while the
mass ratio of Ni(NO3)2:GO is 2:1. The mixture was stirred for 2 more hours. The solutions
of GO and metal oxide precursors were then transferred to 250 mL PTFE-lined stainless
steel autoclaves and subjected to hydrothermal treatment at 120 ◦C for 48 h. The obtained
greyish precipitates were washed successively two times with ethanol and two times with
ultrapure water and dried at 60 ◦C under vacuum. Finally, a thermal annealing treatment
at 400 ◦C under Ar atmosphere was applied to obtain the NiO-ZnO-decorated rGO using a
gradient tube furnace.

3.5. Desulfurization Test
3.5.1. Test Rig

Desulfurization tests were carried out in a Microactivity Pro Unit. A full description
of the system can be found elsewhere [46]. The unit can work at up to 700 ◦C and 20 bar
with a maximum operating gas flow rate of 4.5 NL/min. Three mass flow controllers and
a HPLC pump (Gilson 307) produce the desired gas mixture composition. Dry gas and
water are preheated separately up to 200 ◦C in two independent loops, in which water was
vaporized and then mixed before entering the reactor. The sulfur-resistant tubular reactor
of 9.2 mm OD and 30 cm long was placed in one single-zone SS304 oven to heat up the full
gas stream to the operating temperature and controlled by a 1.5 mm thermocouple.

For the tests presented in this work, three different atmospheres were employed: one
simplified atmosphere with H2S and nitrogen and two resembling different gasification
gases. The simplified atmosphere consisted of a mixture of hydrogen sulfide (9000 ppmv)
in nitrogen and no water was fed to the system during this experiment. The gasification
gas composition selected was (1) 5% CH4, 24% CO, 13% CO2, 46% H2, 12% N2, (2) 1% CH4,
44% CO, 15% CO2 and 40% H2. For those experiments, the dry stream mimicking the
gasification gas was mixed with a stream of H2S in nitrogen to produce a final concentration
of H2S of 3000 ppmv. Gas humidity was set at 10% that which was achieved by the liquid
feeding system which feeds water, vaporizes it and mixes it with the dry gas stream before
reaching the reactor.

Gas stream compositions were measured after water removal by gas chromatography
using a CP4900 Varian gas microchromatograph equipped with two columns, a Porapack
HP-PLOT Q and a Molecular Sieve HP-PLOT and with two thermal conductivity detectors.

3.5.2. Experimental Methodology

rGO-NiO-ZnO-400 composites prepared as powder were pelletized, weighed and
sieved to 0.5–1 mm fraction to avoid excessive pressure drop in the reactor. Z-sorb III is
commercially available in pellets with 0.3 cm diameter and 0.6–0.9 cm long, with bulk
density of 0.88 g/cc, but in order to test it in the same conditions, prior to the desulfurization
experiments, Z-sorb III pellets were milled and sieved to obtain the 0.5–1 mm fraction.
Graphene sorbents had a bulk density of approx. 1.1 g/cc. During the tests, no mechanical
degradation was observed during the adsorption or regeneration tests. Briefly, 2.5 g of
this fraction was placed in the reactor and the gas and water feeding systems were set
to the desired values so that gas hourly space velocity was maintained at 3500 h−1. The
reaction system was heated to the desulfurization temperature with a continuous flow of
nitrogen through the reactor. When the desired temperature was reached, the nitrogen flow
was stopped, and switched to the sulfidation atmosphere to start the experiment. Inlet
and outlet gas composition were continuously determined by micro-GC and sulfidation
progressed until a sharp increase in H2S concentration at the reactor outlet was noticed,
which meant that the breakthrough point was achieved. At the end of each run, the used
sorbent was discharged from the reactor, weighed and characterized.
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3.5.3. Regeneration Test

Oxidative regeneration of spent rGO-NiO-ZnO-400 was applied to bring the sorbent
back to its original oxidation state. During regeneration, the following reactions took place
(Equations (6) and (7)):

NiS + 3/2 O2 → NiO + SO2 (6)

ZnS + 3/2 O2 → ZnO + SO2 (7)

Regeneration conditions were selected in accordance with previous studies [33] and
are shown in Table 7.

Table 7. Regeneration conditions.

Regeneration Conditions

Reactor temperature (◦C) 550

Pressure (bar) 1

Gas hourly space velocity GHSV (h−1) 2000

Regeneration gas composition (% v/v)
N2 98
O2 2

Sorbent regeneration is maintained until SO2 concentration in the regeneration stream
gas is not detected by microGC. At this point, the regeneration gas is switched to nitrogen
to cool down the system. When the reactor reaches 400 ◦C, a new sulfidation cycle of the
material begins again. The first set of experiments consisted of 3 sulfidations in nitrogen
during 10 cycles while sulfidation in syngas streams were performed during 3 cycles.

4. Conclusions

We have prepared a NiO- and ZnO-doped rGO composite from graphite recovered by
recycling spent Zn/C batteries.

The oxidation and reduction processes of recycled graphite are able to remove impuri-
ties from the recycled graphite, resulting in high-quality and low-cost graphene-related
materials fairly close to those synthesized from pure graphite.

The desulfurization properties of the sorbent were investigated by exposing them
to various operating conditions and atmospheres. Although there was a decrease in the
desulfurization capacity compared to the sorbent prepared from pure graphite because
a weaker reduction occurred, the proposed composite exhibited a capacity similar to the
commercially available sorbents with fairly good response times.

In conclusion, this work demonstrates that rGO-NiO-ZnO composites from recycled
graphite have a great potential as a suitable and sustainable alternative to commercial desul-
furization sorbents that encourages the development of more environmentally sustainable
technologies for the industrial scale-up process. The proposed sorbent exhibited a superior
performance at a low pressure which is clearly favorable, allowing its use without the
need of gas compression upstream to the desulfurization reactor. Furthermore, the cycling
tests showed that the rGO-NiO-ZnO sorbent shows acceptable stability with no drastic
decay in the available capacity. Further studies should focus on the improvement of the
desulfurization capacity and stability of the sorbents by exploring different experimental
conditions for the reduction of GO during the hydrothermal and annealing treatments.
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Abstract: Ethylene is a plant hormone regulator that stimulates chlorophyll loss and promotes soften-
ing and aging, resulting in a deterioration and reduction in the post-harvest life of fruit. Commercial
activated carbons have been used as ethylene scavengers during the storage and transportation of a
great variety of agricultural commodities. In this work, the effect of the incorporation of copper oxide
over activated carbons obtained from baru waste was assessed. Samples were characterized by X-ray
diffraction (XRD), N2 adsorption-desorption at −196 ◦C, field-emission scanning electron microscopy
(FESEM) coupled with energy-dispersive X-ray spectroscopy (EDS), and infrared (IR) spectroscopy.
The results showed that the amount of ethylene removed using activated carbon obtained from baru
waste and impregnated with copper oxide (1667 µg g−1) was significantly increased in comparison to
the raw activated carbon (1111 µg g−1). In addition, carbon impregnated with copper oxide exhibited
better adsorption performance at a low ethylene concentration. Activated carbons produced from
baru waste are promising candidates to be used as adsorbents in the elimination of ethylene during
the storage and transportation of agricultural commodities at a lower cost.

Keywords: activated carbon; adsorption; baru waste; ethylene; porous materials

1. Introduction

Ethylene is a natural hormone that regulates a wide variety of developmental processes
in plants and accumulates during the growth of fruit and vegetables [1]. In addition to
accelerated ripening, ethylene synthesis can promote fruit softening, senescence, and rot,
thereby reducing the post-harvest shelf-life of fruit with consequent economic losses [2,3].
Ethylene is physiologically active, even at low concentrations, measured in the range of
parts per million (ppm) to parts per billion (ppb), which can cause the rapid deterioration
of fresh agricultural commodities during transportation and storage [4].

According to the Institute for Applied Economic Research (IPEA), there is a global
challenge foreseen among the twelve Sustainable Development Goals (SDGs) to halve the
post-harvest losses and waste of fruit and vegetables by 2030. Thus, better management of
ethylene during the storage and distribution chain becomes essential. Recent studies have
reported various technologies and methods to inhibit ethylene production at the plant level
or in closed fruit storage environments. Adsorption appears as one of the most promising
processes to reduce ethylene content due to its low energy consumption, cost-effectiveness,
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and flexibility of operation [5,6]. In particular, the efficiency of the adsorption process
mainly depends on the proper selection of the adsorbent [7].

To date, the main adsorbents applied for the removal of ethylene are activated carbons,
zeolites, organic polymers, and organometallic structures, with an emphasis on activated
carbons, which are the most used adsorption material in the elimination of Volatile Organic
Compounds (VOCs) [8–10]. The advantages of using activated carbons (ACs) include their
well-developed micropore structure, large surface area, high mechanical strength, as well
as being easily regenerable materials compared to other adsorbents [10]. However, these
characteristics alone may not be sufficient to ensure better efficiency in the adsorption
process. One way to increase the adsorption selectivity of ACs toward target molecules is
to modify their chemical surface properties accordingly [11].

The chemical modification of ACs by doping with high-valent metal species has been
applied to increase adsorption selectivity toward some VOCs. First, the porous structure of
ACs physically adsorbs the selected metal, and the high valence is reduced by the chemical
surface groups of ACs [10]. Therefore, ACs loaded with magnesium, zinc, copper, and
zirconium oxides demonstrated strong adsorption of VOCs, such as acetone and toluene,
which can be explained by the acid–base interactions of VOC-metal oxide, surface functional
groups, and the polarity of the adsorbate [12]. In addition, it was reported that on the
surface of AC impregnated with copper oxide, some oxygen-containing functional groups
were covered, which led to the generation of more surface sites, where toluene adsorption
took place [13]. Another adsorption experiment demonstrated that the introduction of CuO
on activated carbon can significantly improve the adsorption performance of siloxanes
through hydrogen bonding [14].

So far, no work has sought to evaluate and explain the mechanism of ethylene ad-
sorption on activated carbon doped with CuO, a common, simple, and low-cost transition
metal oxide [15]. Since ACs can be prepared from different carbonaceous materials, such as
agro-industrial wastes, a species of Brazilian fruit known as baru (Dipteryx alata vog.) is
presented as a favorable source for the preparation of adsorbents. Baru is a fruit composed
of a thin and rough shell (epicarp), a fleshy and fibrous pulp (mesocarp), and a single
kernel that is surrounded by a woody structure (endocarp). The kernel is intended for
consumption in natural form or oil extraction, while the shell and pulp, which represent
around 95% of the fresh weight of the fruit, are generally discarded as waste, causing
environmental impacts due to their excessive release into the environment [16,17].

In this context, this study aimed to bring a new use to wasted baru biomass, mak-
ing sustainable use of baru (Dipteryx alata vog.) shells in the production of activated
carbons impregnated with CuO species for the adsorptive removal of ethylene during
the transportation and storage of agricultural commodities. The ACs were characterized
physico-chemically using different techniques. Moreover, the adsorption capacities of
the developed CA materials were determined through dynamic adsorption studies, and
the influence of the presence of moisture during the adsorption process was evaluated.
Finally, using operando transmission IR spectroscopy assays, an adsorption mechanism was
proposed to describe the surface chemical interactions that take place between ethylene
molecules and the tested ACs.

2. Results and Discussion
2.1. Characterization of the Precursor Material and the Prepared Activated Carbons

Figure 1A shows the thermogravimetric (TGA) curve and the first derivate of the TGA
curve (DTG curve) of dried baru waste. The TGA curve displays mass loss of 73% from
room temperature to 800 ◦C, which corresponds to a heat treatment yield of 27%.

The DTG curve in Figure 1A shows two main thermal degradation events; the first,
which took place in a temperature range between 200 ◦C and 250 ◦C, can be attributed to
the volatilization and/or decomposition of unsaturated triacylglycerides (oleic and linoleic
acid) present in the dry baru waste. The second event, which occurred between 350 ◦C
and 450 ◦C, may be related to the beginning of the decomposition of biomass, whose main
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components are hemicellulose, cellulose, and lignin [18,19]. The lignocellulosic fraction
found in the dry baru waste was characterized by having 24% cellulose, 18% lignin, and
12% hemicellulose. Previous studies have demonstrated that precursors with high lignin
content lead to the generation of ACs with higher preparation yields, whereas cellulose-
rich precursors result in materials with higher surface areas [20]. In general, baru waste
could be used as a precursor material for the production of porous materials due to its
significant lignocellulosic content (>54%) and low ash content.
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Figure 1. Thermogravimetric results: (A) solid line is the TGA curve and dashed line represents the 
DTG curve of baru waste, (B) TGA curves in air of baru waste, (C) TGA and (D) DTG curves of 
prepared materials: non-activated baru carbon (CB); baru activated carbon (ACB); baru activated 
carbon impregnated with copper oxide (ACB/CuO); and activated carbon in oxygen atmosphere 
(ACB/O2). 

The DTG curve in Figure 1A shows two main thermal degradation events; the first, 
which took place in a temperature range between 200 °C and 250 °C, can be attributed to 
the volatilization and/or decomposition of unsaturated triacylglycerides (oleic and 
linoleic acid) present in the dry baru waste. The second event, which occurred between 
350 °C and 450 °C, may be related to the beginning of the decomposition of biomass, 
whose main components are hemicellulose, cellulose, and lignin [18,19]. The 
lignocellulosic fraction found in the dry baru waste was characterized by having 24% 
cellulose, 18% lignin, and 12% hemicellulose. Previous studies have demonstrated that 
precursors with high lignin content lead to the generation of ACs with higher 
preparation yields, whereas cellulose- rich precursors result in materials with higher 
surface areas [20]. In general, baru waste could be used as a precursor material for the 
production of porous materials due to its significant lignocellulosic content (>54%) and 
low ash content. 

The TGA analysis in the presence of air confirms the formation of a residue 
(inorganic content) of around 1.8 wt.% (Figure 1B). TGA curves of prepared materials 
from baru waste shown in Figure 1C indicate two main stages of thermal decomposition. 
The first, between 40 °C and 100 °C, resulted from the desorption of water from the 
samples that was absorbed during the storage period. All materials, except the CB sample 
(non-activated baru carbon), exhibited a similar rate of thermal decomposition in the first 

Figure 1. Thermogravimetric results: (A) solid line is the TGA curve and dashed line represents
the DTG curve of baru waste, (B) TGA curves in air of baru waste, (C) TGA and (D) DTG curves of
prepared materials: non-activated baru carbon (CB); baru activated carbon (ACB); baru activated
carbon impregnated with copper oxide (ACB/CuO); and activated carbon in oxygen atmosphere
(ACB/O2).

The TGA analysis in the presence of air confirms the formation of a residue (inorganic
content) of around 1.8 wt.% (Figure 1B). TGA curves of prepared materials from baru
waste shown in Figure 1C indicate two main stages of thermal decomposition. The first,
between 40 ◦C and 100 ◦C, resulted from the desorption of water from the samples that was
absorbed during the storage period. All materials, except the CB sample (non-activated
baru carbon), exhibited a similar rate of thermal decomposition in the first stage. The CB
sample revealed the greatest thermal stability up to the final carbonization temperature
(1000 ◦C), with a mass loss of 13.9%, while the ACB, ACB/CuO, and ACB/O2 samples
presented losses of 33.3%, 37.5%, and 40.2%, respectively. The thermal stability of the
prepared activated carbons compared to non-activated baru carbon (CB) was significantly
reduced. The main mass loss is due to the evolution of water that occurs during the
condensation stage of phosphoric acid and to the reactions between phosphoric acid and
the lignocellulosic fraction (hemicellulose and lignin) of the biomass, which begin around
50 ◦C. Since the CB material did not undergo any activation step, it was more stable
to degradation, condensation, and dehydration reactions [21]. In the second stage of
thermal decomposition, the ACB and ACB/CuO samples revealed similar behavior as the
temperature increased from 600 ◦C to 900 ◦C. Both samples were activated with H3PO4 in
an inert atmosphere; therefore, mass losses in this temperature range can be explained by
carbon combustion and phosphoric acid volatilization [22]. Phosphoric acid interacts with
biomass to form phosphate and polyphosphate bonds that bind and cross-link polymer
fragments, decreasing the losses of volatile material during pyrolysis [23,24]. The DTG
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curves presented in Figure 1D confirm that the initial phase of thermal decomposition of
the samples is governed by the loss of moisture, in addition to the existence of another
important thermal event in the range of 750 ◦C to 900 ◦C for ACB and ACB/CuO. The
maximun intensity increases in the ACB/CuO sample, indicating that the surface functional
groups formed during chemical modification are less stable in this temperature range [25].

Figure 2a displays the X-ray diffraction patterns of porous materials. All AC samples
show an amorphous halo at 2θ = 25◦, which can be attributed to the carbon (002) plane
coming from the decomposition of complex compounds present in the baru husk, such as
carbohydrates, lipids, and proteins, indicating an amorphous structure [26,27].

Molecules 2024, 29, x FOR PEER REVIEW 4 of 17 
 

 

stage. The CB sample revealed the greatest thermal stability up to the final carbonization 
temperature (1000 °C), with a mass loss of 13.9%, while the ACB, ACB/CuO, and ACB/O2 
samples presented losses of 33.3%, 37.5%, and 40.2%, respectively. The thermal stability 
of the prepared activated carbons compared to non-activated baru carbon (CB) was 
significantly reduced. The main mass loss is due to the evolution of water that occurs 
during the condensation stage of phosphoric acid and to the reactions between 
phosphoric acid and the lignocellulosic fraction (hemicellulose and lignin) of the 
biomass, which begin around 50 °C. Since the CB material did not undergo any activation 
step, it was more stable to degradation, condensation, and dehydration reactions [21]. In 
the second stage of thermal decomposition, the ACB and ACB/CuO samples revealed 
similar behavior as the temperature increased from 600 °C to 900 °C. Both samples were 
activated with H3PO4 in an inert atmosphere; therefore, mass losses in this temperature 
range can be explained by carbon combustion and phosphoric acid volatilization [22]. 
Phosphoric acid interacts with biomass to form phosphate and polyphosphate bonds that 
bind and cross-link polymer fragments, decreasing the losses of volatile material during 
pyrolysis [23,24]. The DTG curves presented in Figure 1D confirm that the initial phase of 
thermal decomposition of the samples is governed by the loss of moisture, in addition to 
the existence of another important thermal event in the range of 750 °C to 900 °C for ACB 
and ACB/CuO. The maximun intensity increases in the ACB/CuO sample, indicating that 
the surface functional groups formed during chemical modification are less stable in this 
temperature range [25].  

Figure 2a displays the X-ray diffraction patterns of porous materials. All AC samples 
show an amorphous halo at 2θ = 25°, which can be attributed to the carbon (002) plane 
coming from the decomposition of complex compounds present in the baru husk, such as 
carbohydrates, lipids, and proteins, indicating an amorphous structure [26,27]. 

 
Figure 2. (a) X-ray diffraction patterns of non-activated baru carbon (CB); baru activated carbon 
(ACB); baru activated carbon impregnated with copper oxide (ACB/CuO); activated carbon in 
oxygen atmosphere (ACB/O2); (b) maximized image of the dashed circle illustrated in the X-ray 
diffraction pattern of baru activated carbon impregnated with copper oxide (ACB/CuO) from (a). 

In the diffractograms of ACB and CB, a second halo is observed at 2θ = 12.3°, 
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the decomposition of some organic compounds present in the precursor matrix, 
consequently contributing to the formation of a semicrystalline structure. Additionally, a 
weak peak appeared between 35° and 45°, which corresponds to the carbon (101) plane. 
Despite the fact that weak copper oxide and metallic copper planes were observed in the 
ACB/CuO sample, due to the overlap with the carbon planes, in the 2θ range of 33°–55° 
(see Figure 2b), peaks related to the presence of CuO (at 36° and 39°), as well as metallic 
copper nanoparticles (at 42.7°), were registered. For CuO, all diffraction peaks can be 
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Figure 2. (a) X-ray diffraction patterns of non-activated baru carbon (CB); baru activated carbon
(ACB); baru activated carbon impregnated with copper oxide (ACB/CuO); activated carbon in oxygen
atmosphere (ACB/O2); (b) maximized image of the dashed circle illustrated in the X-ray diffraction
pattern of baru activated carbon impregnated with copper oxide (ACB/CuO) from (a).

In the diffractograms of ACB and CB, a second halo is observed at 2θ = 12.3◦, indi-
cating that the applied carbonization process at high temperature is responsible for the
decomposition of some organic compounds present in the precursor matrix, consequently
contributing to the formation of a semicrystalline structure. Additionally, a weak peak ap-
peared between 35◦ and 45◦, which corresponds to the carbon (101) plane. Despite the fact
that weak copper oxide and metallic copper planes were observed in the ACB/CuO sample,
due to the overlap with the carbon planes, in the 2θ range of 33◦–55◦ (see Figure 2b), peaks
related to the presence of CuO (at 36◦ and 39◦), as well as metallic copper nanoparticles
(at 42.7◦), were registered. For CuO, all diffraction peaks can be indexed to the crystalline
monoclinic structure of CuO nanoparticles (JCPDS card No.: 80-1916), whereas, in the
case of Cu nanoparticles, they can be indexed to the face-centered cubic Cu (JCPDF Card
No.: 85-1326) [28]. The carbon matrix could be responsible for hiding the intensity of such
peaks [29]. Further confirmation of Cu and O elements is presented in the EDS spectra.

Textural features of carbonaceous materials were analyzed by nitrogen adsorption and
desorption at−196 ◦C, and the results are compiled in Figure 3 and Table 1. The CB material
presented a type II isotherm, and the other materials (ACB, ACB/CuO and ACB/O2)
presented type I isotherms, according to the IUPAC classification. The type I isotherm is
common in adsorption measurements and occur mainly in microporous materials; the type
II isotherm is characteristic of macroporous or low-pore-volume materials.

All adsorbents record BET surface (SBET) values between 291 and 886 m2 g−1 and a
total pore volume between 0.16 and 0.46 cm3 g−1 (see Table 1). As expected, the CB sample,
which did not undergo any activation step, presented a low surface area and a reduced pore
volume, denoting that the chemical activation process is the main factor that contributes
to the development of the microporosity and mesoporosity of the other carbons that were
activated in the same proportions of precursor material and acid agent (1:2). Moreover,
other factors, such as the synthesis temperature, the carbonization atmosphere (nitrogen or
air), and the metal oxide used in the impregnation step, were also determining factors in the
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generation of the observed pore structure. The largest BET surface area (SBET = 886 m2 g−1)
and the greatest development of porosity and micropore volume (0.37 cm3 g−1) were
obtained after chemical activation with H3PO4 (1:2) and carbonization in an N2 atmosphere
(sample ACB). In the case of sample ACB/O2, which differs from the ACB sample only
in terms of the carbonization atmosphere, it presented a greater volume of mesopores,
which indicates that carbonization in an air atmosphere was decisive in the generation
of the mesoporous structure of this material. Chatir et al. [30] indicated that atmospheric
air contributes to the formation of water-soluble phosphorus compounds on the carbon
surface, which allows for obtaining a porous and adjustable structure, depending on the
temperature used. Loading the activated carbon surface with CuO has a significant effect on
the micropore volume (0.30 cm3 g−1). Thus, compared with the activated carbon (ACB), the
total pore volume, surface area, and average width of micropores decreased. It seems that
the loaded CuO particles blocked part of the micropore structure, having less of an effect
on the mesopores. This resulted in a decrease in the observed values of specific surface area
and pore volume. The results found in the present work are comparable and even superior
to other activated carbons generated from fruit wastes. For example, activated carbons
produced from palm kernel/shell and activated in a nitrogen and air atmosphere showed
an SBET value of 457 m2 g−1 [31], while activated carbon based on lemon peel produced an
SBET value of around 500 m2 g−1 [32] and activated carbon derived from mangosteen peel
generated SBET values between 460 and 1039 m2 g−1 [33]. Regarding the applied copper
impregnation process, we also observed that the textural characteristics of the ACB/CuO
sample were similar and, in some cases, superior to other porous materials impregnated
with copper, such as natural zeolite [5] and porous boron nitride [34], as shown in Table 2.
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Figure 3. Nitrogen adsorption–desorption isotherms at −196 °C: (A) non-activated baru carbon 
(CB), (B) baru activated carbon (ACB), (C) baru activated carbon impregnated with copper oxide 
(ACB/CuO) and (D) activated carbon in oxygen atmosphere (ACB/O2). ♦ CB, ■ ACB, ▲ ACB/CuO, 
• ACB/O2 (filled symbols: adsorption; empty symbols: desorption). 
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Figure 3. Nitrogen adsorption–desorption isotherms at −196 ◦C: (A) non-activated baru carbon
(CB), (B) baru activated carbon (ACB), (C) baru activated carbon impregnated with copper oxide
(ACB/CuO) and (D) activated carbon in oxygen atmosphere (ACB/O2). � CB, � ACB, N ACB/CuO,
• ACB/O2 (filled symbols: adsorption; empty symbols: desorption).
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Table 1. Textural characteristics of adsorbent materials.

Samples SBET
[m2 g−1]

VT
[cm3 g−1]

Vmeso
[cm3 g−1]

Vmicro
[cm3 g−1]

L0
[nm] pHPZC

CB 291 0.16 0.05 0.11 4.35 6.98
ACB 886 0.46 0.09 0.37 1.72 3.81

ACB/CuO 628 0.34 0.04 0.30 1.37 3.65
ACB/O2 747 0.39 0.21 0.18 2.71 3.53

SBET = BET surface área; VT = total pore volume; Vmicro = micropore volume; Vmeso = mesopore volume;
L0 = average micropore width.

Table 2. Comparison of SBET surface areas of different copper-modified porous materials reported in
the literature.

Precursor Adsorbents SBET [m2 g−1] References

Baru activated carbon ACB/CuO 628 This work
Natural zeolite NH4Z2-Cu 351 [5]

Commercial activated carbon 10-CuO/AC-800 667 [14]
Commercial activated carbon CuO/AC08 947 [13]

Porous boron nitride BN-Cu 626 [34]

The surface charge distribution of carbonaceous materials was evaluated by deter-
mining the pH of the point of zero charge (pHPZC). The pHPZC consists of the pH value
at which the net charge densities on the surface of the material become zero [22]. The
results for this parameter indicate that pHPZC values (see Table 1) decrease with increasing
precursor/acid ratios. As the activated carbon samples ACB, ACB/CuO, and ACB/O2
underwent the same degree of activation (1:2), very close values were found for the pHPZC.
On the contrary, non-activated baru carbon (CB) (without any activation step) resulted in
a pHPZC value close to 7, indicating that at this pH value, the surface charges are neutral.
Lower pHPZC values denote that porous materials have a higher concentration of acidic
groups, such as carboxylic and phenolic groups, resulting from the dissociation of surface
oxygen complexes [35].

The porous nature and elemental characteristics of the produced carbon-based materi-
als can be clearly observed in the field-emission scanning electron microscopy (FESEM)
images obtained coupled to energy-dispersive spectroscopy (EDS) (see Figure 4), which
show the presence of microporous and mesoporous structures. EDS spectra indicate the
presence of elements, such as carbon, oxygen, calcium, sodium, and silicon. These elements
are associated with the nature of the raw material and could also be related to the applied
carbonization, activation, and washing processes. Moreover, EDS analysis demonstrates
the incorporation of copper on the activated carbon surface after the applied modification
procedure (Figure 4i).

In Figure 4a,b, microstructural analysis of non-activated baru carbon (CB) reveals its
unevenly agglomerated morphology, and the absence of porosity is confirmed. Figure 4c
shows the EDS result, which confirms the presence of elemental constituents in the
CB sample.

Figure 4d,e depict FESEM images of baru activated carbon (ACB), illustrating struc-
tural and porosity changes compared to the non-activated CB sample. They further confirm
the successful carbon activation with good pore structures. Figure 4f displays the EDS
analysis, which confirms the presence of activated carbon elements in the structures and
the associated changes in elemental composition resulting from the activation process.

Figure 4g shows FESEM images of baru activated carbon impregnated with copper
oxide (ACB/CuO), which exhibits uneven morphological structure and agglomerated CuO
nanoparticles on the surface. A magnification image in Figure 4h further confirms the
deposition of copper oxide (CuO) nanosheets on the ACB surface. An inserted image
reconfirms the CuO morphology. The marked circle confirms the porosity and morphology
of CuO nanosheets, showcasing the distribution of copper oxide nanoparticles over the
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activated carbon matrix. Figure 4i presents the EDS analysis, which reveals the elemental
composition of carbon and copper within the produced material, providing information on
the impregnation process and the resulting composite structure.
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Figure 4. Field-emission scanning electron microscopy coupled to energy-dispersive spectroscopy of
(a–c) non-activated baru carbon (CB), (d–f) baru activated carbon (ACB), (g–i) baru activated carbon
impregnated with copper oxide (ACB/CuO), (j–l) activated carbon in oxygen atmosphere (ACB/O2).

In Figure 4j,k, FESEM images of activated carbon in an oxygen atmosphere (ACB/O2)
reveal the morphological changes induced by the exposure to oxygen. Figure 4l depicts
the EDS analysis, which reveals the elemental composition of the activated carbon due to
oxidative processes.

In Figure 5, the elemental mapping analysis corresponds to the FESEM image of baru
activated carbon impregnated with copper oxide (ACB/CuO). Elemental mapping analysis
provides valuable information on the distribution and composition of different elements
within this material. Elemental mapping reveals the spatial distribution of key elements,
including carbon (C), oxygen (O), and copper (Cu), across the surface of the ACB/CuO
sample. This analysis allows us to visualize the dispersion of copper oxide nanoparticles
within the activated carbon matrix and evaluate the uniformity of the impregnation process.
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Notably, the elemental mapping highlights regions of high copper concentration, indicating
the successful impregnation of copper oxide onto the activated carbon substrate.
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characterized by IR spectroscopy using ATR, and the results are given in Figure 6. The 
characteristic IR vibrations of lignocellulosic compounds are registered at approximately 
3442 cm−1, attributed to O-H of phenolic hydroxyl groups [36]. As can be seen from the 
spectra, the introduction of CuO into the ACB/CuO sample does not significantly change 

Figure 5. Elemental mapping analysis corresponding to the FESEM image of baru activated carbon
impregnated with copper oxide (ACB/CuO).

The surface chemistry of non-activated and activated baru carbon samples was charac-
terized by IR spectroscopy using ATR, and the results are given in Figure 6. The character-
istic IR vibrations of lignocellulosic compounds are registered at approximately 3442 cm−1,
attributed to O-H of phenolic hydroxyl groups [36]. As can be seen from the spectra,
the introduction of CuO into the ACB/CuO sample does not significantly change the
surface chemistry compared to the ACB sample and to the other developed materials.
The formation and shift of the IR band at 1634 cm−1 are due to the bending vibrations of
water related to adsorbed water and remain the same for all the AC materials [5]. The
most obvious differences in the vibrational spectra between ACB and ACB/CuO were
evident in the interval between 400 and 700, where new IR bands attributed to stretching
vibrations of the Cu-O bond of copper oxide were formed [37]. The IR bands observed in a
range between 1381 cm−1 and 615 cm−1 resulted from the angular deformation of OH and
angular vibration (OH) of the water molecule, respectively [38].
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Figure 6. FTIR spectra of non-activated baru carbon (CB); baru activated carbon (ACB); baru 
activated carbon impregnated with copper oxide (ACB/CuO); and activated carbon in oxygen 
atmosphere (ACB/O2). 

2.2. Chemical Surface Interaction Assessments by Operando IR Spectroscopy 
Real-time analysis of the AC samples using IR spectroscopy (operando mode) 

provided useful information on the surface interactions with ethylene molecules through 
the adsorption process. The evolution of IR spectra is provided in Figure 7, starting at 
time zero and ending after 200 min of contact time, where ethylene saturation is evident 
in all samples. IR vibrations corresponding to ethylene gas were observed at IR bands 
located at 950 cm−1, 1420 cm−1, 1870 cm−1–1914 cm−1, 2344 cm−1, 2970 cm−1, and 3129 cm−1, 
which are in correspondence with the results reported by other authors [5]. It can also be 
noticed that the IR band observed at 3442 cm−1 ascribed to hydroxyl groups before 
coming into contact with ethylene (Figure 6) lost its intensity during continuous exposure 
to ethylene and was almost completed consumed. These results suggest that hydroxyl 
functional groups may be mainly responsible for the adsorption of ethylene molecules, 
changing the electrostatic potential distribution on the surface of activated carbon and 
facilitating important interactions with ethylene [39]. Hence, hydrogen-bonded adducts 
could be formed between hydroxyl functional groups on the surface AC and ethylene 
molecules in a similar way, as has been described for the interaction between ethylene 

Figure 6. FTIR spectra of non-activated baru carbon (CB); baru activated carbon (ACB); baru activated
carbon impregnated with copper oxide (ACB/CuO); and activated carbon in oxygen atmosphere
(ACB/O2).

165



Molecules 2024, 29, 2717

2.2. Chemical Surface Interaction Assessments by Operando IR Spectroscopy

Real-time analysis of the AC samples using IR spectroscopy (operando mode) provided
useful information on the surface interactions with ethylene molecules through the adsorp-
tion process. The evolution of IR spectra is provided in Figure 7, starting at time zero and
ending after 200 min of contact time, where ethylene saturation is evident in all samples. IR
vibrations corresponding to ethylene gas were observed at IR bands located at 950 cm−1,
1420 cm−1, 1870 cm−1–1914 cm−1, 2344 cm−1, 2970 cm−1, and 3129 cm−1, which are in
correspondence with the results reported by other authors [5]. It can also be noticed that
the IR band observed at 3442 cm−1 ascribed to hydroxyl groups before coming into contact
with ethylene (Figure 6) lost its intensity during continuous exposure to ethylene and was
almost completed consumed. These results suggest that hydroxyl functional groups may
be mainly responsible for the adsorption of ethylene molecules, changing the electrostatic
potential distribution on the surface of activated carbon and facilitating important inter-
actions with ethylene [39]. Hence, hydrogen-bonded adducts could be formed between
hydroxyl functional groups on the surface AC and ethylene molecules in a similar way, as
has been described for the interaction between ethylene molecules and the Brønsted acid
sites of zeolitic frameworks [5]. Moreover, the mesoporous and microporous structure of
all the samples allows for easy diffusion of small molecules like ethylene with a kinetic
diameter of ~3.9 Å and its consequent interaction with the OH groups on the AC surface.
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carbon in oxygen atmosphere (ACB/O2). 

Figure 7. Evolution of IR spectra during ethylene adsorption on AC samples obained by operando
transmission IR spectroscopy analyses: (A) non-activated baru carbon (CB), (B) baru activated carbon
(ACB), (C) baru activated carbon impregnated with copper oxide (ACB/CuO), (D) activated carbon
in oxygen atmosphere (ACB/O2).

In the case of samples CB and ACB (Figure 7A,B), the IR absorption bands character-
istic of ethylene vibrations gradually evolve as the contact time increases. In particular,
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the ACB/O2 sample (Figure 7D) exhibits more intense vibrations in the first minutes
of contact time, reaching a saturation point more quickly, in which the entire surface
structure of the adsorbent is covered, and well-developed bands are observed mainly
between 2970–3129 cm−1 and 950 cm−1. In the case of the sample impregnated with CuO
(Figure 7C), the IR band formed between 500 cm−1 and 700 cm−1 could be related to
interactions of ethylene with copper incorporated on the AC surface. Experimental studies
have suggested that interactions of ethylene with metal oxides could occur through the π
electrons of the C=C bonds of ethylene and the metal orbitals present in the supporting
structure. This is a type of interaction known as σ-donation, in which the π molecular
orbital of the adsorbed ethylene donates electron density to the empty s-orbital of the metal
oxide [5,40].

2.3. Mechanistic Approach of Ethylene Adsorption onto Baru-Based Carbon Samples

Adsorption equilibrium isotherms at 20 ◦C for the four carbon samples are displayed
in Figure 8. Experimental data were fitted to the Langmuir model as global evidence of the
surface interactions between ethylene molecules and carbon samples, as follows:

qe =
KL Ceqmax

1 + KL Ce
(1)

where qe is the amount of ethylene adsorbed at equilibrium, KL stands for the Langmuir
adsorption constant, Ce represents the ethylene concentration at equilibrium, and qmax is
the maximum adsorption capacity. The results depicted in Figure 8 are in agreement with
those obtained by other authors for the removal of VOCs using activated carbons modified
with metallic oxides, showing forms of a classic type I adsorption isotherm [41].
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Figure 8. Ethylene adsorption isotherms: (�) non-activated baru carbon (CB), (�) baru activated
carbon (ACB), (N) baru activated carbon impregnated with copper oxide (ACB/CuO), (•) activated
carbon in oxygen atmosphere (ACB/O2). Thin lines are the result of fitting data to Langmuir
isotherm model.

At constant temperature, the amount of ethylene adsorbed at equilibrium is low
when low concentrations are applied. As the applied concentration increases, there is an
increase in the adsorption capacities, reaching maximum values for each carbon sample.
As can be seen in Table 3, the Langmuir adsorption model provided a good fit to the
ethylene adsorption data with R2 > 0.98. The ACB/CuO and ACB samples showed the best
ethylene adsorption capabilities. A slightly higher performance was observed for the CuO-
impregnated sample, due to the new surface sites provided on this carbon sample. Both
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samples presented the largest volumes of micropores, which indicates that the adsorption
performance is also related to the textural properties of the activated carbon. In addition,
the CuO-impregnated AC sample resulted in an activated carbon with a smaller average
micropore diameter (1.37 nm), which is an important parameter that can explain the
interactions between the ethylene molecule (kinetic diameter of approximately 3.9 Å) and
the chemical structure of carbon. Micropores that are approximately twice the diameter
of ethylene are more accessible, avoiding adsorbate blocking and favoring adsorption
performance [42].

Table 3. Langmuir parameters for ethylene adsorption at 20 ◦C on non-activated baru carbon and
modified carbon samples.

Samples qmax [µg g−1] KL [dm3 µg−1] R2

CB 769 0.00314 0.98
ACB 1111 0.00143 0.98

ACB/CuO 1667 0.00191 0.98
ACB/O2 588 0.00358 0.99

Furthermore, the results for the influence of the presence of moisture on ethylene
adsorption are illustrated in Figure 9. As can be noted, the presence of moisture does
not affect ethylene adsorption on all activated carbon samples assessed here. However, a
great difference is observed in the case non-activated baru carbon, where a reduction in
the adsorption capacity was obtained. These results imply that the surface sites of baru
activated carbons where ethylene adsorption occurs are not blocked by the presence of
water molecules. Humidity is an important component in fruit storage systems, and below
the ideal range (usually ~85%), dehydration and wilting increase [8]. Therefore, adsorbents
must be able to adsorb ethylene in high-relative-humidity environments. Activated carbons
generated from baru waste appear as alternative adsorbent materials to remove ethylene
from closed environments with a high content of humidity.
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Figure 9. Influence of the presence and absence of moisture on ethylene adsorption: (A) 
non-activated baru carbon, (B) baru activated carbon, (C) baru activated carbon impregnated with 
copper oxide, (D) activated carbon in oxygen atmosphere.. Experimental conditions: 0.1 g of 
sample, 25 cm3 min−1 ethylene (75 μgL−1) at 20 °C. ♦ CB, ■ ACB, ▲ ACB/CuO, • ACB/O2 (filled 
markers represent experiments conducted in the presence of moisture (RH 98%) and open markers 
represent in the absence of moisture). 
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Figure 9. Influence of the presence and absence of moisture on ethylene adsorption: (A) non-activated
baru carbon, (B) baru activated carbon, (C) baru activated carbon impregnated with copper oxide,
(D) activated carbon in oxygen atmosphere. Experimental conditions: 0.1 g of sample, 25 cm3 min−1

ethylene (75 µgL−1) at 20 ◦C. � CB, � ACB, N ACB/CuO, • ACB/O2 (filled markers represent
experiments conducted in the presence of moisture (RH 98%) and open markers represent in the
absence of moisture).

168



Molecules 2024, 29, 2717

The results obtained here are in agreement with those obtained by operando IR spec-
troscopy. The removal of ethylene using baru-based activated carbons seems to take place
through a combination of adsorption mechanisms that include interactions of ethylene with
hydroxyl groups and with copper incorporated on the AC surface. Thus, hydrogen-bonded
adducts could be formed between the hydroxyl functional groups on the AC surface and
ethylene molecules. Additionally, the π molecular orbital of the adsorbed ethylene donates
electron density to the empty s-orbital of the metal oxide, leading to the observed increase
in the adsorption capacity of the CuO-impregnated AC sample.

3. Materials and Methods
3.1. Raw Materials and Reagents

The baru waste was obtained from a local commercial producer located in the state
of Minas Gerais, Brazil (17◦11′39′′ S 44◦48′49′′ O), in June 2022. Argon (99.9% purity) was
supplied by Praxair (Santiago, Chile). Ethylene (C2H4; 99.99% purity) was provided by Air
Liquide S.A. (Houston, TX, USA). Copper (II) nitrate trihydrate (Cu(NO3)2·3 H2O; 99.5%)
and phosphoric acid (H3PO4; 85%) were obtained from Sigma Aldrich, St. Louis, MO, USA.

3.2. Preparation of Porous Materials
3.2.1. Preparation and Characterization of the Precursor Material

First, the baru waste was washed with distilled water to remove impurities and
then dried in a forced convection oven (TE-394/3, Tecnal, Piracicaba, Brazil) for 48 h at
65 ◦C. The dried waste was then crushed using a shredder and a chipper (TL 1200, Lippel,
Agrolândia, Brazil), and the particle size was reduced to 2 mm. The crushed materials
were kept in a desiccator as a raw material precursor to produce activated carbons. The
baru waste was characterized for ash content, according to standardized methods [43]. The
fractions of the raw lignocellulosic components of the biomass (hemicellulose, cellulose,
and lignin) were determined using a protocol established for raw materials by the Unité
d’Amelioration Génétique et Physiologie Forestières (AGPF) using the INRA GénoBois technical
platform [18,44]. Thermogravimetric analyses were performed using a DTG thermobal-
ance (60/60H-Shimadzu, Kyoto, Japan), according to a methodology proposed by other
authors [18]. The procedure included a temperature rise at a rate of 20 ◦C min−1, from
room temperature up to 800 ◦C (to study a larger temperature domain), followed by a 1 h
interval at this final temperature and then cooling to room temperature at 10 ◦C min−1.

3.2.2. Generation of Activated Carbon Materials

Activated carbons were prepared from the precursor material according to a methodology
described by other authors [38]. First, the sample was impregnated with phosphoric acid
(H3PO4, 85%) at an impregnation ratio of 1:2 (raw material/acid). Then, the mixture was heated
up to 80 ◦C and kept under mechanical stirring at this temperature for 30 min. The resulting
material was filtered and dried in an oven at 110 ◦C for 15 h. After this step, the impregnated
material was carbonized in a tubular oven (FT 1200, Sanchis, Porto Alegre, Brazil) under the
following conditions: temperature of 800 ◦C for 40 min; heating rate of 20 ◦C min−1 under
nitrogen flow or in air (160 cm3 min−1). After that, the carbonized sample was first washed with
37% hydrochloric acid and then with distilled water until the pH was close to neutral. Finally,
the activated carbon generated from baru waste was oven-dried at 50 ◦C until the complete
evaporation of water was ensured. Samples activated in nitrogen flow were called ACB, and
samples activated in air were named ACB/O2. In addition to these samples, non-activated baru
carbon (CB) was also obtained. In case of CB, the process is the same as for the preparation of
ACB but in the absence of H3PO4 as activating agent.

3.3. Preparation of Baru Activated Carbon Impregnated with Copper Oxide (ACB/CuO)

Surface modification of activated carbon with copper oxide (CuO) was performed
using a simple wet impregnation method described elsewhere [14]. In a typical modification
procedure, 5.0 g of carbon (ACB) was added to 100 cm3 of 0.1 M copper nitrate (Cu(NO3)2)
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solution. The mixture was kept under stirring at 25 ◦C overnight and then filtered and
dried at 110 ◦C for 12 h. Then, the precursor was transferred to a tubular oven and heated
from room temperature up to 280 ◦C at 10 ◦C min−1 under N2 flow (200 cm3 min−1) for
2 h. After cooling, the ACB/CuO sample was obtained.

3.4. Characterization of AC Samples

Nitrogen adsorption and desorption isotherms of AC samples were obtained in a Mi-
crometrics ASAP instrument (Gemini V2380, Norcross, GA, USA) at −196 ◦C. Specific sur-
face area (ABET) was determined from the adsorption curve in the range 0.05 ≤ p/p0 ≤ 0.15,
using the Brunauer–Emmett–Teller (BET) theory. Total pore volume (VT) was recorded
at p/p0 = 0.95, whereas micropore volume (Vmicro) was determined according to Barrett–
Joyner–Halenda (BJH) approach [45]. Mesopore volume (Vmeso) was calculated by the
difference between VT and Vmicro. Morphology and chemical composition of carbons were
determined by field-emission scanning electron microscopy (FESEM) coupled to X-ray
energy-dispersive spectroscopy (EDS)—ZEISS Gemini SEM 360 (Jena, Germany). Thermo-
gravimetric analyses (TGA) of the samples were performed on a NET-ZSCH thermobalance
ST409PC (Pomerode, Brazil). Samples of 0.025 g of each AC were heated up to 1000 ◦C
(heating rate of 10 ◦C min−1) under N2 flow (160 cm3 min−1), and the change in sample
weight in relation to change in temperature was registered (TG curve). A derivative weight
loss curve was also obtained as function of temperature (DTG curve). X-ray diffraction
(XRD) patterns were obtained on a Bruker D8 Discover diffractometer (Billerica, MA, USA),
using a monochromatic radiation from a tube with a copper anode coupled to a Johansson
monochromator operating at 40 kV and 40 mA, Bragg Brentano θ–2θ configuration, Lynx-
eye one-dimensional detector, range of 2θ from 2◦ to 80◦, with a step of 0.01◦. The pH of
the point of zero charge, defined as the pH at which the carbon surface has a neutral charge,
was determined following the procedure described by Kuśmierek et al. [46]. Functional
surface groups were directly evaluated by IR spectroscopy (PERKIN ELMER Spectrum 400
FT-IR spectrometer, Waltham, MA, USA) using attenuated total reflectance (ATR) technique
in the infrared region of 4000–500 cm−1, with a resolution of 4 cm−1.

3.5. Chemical Surface Interaction Assessments by Operando Transmission IR Spectroscopy

Chemical interactions between the surface groups of ACs and ethylene were monitored as
a function of time in a homemade transmittance cell developed by the Catalysis and Spectro-
chemistry Laboratory (LCS, Caen, France) and set in a Nicolet™ iS™50 spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) equipped with a DTGS detector. Pellets (Ø = 16 mm,
m ≈ 20 mg cm−2) with a mass of approximately 40 mg (5% w/w activated carbon/KBr) were
formed. A pellet made of KBr was used as a background. Before the measurements, samples
were thermally activated inside the cell at 100 ◦C under Ar flow (5 cm3 min−1) for 15 min.
Then, a spectrum of the adsorbate free sample was measured. After that, a stream made of 1%
ethylene in Ar was passed through the pellet for 200 min. Subsequently, the diluted ethylene
stream was changed to pure ethylene, and the analyses continued until reaching saturation. IR
transmittance spectra were registered as a function of time. Spectra were obtained with 60 scans
at a resolution of 4 cm−1 in a range from 4000 to 500 cm−1.

3.6. Determination of Ethylene Adsorption Isotherms

Ethylene adsorption isotherms were conducted through dynamic adsorption tests
on a quartz fixed-bed flow adsorber, as per the procedure described by Abreu et al. [5].
The adsorber was loaded with 0.1 g of sample. Before contact with ethylene, the samples
were thermally degassed at 150 ◦C (3 ◦C min−1) under argon flow (100 cm3 min−1) for
1 h. The inlet concentration of ethylene was fixed by diluting a pure stream of C2H4 with
argon using mass flow controllers. A total flow rate of 25 cm3 min−1 of ethylene at the
desired concentration was continuously delivered over the AC sample. The ethylene con-
centration was determined by gas chromatography (PERKIN ELMER CLARUS 500 gas
chromatograph, Waltham, MA, USA) equipped with a flame ionization detector (FID). The
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adsorption capacity of each AC sample toward ethylene was determined by calculating the
areas of different breakthrough curves. For experiments in the presence of humidity, the
entire stream was bubbled in a humidification chamber maintained with water at 293 K,
allowing for a constant wet flow rate at 98% relative humidity (RH). The adsorption capaci-
ties of AC samples towards ethylene (qethylene, µmolethylene g carbon−1) were determined
by calculating the areas of different breakthrough curves, as follows:

qethylene =
F Cin

m

ts∫

0

(
1− Coutt

Cin

)
dt (2)

where F (cm3 min−1) is the gas flow rate, m (g) is the mass of AC placed inside the quartz
adsorber, Cin and Cout (µmol dm−3) are the ethylene inlet and outlet concentrations as a
function of time, respectively, and ts (min) is the adsorption time to reach saturation.

4. Conclusions

Baru waste has the potential to be used as a low-cost precursor in the generation of acti-
vated carbons, since it has significant levels of lignin, cellulose, and hemicellulose and a low
ash content, which leads to a considerable carbonization yield, even in high-temperature
conditions. It was possible to produce activated carbons and carry out surface modifi-
cations by impregnation with copper species, which were confirmed by characterization
analyses (XRD and FESEM/EDS). Surface modification with copper oxide improved the
ethylene adsorption capacity compared to other generated porous materials. The efficient
adsorption of ethylene on the CuO-impregnated AC sample was favored by the surface
acidity of this AC, where hydrogen-bonded adducts were formed due to the interactions
of the surface OH groups and ethylene molecules and also by the interactions between
the empty s-orbital of the copper oxide and π-electrons of the C=C bonds of the ethylene
molecules. The presence of moisture did not affect the adsorption capacity of baru activated
carbon samples, which makes this type of activated carbon an excellent adsorbent option
to eliminate ethylene from closed containers with a high content of humidity. Future works
should focus on evaluating the regeneration performance and operating conditions for the
practical application of this new adsorbent during the storage of climacteric fruit.
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Abstract: In this work, the integration of graphene nanoplatelets (GNPs) with amorphous germa-
nium (Ge) substrates is explored. The optical properties were characterized using Variable-Angle
Spectroscopic Ellipsometry (VASE). The findings of this study reveal a strong interaction between
GNPs and amorphous germanium, indicated by a significant optical absorption. This interaction
suggests a change in the electronic structure of the GNPs, implying that amorphous germanium could
enhance their effectiveness in devices such as optical sensors, photodetectors, and solar cells. Herein,
the use of amorphous germanium as a substrate for GNPs, which notably increases their refractive
index and extinction coefficient, is introduced for the first time. By exploring this unique material
combination, this study provides new insights into the interaction between GNPs and amorphous
substrates, paving the way for the develop of high-performance, scalable optoelectronic devices with
enhanced efficiency.

Keywords: thin films; graphene; germanium; ellipsometry; optical properties

1. Introduction

The scientific community has long been captivated by graphene [1,2], a two-dimensional
material known for its extraordinary properties [3,4]. Notably, graphene’s exceptional trans-
parency, conductivity, and flexibility [5] have opened new avenues in material science,
suggesting a vast potential yet to be fully explored [6].

This material is characterized by several outstanding intrinsic qualities, such as ex-
traordinary carrier mobility, impermeability to atoms, comprehensive optical absorption,
and notable flexibility [7]. These properties position graphene as a promising candidate to
drive the evolution of microelectronics in the coming years [8].

The properties of graphene, such as mobility and optical characteristics, can be signifi-
cantly influenced by the substrate on which it is placed [9]. Moreover, it can be noted that
graphene can be used not only in sensors but also as a filter with nanopores, contributing
to environmental improvements. Nanopores can be made, for example, as demonstrated in
Ref. [10], where few-layer graphene films were nanostructured with swift heavy ions, tun-
ing their electronic and transport properties for potential filtration applications. Similarly,
the effects of swift ion tracks on suspended graphene were visualized in Ref. [11], further
highlighting the substrate’s role in modifying graphene’s properties.

Recent research focuses on achieving compatibility between graphene and existing
silicon-based complementary metal-oxide semiconductor (CMOS) technology [12]. Signifi-
cant advancements have been made in this direction, particularly with the integration of
two-dimensional materials like graphene with three-dimensional semiconductor materi-
als [13]. This combination sis crucial as it improves the interaction between these materials
and ensures they work well with existing CMOS technology [14]. CMOS technology pri-
marily uses semiconductors like silicon, germanium, and gallium arsenide, all known for
their specific electronic properties at the Fermi level [15]. The successful integration of
graphene with these semiconductors highlights the importance of selecting compatible
materials in advancing technology, particularly in the semiconductor industry [16].
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One notable development in this field is the direct growth of graphene on germanium
substrates [17]. This innovation is particularly significant for the semiconductor industry,
as it combines graphene’s unique properties with the enhanced mobility of charge carriers
in germanium, offering a superior alternative to silicon [18,19]. Research in this area has
demonstrated that the interface structure between graphene and germanium is crucial
for optimizing optoelectronic applications [16]. The exploration of hybrid composites,
particularly those combining germanium (Ge) with carbon-based materials like graphene,
has addressed several challenges associated with Ge-based anodes [20]. Moreover, the
combination of graphene and germanium shows a marked enhancement in charge capacity,
stability, and rate capability, which are essential for lithium-ion battery anodes [21].

In terms of production, methods such as micromechanical cleavage of graphite [22]
and chemical vapor deposition [23] have been used in graphene synthesis. However, these
techniques have limitations in scaling up for industrial applications. In contrast, graphene-
based materials [24], including reduced graphene oxide [25], few-layer graphene [26],
multilayer graphene [27], and graphene nanoplatelets (GNPs) [28], offer viable alterna-
tives. GNPs [29], in particular, retain several advantageous properties of single-layer
graphene and are produced through economically viable processes, making them suitable
for widespread applications.

GNPs [30] present an optimal balance in terms of excellent physical characteristics,
scalability in mass production, and cost-effectiveness. The production of GNPs [31] is
feasible through various scalable industrial techniques, including wet-jet milling [32],
microwave irradiation [33], and liquid exfoliation [34]. Recent research on GNPs has
significantly advanced our understanding of their multifunctional applications in many
fields. For instance, Wu et al. [35] demonstrated how surface-etched GNPs can reinforce
magnesium alloys, leading to improved strength and ductility. The integration of GNPs in
sustainable solar desalination systems, as explored by Khoei et al. [36] and Lim et al. [37],
highlights their utility in enhancing interfacial evaporation processes for efficient water
purification. GNPs have been used in developing advanced composites and wearable
sensors, as shown in studies by Dong et al. [38] and Zhu et al. [39], where they contribute
to improved mechanical properties and superior thermal management. Additionally,
noncovalent functionalization of GNPs has opened new avenues for their application in
energy storage devices, particularly in supercapacitors, as reported by Haridas et al. [40].

Herein, GNPs on magnetron-sputtered amorphous germanium thin films were studied
using Variable-Angle Spectroscopic Ellipsometry (VASE) [41], a technique that enables
precise measurement of the optical constants of these materials, specifically the refractive
index and thickness.

The optical model reveals a significant alteration in the optical properties resulting
from the interaction between GNPs and the amorphous Ge substrate. The resulting compos-
ite exhibits an improved refractive index and extinction coefficient, suggesting a stronger
light-matter interaction.

The results presented here are a starting point for the comprehension of interactions
between GNPs and amorphous germanium, which could facilitate advancements in nan-
otechnology and materials engineering.

2. Results and Discussion

The optical properties of amorphous germanium substrates were accurately deter-
mined by applying the Tauc–Lorentz oscillator [42] using the model implemented in the
WVASE32 software. The model applied in this study differs significantly from the Brugge-
man approach (see, for example, Ref. [43]). Complete details of the fitting parameters for
the substrates are included in the Supplementary Materials.

Figure 1a,b present both the simulated and measured results for the ψ and ∆ spec-
tra across various incident angles within the wavelength range of 300 to 1000 nm for
amorphous germanium films.
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Figure 3a,b display the measured and calculated values of ψ and ∆ for GNP thin films
on germanium substrates, covering the wavelength range from 300 to 1000 nm.
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A comprehensive fit was conducted across the entire wavelength spectrum. This
involved the use of a generalized oscillator model [44], incorporating three Gaussian
oscillators to represent the imaginary component of the dielectric constant as detailed in
the same source. These oscillators are characterized by three fitting parameters: amplitude,
energy position, and broadening. The real part of the dielectric constant was derived using
the Kramers–Kronig (KK) [45] relations.

The Gaussian oscillators are described by the following formula:

ε2,Gauss = A
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−
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√
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In this formula, A represents the amplitude in arbitrary units, B denotes the broadening
in electronvolts (eV), Eph is the photon energy, and Ec signifies the energy position of the
oscillator, also in eV [44].

Figure 4 shows the estimated dispersion laws for GNPs dip-coated on amorphous
germanium substrates.
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The thickness of the GNP thin films was determined to be approximately 55 nm.
The MSE obtained was near 6. Table S2 in the Supplementary Materials lists the

parameters derived from the optimal fit for GNPs on silicon (reported in Ref. [29]) and for
amorphous germanium (present work).

Figure 5 shows the estimated optical properties of GNPs on silicon as published in the
author’s previous work [29] for comparative purposes.

As reported in the previous work about GNPs on silicon [29], the oscillator located
at 3.7 eV aligns with the surface and interlayer states in graphite’s bulk. The oscillator
at 2.7 eV is attributed to defect states, and the one around 1.5 eV corresponds with the
predicted π* band in graphite [46].

The amplitude values for the oscillators on amorphous germanium are markedly
higher than those on silicon, indicating stronger interactions with the germanium substrate.
The broadening (B) and energy position (E) parameters also show variations, indicating
differences in the electronic band structure influenced by the substrate. There is also a
significant variance in film thickness and the high-frequency dielectric constant between the
substrates, emphasizing the influence of amorphous material on the GNP films’ properties.

177



Molecules 2024, 29, 4089

Molecules 2024, 29, x FOR PEER REVIEW 5 of 9 
 

 

The MSE obtained was near 6. Table S2 in the Supplementary Materials lists the pa-
rameters derived from the optimal fit for GNPs on silicon (reported in Ref. [29]) and for 
amorphous germanium (present work). 

Figure 5 shows the estimated optical properties of GNPs on silicon as published in 
the author’s previous work [29] for comparative purposes. 

 
Figure 5. Estimated dispersion laws for GNPs on silicon substrates [29]. The black curve shows the 
index of refraction (n), and the blue curve depicts the extinction coefficient (k). This content has been 
reproduced from reference Ref. [29] with permission granted by IOP. Copyright 2019, IOP. 

As reported in the previous work about GNPs on silicon [29], the oscillator located 
at 3.7 eV aligns with the surface and interlayer states in graphite’s bulk. The oscillator at 
2.7 eV is attributed to defect states, and the one around 1.5 eV corresponds with the pre-
dicted π* band in graphite [46]. 

The amplitude values for the oscillators on amorphous germanium are markedly 
higher than those on silicon, indicating stronger interactions with the germanium sub-
strate. The broadening (B) and energy position (E) parameters also show variations, indi-
cating differences in the electronic band structure influenced by the substrate. There is 
also a significant variance in film thickness and the high-frequency dielectric constant be-
tween the substrates, emphasizing the influence of amorphous material on the GNP films’ 
properties. 

These differences in parameters underscore the significant impact that the substrate 
material has on the optical properties of graphene nanoplatelets, influencing their poten-
tial applications in various optoelectronic devices. 

The enhanced refractive index and extinction coefficient of GNPs on germanium (Fig-
ure 4) compared to GNPs on silicon (Figure 5) indicate a stronger light–matter interaction, 
which may be useful in many optoelectronic applications. In particular, the unexpected 
jump in the extinction coefficient at approximately 350 nm (Figure 4) can be attributed to 
electronic transitions within the GNPs. This phenomenon occurs when the energy of the 
incident photons matches the energy difference between electronic states, leading to in-
creased absorption. The interaction between the GNPs and the amorphous germanium 
substrate might introduce localized states or modify the density of states at the interface, 
further contributing to this effect. 

E. Aktürk et al. [47] provide an in-depth analysis of how germanium atoms interact 
with graphene, showing that these atoms preferentially bind at the bridge sites of gra-
phene with substantial binding energy. This interaction induces notable changes in gra-
phene’s electronic structure, shifting it from semimetallic to metallic and generating a 

Figure 5. Estimated dispersion laws for GNPs on silicon substrates [29]. The black curve shows the
index of refraction (n), and the blue curve depicts the extinction coefficient (k). This content has been
reproduced from reference Ref. [29] with permission granted by IOP. Copyright 2019, IOP.

These differences in parameters underscore the significant impact that the substrate
material has on the optical properties of graphene nanoplatelets, influencing their potential
applications in various optoelectronic devices.

The enhanced refractive index and extinction coefficient of GNPs on germanium
(Figure 4) compared to GNPs on silicon (Figure 5) indicate a stronger light–matter in-
teraction, which may be useful in many optoelectronic applications. In particular, the
unexpected jump in the extinction coefficient at approximately 350 nm (Figure 4) can be
attributed to electronic transitions within the GNPs. This phenomenon occurs when the
energy of the incident photons matches the energy difference between electronic states,
leading to increased absorption. The interaction between the GNPs and the amorphous
germanium substrate might introduce localized states or modify the density of states at the
interface, further contributing to this effect.

E. Aktürk et al. [47] provide an in-depth analysis of how germanium atoms interact
with graphene, showing that these atoms preferentially bind at the bridge sites of graphene
with substantial binding energy. This interaction induces notable changes in graphene’s
electronic structure, shifting it from semimetallic to metallic and generating a magnetic
moment. Such modifications are indicative of a strong interaction between the germanium
atoms and the graphene lattice, altering its electronic properties.

Applying these insights to the interaction between GNPs and amorphous germanium,
it might be that similar strong binding energies and alterations in electronic structure
likely occur at the interface between GNPs and the amorphous germanium substrate.
The significant optical absorption observed in GNPs on amorphous germanium can be
attributed to these electronic structure modifications, which are critical for enhancing the
optoelectronic properties of the composite material.

The coupling between the electronic bands of amorphous germanium and GNPs may
also lead to strong absorption effects. This coupling likely results from the interaction
of electronic states between germanium and graphene, possibly leading to an increased
density of states at the Fermi energy and, consequently, enhanced optical absorption.

Moreover, the non-crystalline nature of amorphous germanium might introduce
additional complexity into the interaction. For example, the amorphous nature of the
germanium differs from a crystalline structure in its ability to introduce localized energy
states or disorders that impact electronic interactions. When GNPs are interfaced with
amorphous Ge substrates, the peculiarities of amorphous Ge [48], such as its density
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variations and optical properties, play a significant role in determining the overall behavior
of the composite material. Variations in the germanium substrate’s density, porosity, or
defect structure may significantly alter the composite material’s optical properties.

High optical absorption of GNPs on amorphous germanium substrates makes them
particularly suitable for applications such as optical sensors, photodetectors, and solar
cells. In these devices, enhanced optical absorption is desirable for improved efficiency
and sensitivity.

3. Materials and Methods

The glass substrates underwent a cleaning process using piranha solution, a potent
cleaning mixture composed of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2).

Germanium films with a thickness of 100 nm were deposited onto glass substrates
using a DC magnetron sputtering technique [49] (Edwards Auto306 system, West Sussex,
UK) at a working pressure of 4.2× 10−2 mbar, a sputtering power of 40 W, and a sputtering
duration of 5 min.

Using X-ray diffraction, no crystalline peaks were observed in the materials, confirm-
ing that the Ge layer is amorphous.

The deposition of GNPs onto the prepared germanium films was achieved through
a dip-coating process [50]. This procedure was facilitated by a custom-built apparatus,
operating at a speed of 0.33 mm/s. The GNPs, with a concentration of 1 mg/mL in
water, were purchased from Sigma Aldrich (St. Louis, MO, USA). The composition of the
dispersion was 0.1 weight percent graphene and 99.9 weight percent water. The synthesis
of the GNPs was achieved through various exfoliation techniques.

In the author’s previous work [29], a detailed analysis of the size distribution of the
GNPs’ major and minor lateral dimensions was provided using scanning transmission
electron microscopy (STEM).

The analysis yielded average major and minor lateral sizes of approximately 0.05 µm
and 0.02 µm, respectively [29].

Variable-Angle Spectroscopic Ellipsometry (VASE) was used to estimate both the
thickness and the optical properties n (refractive index) and k (extinction coefficient) of
the GNPs films on germanium samples. Ellipsometric measurements provided precise
thickness values and detailed information about the optical properties of the material,
enabling a full characterization. The WVASE31 program was used to analyze the ellipso-
metric data. It employs regression analysis and the Mean Squared Error (MSE) method to
fit the model to the experimental data and uses the covariance matrix to provide error bars
for the measured values. The ellipsometric parameters, ψ and ∆, were measured using a
J.A. M2000 F (Woollam Co., Lincoln, NE, USA) rotating compensator ellipsometer. This
measurement spanned a wavelength range of 300–1000 nm, at incident angles varying from
50◦ to 70◦ in 5◦ increments, all conducted at room temperature. The optical model and
optimal parameter values for the films were determined using the WVASE32 [44] software
from J.A. Woollam, which focuses on minimizing the MSE.

4. Conclusions and Outlook

In this study, GNP films were dip-coated onto magnetron-sputtered amorphous ger-
manium substrates. The optical properties and the thickness of the films were studied
using VASE. One of the crucial findings from the ellipsometric data analysis is the obser-
vation of a higher refractive index and extinction coefficient of the GNPs on amorphous
germanium compared to GNPs on silicon substrates. This indicates a significant change in
the optical properties due to the interaction between GNPs and the amorphous germanium
substrate. The enhanced refractive index and extinction coefficient are indicative of a
stronger light–matter interaction, which may be useful in many optoelectronic applications.
Such interaction, which likely involves the merging of electronic states from both mate-
rials, might cause a rise in the density of states at the Fermi level, thereby boosting the
optical absorption.
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These results could be useful for future studies aimed at exploring the full potential of
GNP–amorphous germanium composites. The increased absorption and improved light
interaction make GNPs on amorphous germanium a suitable candidate for applications
requiring high optical sensitivity and efficiency. The potential applications of this graphene–
germanium composite are promising for advanced photodetectors, high-efficiency solar
cells, and innovative optical sensors.

However, the scalability of the dip-coating process for GNPs and the magnetron sput-
tering technique for amorphous germanium deposition in industrial applications remains
a challenge. Additionally, the long-term stability and durability of the GNP–germanium
interface under several operational conditions are aspects that require further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29174089/s1, Figure S1: Scanning transmission electron
microscopy image displaying graphene nanoplatelets drop-cast on a gold mesh. Figure S2: Image
highlighting the specific marked areas of the graphene nanoplatelets on the gold mesh. Figure S3:
Distribution of size (depicted as a histogram and fitted with an exponential function) for the minor
(a) and major (b) lateral dimensions of graphene nanoplatelets. Table S1: Tauc-Lorentz oscillators
parameters obtained from the best fit of ellipsometric experimental data for germanium/glass
substrates. D, A, E0, C, and Eg are the film thickness, amplitude, peak position, broadening, and
optical band gap. Table S2: Parameters of Gaussian oscillators derived from the most accurate fit
for graphene nanoplateletes thin films on amorphous germanium and on silicon substrates [24]:
amplitude (A), broadening (B), energy position (E), film thickness (d) and high-frequency dielectric
constant ε∞.
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Abstract: We examine the optical and electronic properties of a GaAs spherical quantum dot with
a hydrogenic impurity in its center. We study two different confining potentials: (1) a modified
Gaussian potential and (2) a power-exponential potential. Using the finite difference method, we
solve the radial Schrodinger equation for the 1s and 1p energy levels and their probability densities
and subsequently compute the optical absorption coefficient (OAC) for each confining potential using
Fermi’s golden rule. We discuss the role of different physical quantities influencing the behavior of
the OAC, such as the structural parameters of each potential, the dipole matrix elements, and their
energy separation. Our results show that modification of the structural physical parameters of each
potential can enable new optoelectronic devices that can leverage inter-sub-band optical transitions.

Keywords: optical absorption coefficient; binding energy; GaAs quantum dot; Schrödinger equation;
hydrogenic impurity

1. Introduction

Quantum structures such as quantum wells, quantum dots (QDs), and nanowires are
low-dimensional semiconductors that have enabled several technologies, such as single-
electron transistors [1], photovoltaic (PV) devices [2], light-emitting diodes (LEDs) [3], and
photodetectors [4–8]. QDs are particularly useful in optoelectronic applications due to
quantum confinement effects that enable efficient luminescence, large extinction coefficients,
and extensive lifetimes [9–11]. For this reason, QDs are presently employed in various
applications, including LEDs, photovoltaics, biomedical imaging, solid-state lighting, QD
displays, biosensors, and quantum computing materials [12–19]. QDs can be considered
a middle ground between molecules and semiconductor materials that enable quantum
mechanical properties that can be tailored by varying their physical features [20–26]. For
example, inserting a hydrogenic impurity at the center of a QD center affects the electronic
distribution of all energy levels, their separations, and the electronic wavefunctions. This,
in turn, affects the electrostatic attraction between the hydrogenic impurity and free carriers,
the dipole matrix elements, and the optical absorption coefficient (OAC). There have been
several studies that have examined the effects of inserting an impurity in the center of a
QD [25,27–33]. The OACs in coupled InAs/GaAs QD systems were studied by Li and Xia,
who found that the optical properties in these QD systems were different from QD superlat-
tices [34]. Schrey and coauthors studied the polarization and optical absorption properties
in QD-based photodetectors and found that the QD enables large effects on the distribution
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of minibands in the superlattice [35]. The variation of the OAC and nonlinear refractive in-
dex (NRI) as a function of the applied electric field, temperature, and hydrostatic pressure in
a Mathieu-like QD potential with a hydrogenic impurity was examined by Bahar et al. [36].
Batra and coauthors also evaluated the effect of a Kratzer-like radial potential on the OAC
and NRI of a spherical QD [37]. Bassani and Buczko studied the sensitivity of the optical
properties to the impurity of donors and acceptors in spherical QDs [38]. Narvaez and
coauthors examined OACs arising from conduction-to-conduction and valence-to-valence
bands [39]. A. Ed-Dahmouny et al. studied the effects of electric and magnetic fields
on donor impurity electronic states and OACs in a core/shell GaAs/AlGaAs ellipsoidal
QD [40]. In their study, they showed that changes in the polarization of light caused blue
or red shifts in the inter-sub-band OAC spectra, depending on the orientations of the two
external fields and the presence/absence of a hydrogenic impurity. Fakkahi et al. examined
the OACs of spherical QDs based on a Kratzer-like confinement potential [41]. In their
study, they demonstrated that the OACs and transition energies (1p - 2s and 2s - 2p) were
strongly influenced by the structural parameters of the Kratzer confinement potential.

In addition, the oscillator strengths in spherical QDs with a hydrogenic impurity were
computed by Yilmaz and Safak [42]. Finally, Kirak et al. studied the effect of an applied
electric field on OACs in parabolic QDs with a hydrogenic impurity [43]. In recent years,
GaAs-based spherical quantum dots have emerged as a subject of intense research due
to their unique properties. GaAs has a high electron mobility, good thermal stability, and
excellent optical properties. Moreover, GaAs is widely used in thin film production and
high-quality epitaxial growth methods. These factors collectively render GaAs quantum
dots appealing for advancing high-performance semiconductor devices and facilitating
nanoscale optoelectronic applications.

In this work, we compute the two lowest energies, E1p and E1s, in GaAs spherical
quantum dots as a function of the structural shape of two confining potentials: (1) a
modified Gaussian potential (MGP) and (2) a power-exponential potential (PEP). We then
present a complete analysis of OACs and binding energies as a function of energy separation
and dipole matrix elements, as the structural parameters of these potentials are varied.
The binding energy effectively captures the attractive force between the free electrons in
different levels and the inserted impurity. Section 2 provides the mathematical details of
our approach, and Section 3 presents our results for each potential.

2. Theoretical Details
2.1. Geometrical Forms of MGP and PEP Potentials

Before calculating the different energy levels and electronic wavefunctions in the QD,
we first evaluate the effects of the structural parameters on the geometrical shape of the
confining potentials. The spherical symmetry of these potentials introduces a quantization
of the angular motion via the angular and magnetic numbers. Within this quantization, the
total carrier wavefunction can be expressed by the well-known spherical harmonics. The
adjustment and control of electronic transitions in QDs can be attained by varying the size
of each layer in the structure or by changing the structural parameters governing the shape
of the potentials.

In the present paper, we examine two confining potentials: (1) the power-exponential
potential, VPEP(r), and (2) the modified Gaussian potential, VMGP(r). These potentials are
generated by the application of an external voltage and barriers/wells of the structure with
analytical expressions given by the following [44–48]:

VPEP(r) = −Vc exp
[
−
(

r
R0

)q]
, (1)

VMGP(r) = −Vc sech
[(

r
R0

)q]
, (2)
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where Vc and R0 are the depth and range, respectively, of these potentials, and q is a
structural parameter. Figures 1 and 2 plot the two potentials as a function of the radius
for a GaAs QD with different values of the structural parameter, q. Figure 1 shows that
VPEP(r) has a global minimum of −Vc at r = 0 and increases for higher values of r. For low
values of q, the potential has a parabolic shape but gives a square-like confining potential
for larger values of q. By increasing q, the potential widens but has the same value at r = R0
regardless of the value of q. These geometrical changes enable us to understand their effect
on the desired energy levels and optimize the transitions between the initial and final levels
to obtain the desired absorption.
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Figure 2. VMGP(r) for different values of the parameter q with R0 = 200 Å.

Figure 2 plots the modified Gaussian potential as a function of the radius, r. To allow
for a straightforward comparison, the same radius of R0 = 200 Å is used in Figure 2
(which was considered in Figure 1). When q = 2, the power-exponential and modified
Gaussian potentials resemble each other; however, when q is increased, the shape of the
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potential tends to a negative Dirac-delta function at r = 0, which will dramatically affect
the confinement of wavefunctions and energy levels of the ground and first-excited states.

2.2. Optical Absorption of the MGP and PEP Potentials

To compute the E1s and E1p energy levels and the R1s(r) and R1p(r) wavefunctions,
the radial part of the Schrödinger equation is solved with each of the confining potentials
within the effective mass approximation. The Schrödinger equation with the hydrogenic
impurity is given by [49,50]:

[
−}2

2

→
∇r

(
1

m∗(r)

→
∇r

)
+

`(`+ 1)}2

2m∗(r) r2 −
Z e2

ε r
+ Vconf(r)

]
Rn`(r) = En` Rn`(r), (3)

where }, ε, and ` are the reduced Planck constant, dielectric constant, and angular quantum
number, respectively. Vconf(r) is the confining potential, VMGP(r) or VPEP(r). In addition,
Rn`(r) and En` denote the radial wavefunction and energy level of the confined electron.
Including/neglecting the hydrogenic impurity is controlled by setting Z = 1 or Z = 0,
respectively. To find the values of En` and Rn`(r), the Schrödinger equation is discretized
and transformed to an eigenvalue problem, Hx = λx, where H is a tridiagonal matrix,
and λ and x represent En` and Rn`(r), respectively. After discretization, the Schrödinger
equation can be written as follows:

Rn`(j + 1)
[
− }2

2m∗rj(∆r) − }2

2m∗(∆r)2

]
+ Rn`(j)

[
}2

m∗(∆r)2 +
`(`+1)

m∗(rj .∆r)
2 + Vconf(j)

]

+Rn`(j− 1)
[

}2

2m∗rj(∆r) − }2

2m∗(∆r)2

]
= En`Rn`(j),

(4)

where the elements of H are:

Hij =





}2

m∗(∆r)2 +
`(`+1)

m∗(rj .∆r)
2 + VKP(j), if j = i

}2

2m∗rj(∆r) − }2

2m∗(∆r)2 , if j = i− 1

− }2

2m∗r(∆r) − }2

2m∗(∆r)2 , if j = i + 1

0, otherwise

(5)

After discretization, the radial coordinate is rj = j∆r with j = 1, . . . , N, where ∆r = R
N

is the width of the radial mesh. As boundary conditions, the ground and first-excited
wavefunctions vanish at the external boundary point (j = N + 1) due to the negligible
probability of finding the electron at the edge of the confining potential at r = R. In
our simulation, we diagonalized the N × N matrix with N = 1200 using the MATLAB
(version 9.8) software package.

The OACs of different potentials arise from an electronic transition from the 1s to the
1p states after the absorption of a photon having an energy of }ω = E f − Ei. We denote
OAC as α(}ω) and compute it using Fermi’s golden rule with the following expression [51]:

α(}ω) =
16π2γFSNi f

nrVcon
}ω
∣∣∣Mi f

∣∣∣
2
δ
(

E f − Ei − }ω
)

. (6)

The parameters γFS, Vcon, nr, and Ni f are the fine-structure constant, confinement
volume, and refractive index, respectively. The Dirac δ-function in Equation (6) can be
replaced with the following Lorentzian function [51]:

δ
(

E f − Ei − }ω
)
=

}Γ

π

[(
E f − Ei − }ω

)2
+ (}Γ)2

] . (7)
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In our study, the initial (i = 1) and final ( f = 2) states are the 1s and 1p states, re-
spectively. The physical parameters used in this study are: γFS = 1/137, nr = 3.25,
}Γ = 3 meV, m∗ = 0.067 m0, and VC = 0.228 eV. Furthermore, we use atomic units
(} = e = m0 = 1) throughout this work, which corresponds to a Rydberg energy and Bohr
radius of 1 Ry ∼= 5.6 meV and 1 aB ∼= 100 Å, respectively. In addition, the electromagnetic
radiation is polarized along the z-axis, and |M12|2 is given by the following expression [51]:

|M12|2 =
1
3

∣∣∣∣
∫ ∞

0
R1s(r)r3R1p(r)dr

∣∣∣∣
2
, (8)

where the 1
3 pre-factor arises from the integration of the spherical harmonics.

3. Results and Discussion
3.1. Optical Properties of GaAs Quantum Dot with PEP Potential

In this section, we will discuss the effect of the structural parameter , q, on the E1s and

E1p energy levels and the binding energy. We then analyze trends in
∣∣∣Mi f

∣∣∣
2

and the OACs
for the transition between these states. Figure 3 plots the energy levels of the ground (1s)
and first-excited (1p) states as a function of the structural parameter q with and without
the hydrogenic impurity. When q increases, the energy levels decrease rapidly at low
values of q and tend toward constant values, which is due to the shape of the confining
potential shown in Figure 1 (the energy levels are inversely proportional to the width of the
well). Furthermore, in the presence of the hydrogenic impurity (Z = 1), the energy levels
are reduced compared to those in the absence of the impurity (Z = 0) due to the strong
attraction between the electrons and the impurity at the center of the QD. In addition, we
observe a slow decrease in all energy levels for larger values of q, since the width of the
potential (see Figure 1) becomes insensitive to the variation of large q values.
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Figure 3. Variations in E1s and E1p as a function of the parameter q. The solid lines are energies
without the hydrogenic impurity (Z = 0), and the dashed lines represent energies with the hydrogenic
impurity (Z = 1).

The OAC between the ground and first-excited levels depends on the energy separa-
tion ∆E = E1p − E1s and the dipole matrix element, |M12|2. Figure 4 plots these physical
quantities as a function of the structural parameter, q. For Z = 0, ∆E increases, reaches its
maximum at q = 3, and subsequently decreases. This arises because E1p and E1s decrease
when q < 3; however, the decrease in E1s is faster than that of E1p. As such, ∆E shows an
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increasing variation; however, the opposite trend occurs for q > 3, leading to a reduction in
∆E. Consequently, the OAC can undergo a red or blue shift as q increases.
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Figure 4 shows the variation of the dipole matrix element, |M12|2, which plays a
crucial role in controlling the amplitude of the optical absorption. |M12|2 decreases for
q < 3 and increases for q > 3, which is the opposite trend to that of ∆E. For low values of q,
the overlap between the ground and first-excited wavefunctions is reduced; however, the
overlap increases for larger values of q, resulting in an enhancement of |M12|2.

Figure 5 displays the variation of the OAC as a function of the incident photon energy
for three values of the parameter q. The OAC peak moves to the left (redshifts) when q
is increased, which arises from the variation of the energy separation shown in Figure 4.
Furthermore, the amplitude diminishes for q = 6 and subsequently rises again when q = 11.
The amplitude and position of the OAC is sensitive to q, which affects the geometrical
shape of the confining potential and delocalization of the 1s and 1p wavefunctions.
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Figure 6 shows the variation of the binding energy (Eb) as a function of the parameter
q. For low values of q, the binding energy increases sharply for both the 1p and 1s states
and subsequently decreases. For all values of q, the binding energy of the 1s state is larger
than the 1p state, which is due to the strong electrostatic attraction between the impurity
and the electron in the 1s state compared to the 1p state. Furthermore, increasing q enlarges
the confining potential, as shown in Figure 1, which leads to a reduction in all energy levels
of the QD with and without the impurity. Therefore, the binding energy will be influenced
by two effects: (1) the electrostatic attraction and (2) the geometrical confinement imposed
by the confining potential. For higher values of q, the confining potential becomes too large
and dominates the effect of the electrostatic attraction, leading to a reduction in the binding
energies, as shown in Figure 6.
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3.2. Optical Properties of a GaAs Quantum Dot with an MGP Potential

In this section, we examine the effect of the structural parameter q on the E1s and
E1p energy levels, their energy separation, and the binding energy. We then discuss the
behavior of the dipole matrix elements and the OACs between these states.

Figure 7 plots the energy levels of the ground (1s) and first-excited (1p) states as a
function of the structural parameter q with and without the hydrogenic impurity. When q
increases, these energies increase considerably in the presence and absence of the impurity,
which is opposite to that observed in the previous section for the PEP confining potential.
Increasing q reduces the width of the MGP; for higher values of q, the potential tends to the
shape of a negative Dirac-delta potential (Figure 2), which increases the energy levels. In
addition, the slope of each energy level is slowly reduced for higher values of q since the
confining potential no longer changes for very large values of q.

Comparing Figures 3 and 7, the evolution of the energy levels as a function of the
structural parameter are opposite for the PEP and MGP potential. The PEP potential tends
to a square-like quantum well, leading to a reduction in energy levels; however, the MGP
potential tends to a Dirac-delta form, which shifts all of the energy levels to higher values.
Figure 8 plots |M12|2 and ∆E = E1p − E1s as a function of q, which shows that ∆E increases
with q, reaches a maximum, and then diminishes. The maximum of ∆E in the presence
of the hydrogenic impurity (Z = 1) is slightly different from that in its absence (Z = 0),
which causes the blue and red shifts observed in the OAC. Furthermore, the amplitude of
the OAC is sensitive to the variation of the dipole matrix element |M12|2. Figure 8 shows
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that |M12|2 first decreases with q, reaches a minimum, and finally increases, which is an
opposite trend to that of the energy separation, ∆E = E1p − E1s.
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the 1𝑝 state starts to decrease, whereas the 1𝑠 binding energy continues its increase. For 
all values of the parameter 𝑞, the binding energy of the 1𝑠 state is larger than that of 1𝑝, 
which arises from the attraction between the hydrogenic impurity and the free electrons. 
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Figure 8. Variations in E1p − E1s and |M12|2 as a function of the parameter q.

Figure 9 displays the variation of the OAC as a function of incident photon energy
for three values of the parameter q. The OAC peak moves to the right (blue shifts) when
q is increased from 2 to 6; it subsequently moves to the left (redshifts) when q increases
from 6 to 11. This arises from the variation of the energy separation shown in Figure 8.
Furthermore, the amplitude decreases when q varies between 2 and 6 and rises again when
q = 11.
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Figure 9. OAC as a function of incident photon energy for different values of parameter q with
(Z = 1) and without (Z = 0) the impurity.

Finally, we plot the binding energy in Figure 10. For low values of q, the binding
energy increases gradually for the 1p and 1s states. For q > 5, the binding energy of the 1p
state starts to decrease, whereas the 1s binding energy continues its increase. For all values
of the parameter q, the binding energy of the 1s state is larger than that of 1p, which arises
from the attraction between the hydrogenic impurity and the free electrons. Furthermore,
increasing q subsequently reduces the confining potential (cf. Figure 2), which leads to the
enhancement of all energy levels of the QD with and without the presence of the impurity.
The difference in the variation of the binding energies in Figures 6 and 10 confirms the
effect of the structural parameter q on the PEP and MGP potentials.
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4. Conclusions

In this work, we have examined the optical and electronic characteristics of spherical
QDs in PEP and MGP potentials. A finite difference method was used to compute the
energy levels, OACs, and binding energies for the two low-lying 1s and 1p states. Our
calculations for the two confining potentials account for a hydrogenic impurity in the center
of the QD. We first calculated the energy levels and their corresponding wavefunctions and
subsequently evaluated the dipole matrix elements and energy separations between the 1s
and 1p levels. We then examined the behavior of these physical quantities to interpret the
blue and red shifts observed in the variation of OAC.

Our findings show that an increase in the structural parameter of the PEP potential
produces a red shift in the OAC, which arises from the change in the energy separation
due to the widening of the potential. In addition, our findings showed that an increase in
the structural parameter of the MGP potential first produces a blue shift in the OAC and,
subsequently, a redshift. The trends in the binding energy as a function of the structural
parameter of each confining potential were attributed to the attractive force between the
free electrons and hydrogenic impurity. Our simulations provide insight into the optical
and electronic characteristics of spherical QDs in various confined potentials.
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Abstract: Magnetizing the surface states of topological insulators without damaging their topological
features is a crucial step for realizing the quantum anomalous Hall (QAH) effect and remains a
challenging task. The TI–ferromagnetic material interface system was constructed and studied by
the density functional theory (DFT). A two-dimensional magnetic semiconductor CrWI6 has been
proven to effectively magnetize topological surface states (TSSs) via the magnetic proximity effect.
The non-trivial phase was identified in the Bi2Se3 (BS) films with six quantum layers (QL) within the
CrWI6/BS/CrWI6 heterostructure. BS thin films exhibit the generation of spin splitting near the TSSs,
and a band gap of approximately 2.9 meV is observed at the Γ in the Brillouin zone; by adjusting
the interface distance of the heterostructure, we increased the non-trivial band gap to 7.9 meV,
indicating that applying external pressure is conducive to realizing the QAH effect. Furthermore,
the topological non-triviality of CrWI6/6QL-BS/CrWI6 is confirmed by the nonzero Chern number.
This study furnishes a valuable guideline for the implementation of the QAH effect at elevated
temperatures within heterostructures comprising two-dimensional (2D) magnetic monolayers (MLs)
and topological insulators.

Keywords: topological insulator; first principles; magnetic proximity effect; spin

1. Introduction

The discovery of topological insulators (TIs) has spurred significant research interest in
condensed matter physics, particularly in exploring exotic phenomena induced by breaking
time-reversal symmetry (TRS) and opening surface band gaps [1,2]. In particular, magnetic
interactions with topological properties lead to exotic quantum states in materials, including
Majorana fermions [3] (non-Abelian statistics) and the quantum anomalous Hall (QAH)
effect (dissipationless chiral edge states) [4,5]. Of the two widely employed approaches to
break the TRS in TIs, the magnetic proximity effect, achieved through interface formation
with a magnetic insulator, has advantages over doping with transition metal atoms into
TIs. This is commonly associated with magnetic doping, leading to the formation of
defects, including lattice defects, microscopic phase segregation, and impurity bands [6,7].
Following theoretical predictions, the QAH effect was first confirmed in magnetically
Cr-doped (Bi, Sb)2Te3 [5]. Subsequently, researchers observed the QAH effect in various
systems, such as Cr-doped (Bi, Sb)2Te3/Cr2O3 [8] and a Cr-doped (Bi, Sb)2Te3/(Bi, Sb)2Te3
sandwich structure [9]. Despite some work reports on introducing magnetism into Bi2Se3
(BS), it is still a challenge to achieve complete resistance to the QAH effect due to the
influence of the carrier concentration [10–12]. Therefore, it is necessary to explore new
magnetic introduction methods.

Recently, some theoretical studies have reported on heterojunctions employing mag-
netic insulator (MI)/TI heterojunctions [13–16]. Regrettably, in many cases, the hybridiza-
tion at the interface between an MI and TI is excessively strong, leading to the disruption
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or misalignment of the topological surface states (TSSs) concerning the Fermi level [17,18].
Theoretical work has proposed that in the heterostructure of three-dimensional topological
insulators and magnetic insulators, the magnetic order introduced by the magnetic proxim-
ity effect breaks the TRS and exhibits gapped surface states [18–20]. Nevertheless, achieving
the QAH effect at high temperatures remains a considerable challenge. Ordinarily, the
existence of the Mermin–Wagner theorem [21] has led to the belief that establishing a
stable magnetic order in two-dimensional materials is impossible. It has been reported that
magnetic anisotropy can alleviate this limitation and promote phenomena such as the emer-
gence of two-dimensional (2D) Ising ferromagnetism [22]. Consequently, researchers have
unveiled that CrI3 is an out-of-plane spin-oriented Ising ferromagnet via magneto-optical
Kerr effect microscopy [23], confirming the existence of a 2D Ising magnetic monolayer
(ML) in CrI3. Due to the weak magnetic coupling [24–26] established by super-exchange,
ML CrI3 exhibits a low Curie temperature (Tc ≈ 45 K). Doping metal elements to alloy
CrI3 is beneficial to enhance its magnetic coupling effect, thereby increasing the Curie
temperature. Using alloyed CrI3 as a magnetic substrate for topological insulator materials
is more conducive to achieving a high-temperature QAH effect.

In our study, a 2D-vdW magnetic semiconductor, CrWI6, was created through dop-
ing. A CrWI6 ML as a semiconductor can maintain the transport properties of TIs, while
showing a highly stable magnetic order and significant magnetic anisotropy [23]. There-
fore, a CrWI6 ML provides an optimal way to magnetize the TSSs of TIs. Additionally,
the CrWI6/BS/CrWI6 heterostructures with different thicknesses of BS thin films were
constructed. Based on the density functional theory (DFT), the feasible route to enhance the
non-trivial gaps in the heterostructures of utilizing a CrWI6 ML to magnetize the TSSs of BS
is reported. It is observed that the TSSs of BS can be effectively magnetized by the CrWI6
ML. Furthermore, the topological non-triviality of the CrWI6/6QL-BS/CrWI6 heterostruc-
tures was confirmed by the presence of nonzero Chern numbers (CN). The experimental
observation and practical application of the QAH effect based on the BS/2D-vdW magnetic
semiconductor interface system can be further facilitated by our work.

2. Model and Computational Details

The DFT calculations used the Vienna Ab Initio Simulation Package (VASP) code [27,28]
to study the geometrical and electronic properties of a system. The Perdew–Burke–Ernzerhof
(PBE) [29] of the Generalized Gradient Approximation (GGA) [30] exchange–correlation
functional method was employed in this study. To better investigate the geometry of het-
erojunctions, the vdW interaction form of DFT-D3 [31] with Becke–Jonson damping was
employed for calculations, as it has been demonstrated to provide a more accurate description
for various systems. The plane-wave cutoff energy was set to 520 eV, and the convergence
criteria for the total energy and atomic forces were set to be less than 10−6 eV and 0.02 eV/Å,
respectively. Dudarev’s method [32] was used in all calculations, while the effective Hubbard
Ueff 3 eV and 1 eV were added to the Cr-d and W-d orbits, respectively. Spin–orbit coupling
(SOC) was also considered, and Brillouin zone (BZ) integration was performed using Gamma-
centered 3 × 3 × 1 k-point grids. To avoid spurious interactions due to periodic boundary
conditions, a vacuum space of more than 15 Å was used along the Z direction.

The present work introduces a theoretical investigation of the magnetic proximity
effect in the interface of CrWI6/BS (See Figure 1). To check the thermal stability of the
interface of the heterojunction, molecular dynamics simulations were carried out using
the CP2K 2024.1 software package [33,34], a 4 × 4 × 1 supercell (included 424 atoms) was
used, the temperature was maintained at 300 K by using the Nose–Hoover thermostat [35],
a time step of 1 femto-second (fs) was used to integrate the equations of motion, and
the 5 pico-second (ps) trajectory was generated and used for analysis. There are three
positions with high symmetry within the CrWI6/BS/CrWI6 heterostructure. Among them,
the configuration where Cr ions are positioned above Se ions exhibits the lowest energy (see
Figure S1). Therefore, unless otherwise specified in the following sections, we adopt the
heterostructure model where Cr ions are positioned above Se ions. The interlayer distance
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between the heterojunctions and calculation parameters were determined through an
energy test (see Figure S2); the results indicated that the optimal interlayer distance, denoted
as d0, for the CrWI6/BS/CrWI6 heterojunction is 3.18 Å. Further stability calculations
confirmed that d0 remains unchanged after the relaxation of the structure, demonstrating
its structural stability.
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blue atom (left) represent Cr and the green atom (right) represent W. (b) Top view of the CrWI6/BS
interface. (c) Energy and temperature fluctuations observed in molecular dynamics simulations of
heterojunction interfaces, the inset depicting the final structure.

3. Results and Discussion
3.1. Magnetism and Structure of CrWI6

To check the dynamical stabilities of the CrWI6 ML, the phonon spectra are computed
using density functional perturbation theory (DFPT) [36]. The phonon dispersion relation
is obtained by processing the data with the PHONOPY 2.26.0 software package [37], as
illustrated in Figure S3. After structural optimization, it was observed that the lattice
constant of the CrWI6 ML measures 6.94 Å, representing a diminution of merely 3.9% in
comparison to the lattice constant of the

√
3 × √3 BS supercell (7.22 Å). Additionally, the

application of biaxial strain (−5~5%) revealed that the magnetic properties of the CrWI6
ML remain unaffected in the presence of minor lattice stretching (see Figure 2).

The presence of magnetic anisotropy is a crucial requirement for the existence of
long-range magnetic ordering in two-dimensional systems [38]. To assess the magnetic
anisotropy energy (MAE) in the single-layer CrWI6 with spin orientation along different
directions, the angular dependence of the MAE was determined using the following
equation [39]:

MAE(θ, ϕ) = E(θ, ϕ)− E(θ = 0, ϕ = 0) (1)

Here, θ represents the angle between the magnetization direction and the Z-axis, while
ϕ denotes the angle between the projection of the magnetization direction on the XY-plane
and the X-axis. The calculation results reveal that the magnetic easy axis of CrWI6 ML is
perpendicular to the XY-plane, which means that the easy magnetization axis consistently
aligns with the Z-axis, and it can effectively magnetize the BS film peeled from the BS 001
crystal plane. In two-dimensional magnetic materials, the magnetic anisotropy of CrWI6
is relatively more significant [40]. This unique characteristic is predicted to play a crucial
role in stabilizing long-range magnetic coupling by offering resistance against thermal
perturbations (See Figure S4). The substantial MAE observed in CrWI6 is indicative of
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a remarkably robust magnetic coupling interaction within the material. This is further
highlighted by its ability to maintain magnetic order even at elevated temperatures. To
quantify this behavior, the Tc of CrWI6 was determined through Monte Carlo simulations
applied to the Heisenberg model:

H = ∑ij JijSiSj (2)

Generally, considering only the exchange interaction between the nearest and next-
nearest neighbors is sufficient to describe the magnetic interactions in magnetic systems [41],
where Jij represents the nearest and the next-nearest-neighbor exchange interactions, and Si
represents the spin at site i, respectively. For CrWI6 ML, our results demonstrate that the
establishment of the ferromagnetic (FM) ground state is mainly governed by the nearest-
neighbor exchange interaction (J1). Additionally, the next-nearest-neighbor interactions (J2)
also favor FM ordering; notably, due to an order of magnitude difference, we exclusively
considered the magnetic coupling constants J1 and J2, excluding J3. The Tc is taken as the
critical point of the specific heat. As shown in Figure 3, the simulation results indicate
that the Tc transition for CrI3 is at 43.3 K (very close to the experimental value ~45 K [42]),
thereby validating the reliability of our simulation. In contrast, CrWI6 ML exhibits the Tc
of 182.7 K, FM super-exchange interactions in CrWI6 ML via the eg-(px, py, pz)-t2g orbitals,
and the Cr-I-W bonding angle is close to 90 degrees, which explains the occurrence of
FM coupling according to the well-known Goodenough−Kanamori−Anderson (GKA)
rules [24–26] of the super-exchange theorem. Given the elevated Tc observed in CrWI6, the
formation of a heterojunction with the BS becomes a feasible prospect, potentially enabling
the realization of the QAH effect at a higher temperature.
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Figure 2. The influence of biaxial strain on the nearest-neighbor magnetic exchange coupling effect 
and energy transformation trend of CrWI6. 

Figure 2. The influence of biaxial strain on the nearest-neighbor magnetic exchange coupling effect
and energy transformation trend of CrWI6.

198



Molecules 2024, 29, 4101Molecules 2024, 29, x FOR PEER REVIEW 5 of 11 
 

 

0 100 200 300 400
0.0

0.8

1.6

2.4

3.2  CrWI6

 CrI3

M
ag

ne
tiz

at
io

n 
(μ

B)

Temperature (K)

Tc=182.7K

Tc=43.3K

 
Figure 3. Based on the Heisenberg model, the Tc of CrWI6 and CrI3 are computed through the appli-
cation of Monte Carlo simulation. Schematic diagrams of the super-exchange interaction and FM 
coupling in CrI3 and CrWI6 ML. 

3.2. Electronic Properties of Heterojunction 
To clarify the interactions at the interface, the spin density ∆σ and charge density 

difference ∆𝜌 at the CrWI6/6QL-BS interface were plotted, which is defined as follows ∆σ =  σ↑ − σ↓ (3)∆𝜌 =  𝜌௧௧ − 𝜌ௐூ − 𝜌ௌ (4)

Here, σ↑ and σ↓ denote the spin-up electrons and spin-down electrons, and 𝜌௧௧, 𝜌ௐூ, and 𝜌ௌ were the charge densities of the interface of the heterojunction, CrWI6 

ML, and the BS film, respectively, as shown in Figure 4. Similar to prior studies [20,43], 
the magnetic proximity effect is prominent in the QL nearest to the interface. The Se 
atomic layer of BS closest to the interface acquires a small but non-negligible magnetic 
moment, aligning with the Cr/W ion spin in the CrWI6 ML. To further discuss the origin 
of the magnetic proximity effect, the charge differential density at the interface of the het-
erojunction was analyzed. The charge transfer of the interface of the heterojunction pre-
dominantly takes place at the interface between CrWI6 and BS; the positive values (yellow 
area) indicate electron accumulation, and the negative values (cyan area) represent elec-
tron depletion. Additionally, the plane-averaged charge density difference at the interface 
is illustrated. Regions where ∆𝜌 is less than zero indicate electron dissipation, whereas 
values greater than zero signify electron accumulation. Consequently, it is evident that 
within the CrWI6 ML, electrons are transferred from I to Cr/W atoms. At the interface, the 
electron transfer occurs from I to Se-p orbit, providing an explanation for the spin-up 
magnetic moment of Se atoms. 

For BS, a reduction in the number of QLs results in the hybridization and annihilation 
of TSSs on both the upper and lower surfaces of the TI [44]. Hence, the heterojunction 
consists of 4, 5, and 6 QLs of BS and CrWI6. Through the projected band structure analysis 
(See Figure 5), the band contributions in proximity to the Fermi level at the heterojunction 
were ascertained. The energy band near the Dirac cone is primarily composed of BS, while 
the contribution from CrWI6 is concentrated around 0.5 eV and −0.2 eV, the same as with 
the energy band structure of intrinsic CrWI6 (See Figure S5), and the TSSs near the Dirac 
cone are almost unaffected by CrWI6. These results show that 2D-vdW magnetic 

Figure 3. Based on the Heisenberg model, the Tc of CrWI6 and CrI3 are computed through the
application of Monte Carlo simulation. Schematic diagrams of the super-exchange interaction and
FM coupling in CrI3 and CrWI6 ML.

3.2. Electronic Properties of Heterojunction

To clarify the interactions at the interface, the spin density ∆σ and charge density
difference ∆ρ at the CrWI6/6QL-BS interface were plotted, which is defined as follows

∆σ = σ↑ − σ↓ (3)

∆ρ = ρtotal − ρCrWI6 − ρBS (4)

Here, σ↑ and σ↓ denote the spin-up electrons and spin-down electrons, and ρtotal ,
ρCrWI6, and ρBS were the charge densities of the interface of the heterojunction, CrWI6
ML, and the BS film, respectively, as shown in Figure 4. Similar to prior studies [20,43],
the magnetic proximity effect is prominent in the QL nearest to the interface. The Se
atomic layer of BS closest to the interface acquires a small but non-negligible magnetic
moment, aligning with the Cr/W ion spin in the CrWI6 ML. To further discuss the origin
of the magnetic proximity effect, the charge differential density at the interface of the
heterojunction was analyzed. The charge transfer of the interface of the heterojunction
predominantly takes place at the interface between CrWI6 and BS; the positive values
(yellow area) indicate electron accumulation, and the negative values (cyan area) represent
electron depletion. Additionally, the plane-averaged charge density difference at the
interface is illustrated. Regions where ∆ρ is less than zero indicate electron dissipation,
whereas values greater than zero signify electron accumulation. Consequently, it is evident
that within the CrWI6 ML, electrons are transferred from I to Cr/W atoms. At the interface,
the electron transfer occurs from I to Se-p orbit, providing an explanation for the spin-up
magnetic moment of Se atoms.

For BS, a reduction in the number of QLs results in the hybridization and annihilation
of TSSs on both the upper and lower surfaces of the TI [44]. Hence, the heterojunction
consists of 4, 5, and 6 QLs of BS and CrWI6. Through the projected band structure analysis
(See Figure 5), the band contributions in proximity to the Fermi level at the heterojunction
were ascertained. The energy band near the Dirac cone is primarily composed of BS,
while the contribution from CrWI6 is concentrated around 0.5 eV and −0.2 eV, the same as
with the energy band structure of intrinsic CrWI6 (See Figure S5), and the TSSs near the
Dirac cone are almost unaffected by CrWI6. These results show that 2D-vdW magnetic
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semiconductors are more suitable for the magnetization of TSS than other ferromagnetic or
antiferromagnetic films.
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Figure 5. Band structures of CrWI6/BS/CrWI6: (a) CrWI6/4QL-BS/CrWI6, (b) CrWI6/5QL-
BS/CrWI6, (c) CrWI6/6QL-BS/CrWI6, and (d) CrWI6/7QL-BS/CrWI6. Colors in the main panels
indicate the weights of bands from BS (red) and CrWI6 (yellow).
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To reveal the successful magnetization of TSSs, the spin projections of the band
structure near the Dirac cone in the 4–6 QLs energy band are plotted, with the red arrow
indicating spin-up electrons and the blue arrow indicating spin-down electrons. It is
observed that the spin degeneracy of TSSs near the Fermi level is disrupted in all cases
(See Figure 6). Upon reaching a 6QL of the BS film, the band composition near the Fermi
level undergoes a change. There is a band gap of approximately 2.9 meV near the Dirac
cone. Specifically, in the 6QL-BS/CrWI6 system, the valence band is composed of spin-
up components, while the conduction band is composed of spin-down components. In
contrast, for BS systems with fewer than 5QLs, both the valence band and conduction band
contain spin-up and spin-down components. The significant difference in the energy band
composition at this point indicates that the system is transitioning from a normal insulator
to a Chern insulator state, signifying that the system is topologically non-trivial [43].
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Figure 6. Spin projections of CrWI6/BS/CrWI6 band structure: (a) CrWI6/4QL-BS/CrWI6,
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arrow indicates spin-up electrons and the blue arrow indicates spin-down electrons.

To verify the potential influence of different interface stacking manners on the results,
we computed energy bands for two additional stacking manners. The spin projections for
the two alternative stacking manners in CrWI6/6QL-BS/CrWI6 are shown in Figure S6.
The results indicate that different stacking manners do indeed affect the band gaps. The
stacking configuration of Cr/W atoms above Se atoms exhibits the largest non-trivial band
gaps, possibly due to the lowest energy associated with this stacking mode. However, due
to the six QLs of BS, the TSSs of this system remain stable, and thus, the non-trivial band
structure is preserved. The energy gap data can be found in Table 1.

Table 1. Energy gaps Eg of various thickness CrWI6/BS/CrWI6 heterostructures.

Thickness of BS Energy Gaps Eg (meV)

4QLs 23.5 (Se site)
5QLs 9.8 (Se site)
6QLs 2.9 (Se site) 1.4 (Bi site) 1.1 (Hole site)
7QLs 3.2 (Se site)
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3.3. Topological Properties

To assess the topological features of the magnetized TSSs of CrWI6/6QL-BS/CrWI6,
a tight-binding model system based on Wannier functions was constructed. Using this
model, the band structure and Berry phase by integrating the Berry curvature over the BZ
were calculated. The VASPBERRY package [45] was used to perform calculations for the
Berry curvature and Chern numbers of BZ, and the Berry curvature Ω(k) is defined by the
following equation [46,47]:

Ω(k) = ∑
n

fnΩn(k) = − ∑
n′ 6=n

2Im
< ψnk|vx|ψn′k >< ψn′k

∣∣vy
∣∣ψnk >

(εn′k − εnk)
(5)

CN = ∑
n∈{0}

Cn =
1

2π

∫
∑

n∈{0}
Ωn(k)d2k = ∑

n∈{0}

(
Cn,↑ + Cn,↓

)
(6)

Here, fn is the Fermi distribution, ψnk is the eigenstate of the wave function, vx and
vy are the velocity operator, and {0} represents the occupied state. The anomalous Hall
conductance around the Fermi level is defined by the following equation:

σxy =
e2

h
CN (7)

Firstly, utilizing the above formula, the distribution of the Berry curvature for the
valence band of the CrWI6/6QL-BS/CrWI6 system was computed, as depicted in Figure 7a.
By integrating the Berry curvature, a non-trivial Chern number CN = 1 was determined.
Within the energy window of the SOC gap, one can observe a quantized Hall plateau at a
value of e2/h, as illustrated in Figure 7b.
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(b) Hall conductivity of CrWI6/6QL-BS/CrWI6.

Secondly, by computing the CrWI6/BS/CrWI6 heterostructure with different layer
thicknesses of BS, we summarized the trends of the band gaps and Chern numbers for
the CrWI6/BS/CrWI6 heterostructure at different layers, as shown in Figure 8a. The
calculated gaps of CrWI6/6QL-BS/CrWI6 and CrWI6/7QL-BS/CrWI6 are 2.3 meV (26.7 K)
and 3.2 meV (37.1 K), respectively. Therefore, it can be concluded that a CrWI6/BS/CrWI6
heterostructure with fewer than six QLs of BS behaves as a normal insulator. Considering
that the Tc of CrWI6 ML is 183 K, and that the heterostructure system does not involve other
complex factors such as uncontrollable doping distribution and local magnetic ordering,
the QAH effect should be observed in the heterostructure at temperatures as high as several
tens of Kelvin.
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Figure 8. (a) Dependence of Chern numbers and gaps of CrWI6/BS/CrWI6 on the QL of BS film.
(b) The impact of the interlayer distance on the gap of CrWI6/6QL-BS/CrWI6.

Finally, although the non-trivial band gaps in the CrWI6/6QL-BS/CrWI6 heterostruc-
ture can reach 2.9 meV, they are still relatively small compared to similar systems with
the same number of BS layers, such as Cr2Ge2Te6/Bi2Se3/Cr2Ge2Te6 19.5 meV [48] and
MnBi2Te4 33 meV [49]. To increase the system’s non-trivial band gaps and enhance the
temperature at which the QAHE is observed, we simulated external pressure by adjusting
the interface distance d of CrWI6/6QL-BS/CrWI6 to compress the heterostructure. The
results are shown in Figure 8b. The results indicate that reducing the interlayer distance
can effectively widen the band gaps, facilitating the realization of the QAH effect. When
reducing the interface distance to simulate external compression in the vertical direction,
the band gaps of the CrWI6/6QL-BS/CrWI6 heterostructure can reach 7.9 meV (91.6 K); it
is indicated that it is beneficial to apply external pressure to reduce d for the realization of
the QAH effect.

4. Conclusions

In summary, this study has explored the feasibility of achieving the QAH effect in a TI–
ferromagnetic material interface system composed of BS and CrWI6 at higher temperatures.
Through DFT to investigate the electron features, we have demonstrated that the 2D-
vdW, a 2D-vdW magnetic semiconductor, can effectively magnetize the TSSs of TIs while
preserving their topological features around the Fermi level. The topological non-trivial
features of the CrWI6/6QL-BS/CrWI6 interface were verified by nonzero Chern numbers.
There was a band gap of approximately 2.9 meV near the Dirac cone. By adjusting the
interface distance of the heterostructure, we increased the non-trivial band gap to 7.9 meV,
indicating that applying external pressure is conducive to realizing the QAH effect. This
strongly indicates the significant possibility of detecting an induced QAH effect in the
experiment. Consequently, this research has the potential to advance the experimental
observation and practical utilization of the QAH effect in the TI-MI interface system.
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Abstract: Pi-stacked and box-shaped host molecules with xanthene as the basis and pyrene as the
π-plane were synthesized to verify cation–π interactions between graphene and metal cations. Since
crystal structure analysis was not available, DFT calculations were performed to determine the
optimized structure, and the π-planes were found to have a slipped parallel structure, with average
distances of 456.2–581.0 pm for the stacked compound and 463.4–471.4 pm for the box-shaped
compound. Li+ and Ag+ were chosen as acceptors for complexation with metal ions, and their
interactions with the π-plane were clarified by NMR titration. Clearly, the interaction with metal ions
increased when pyrene π-planes were stacked rather than the pyrene itself. In the stacked compound,
the association constants of Ag+ and Li+ were similar; however, in the box-shaped host molecule, only
Ag+ had moderate coordination ability, but the interaction with Li+ was very weak, comparable to the
interaction with pyrene. As a result, intercalation is more likely to occur in stacked host compound 1,
which has some degree of freedom in the pyrene rings, than in the box-shaped compound.

Keywords: intercalation; cation intercaland; cation–Pi; Pi-ligand; pyrene

1. Introduction

Since the interaction between π-electrons and alkali metal cations in a vacuum has
been measured [1,2], the cation–π interaction has been investigated in detail by gas-phase
experiments and theoretical calculations [3–6]. Many models have been designed and
synthesized and their interactions with cations have been investigated in solutions and
solids [7–10]. On the other hand, it is well known that graphite intercalates with metals,
metal salts, acids, etc. Complexes of graphene, its constituent unit, with metal ions are
currently the subject of basic research on drug delivery [11]. Graphene is also a basic re-
search topic for improving the capacities of Li batteries [12–14]. In addition, the permeation
of alkali and alkaline earth metal ions through graphene oxide membranes is also being
investigated [15,16]. Graphene, the structural unit of graphite, is rich in π-electrons and
is a very interesting target for studying cation–π interactions. We previously designed
an intramolecular cation–π recognition system and synthesized compounds in which the
cation-binding moiety is a crown ether unit, and pyrene and/or coronene are used as the
π-planes [17,18]. Using this system, cation–π interactions in a solution can be visualized.
The measurement of the association constants of the complexes and comparison of the
conformational and energetic changes by DFT calculations revealed that the two units
come closer together as a result of the complexation of the cation in the crown part. In the
next stage, the authors focused on graphene as the π-plane. Two molecules were designed
and synthesized as models for the intercalation of cations in graphite, and the magnitude
of cation–π interactions was estimated. Such studies have been reported only in the case
of theoretical calculations, and are few in number [19–21]. Pyrene is a large π-conjugated
aromatic compound with a high fluorescence quantum yield that readily exhibits strong
excimer emission. The excimer luminescence of pyrene and its derivatives have been
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widely used for the analytical detection of various compounds and as a common emission
source for sensors, organic light-emitting diodes (OLEDs), and organic photovoltaic cells
(OPVs). Although many basic studies have reported the fluorescent properties of pyrene
for the development of functional materials, its application as an intercaland model has
not been reported. However, several types of layered compounds have been reported, as
shown in Figure 1. The effect of the molecular configuration of 1,2-di(pyrenyl)benzene
on singlet fission (SF) dynamics was investigated by steady-state and time-resolved spec-
troscopy [22]. Singlet fission (SF) is a process in which two excited triplet states are formed
by a spin-allowed transition from an excited singlet state and has been studied for applica-
tions in solar cell photovoltaics. A stacked compound with two pyrenes bonded to the 1-
and 8-positions of the naphthalene ring, 1,8-bis(pyren-2-yl)naphthalene (BPyN), has been
reported to exhibit remarkable single-molecule excimer emission in solution and films [23].
Li et al. synthesized a compound, X2P, in which 1-pyrene units were introduced at the 4-
and 5-positions of xanthene, and the distance between the pyrene units was kept constant,
and described the π-π interaction of the intramolecular excimer in the crystal [24]. We
designed stacked compound 1 and boxed compound 2 as model molecules for a metal-ion
sandwich complex formation, referring to these types of stacked compounds (Figure 2).
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2. Results and Discussion
2.1. Preparation of Compounds

Compound 1 is a known compound and was synthesized according to a previously
reported method [25]. Pyrene, bis-pinacolato diboron, [Ir(OMe)COD]2, and dtbpy were
added as catalysts to cyclohexane under Ar and heated and stirred at 80 ◦C for 14 h. After
separation by silica gel chromatography, 2-pyreneboronic acid pinacol ester (2-pyrene-
BPin) and pyrene-2,7-diboronic acid pinacol ester (2,7-pyrene-diBPin) were simultaneously
obtained in a 30.7% and 22.5% yield, respectively (Scheme 1) [26]. Two pyrene boronic
acid derivatives obtained from this reaction were used to synthesize compounds 1 and 2.
In the synthesis of 1, the reaction did not proceed with 2-pyrene-BPin; however, when
converted to potassium 2-pyrenyltriolborate and reacted in the presence of potassium
carbonate and Pd(PPh3)4, compound 1 was obtained in 24.3% yield [27]. Compound 2 was
obtained in 23.0% yield by the reaction of 2,7-pyrene-diBPin with 4,5-dibromo-2,7-di-tert-
butyl-9,9-dimethyl-9H-xanthene in the presence of K2CO3 and Pd(PPh3)4, without using
high-dilution conditions.
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2.2. Optimized Structures by Theoretical Calculations

Because X-ray crystallography was difficult due to the nature of the crystals, DFT cal-
culations (B3LYP/6-31Gd) were performed for 1 and 2 to estimate the optimized structures.
tert-Butyl and methyl groups were omitted from the calculations.

In the case of compound 1, the π-planes of the optimized structures were found to
be slipped parallel (Figure 3). The intersection angles of the xanthene and pyrene rings
were 130.5◦and 134.1◦, respectively. Therefore, the two pyrene rings were not parallel.
The distance between the pyrene–pyrene rings was 456.2–581.0 pm, which was equivalent
to the spacing of graphite intercalates. Moreover, pyrene rings are flexible, allowing the
inclusion of guests of various sizes. The pyrene ring in compound 2 also had a slipped
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parallel structure, and the distance between the pyrene rings was 463.4–471.4 pm. The
angle between the xanthene skeleton and pyrene ring was 130.1◦, which was similar to that
of compound 1, although the pyrene ring was more rigidly fixed than that in compound 1.
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2.3. Complexation of Li+ and Ag+ Ions

Li+ and Ag+ were chosen as the guest metal cations. Among the alkali metals, Li+ was
chosen because it is the hardest, has the smallest ionic radius, and is known to interact
strongly with π-electrons [3–6]. Among the transition metals, Ag+ was chosen because it
is the most popular metal ion and has long been shown experimentally to interact with π
electrons [28–31].

NMR titration (THF-d8) was performed to investigate the complexation with metal
ions (Ag+ and Li+). The data were analyzed using a nonlinear least-squares fitting method
with a variant of the Benesi–Hildebrand equation [32]. Ka values were calculated using the
change in the chemical shifts in the pyrene ring proton signal. When the host and guest
form a 1:1 complex, the chemical shift changes induced by the complexation (∆δobs) can be
expressed by Equation (1). For each plot, the binding constants were obtained by curve
fitting using Kaleida Graph™ by applying Equation (1).

∆δobs =
∆δ

2K[H]0

[
1 + K[G]0 + K[H]0 −

{
(1 + K[G]0 + K[H]0)

2 − 4K2[G]0[H]0

} 1
2
]

(1)

In Equation (1), fitting is possible only when the [Host]/[Guest] ratio of the complex
is 1:1. For reconfirmation, a job plot was also constructed for the complexation of 1
with Ag+ ions, and indeed a 1:1 complexation was observed. The results are shown in
Table 1. Fitting of the data points obtained as a result of titration yielded good R values
(see Figures S5–S11).

When Ag+ was added to the pyrene solution, all the signals of the aromatic rings
shifted to a lower field. With compound 1 and Ag+, some signals were high-field-shifted
and some were low-field-shifted depending on the proton. In the case of compound 2 and
Ag+, the chemical shift was very small, but shifted to higher fields. However, when Li+ was
added to pyrene or host molecules 1 and 2, the proton signal of the host shifted to higher
fields in both cases. These phenomena are probably due to the conformational changes in
hosts 1 and 2 upon the inclusion of Li+ and Ag+ ions, the different interaction sites, and
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the different nature of their interactions. The main interaction of Li+ with the π-plane is a
cation–π interaction; however, in the case of Ag+, in addition to the cation–π interaction,
the d-π* interaction caused by the overlap between the d orbital of Ag+ and the π* orbital
of the π-plane is considered to be significant. The titration results clearly showed that the
interaction with metal ions increased for pyrene-ring-layered compounds 1 and 2 rather
than for pyrene itself. In stacked compound 1, the Ka values for Ag+ and Li+ were similar,
but the ability of 1 to form complexes with Li+ was much higher than that of compound 2
or pyrene. In contrast, box-shaped host molecule 2 had a relatively strong coordination
ability only for Ag+, and the interaction with Li+ was as weak as that of pyrene. In the case
of compound 1, this was probably due to the π-electron clustering effect of the two pyrene
rings and the fact that the host could flexibly change its interlayer distance to sandwich the
guest (Ag+ and Li+). Conversely, the π-plane of the box-shaped host molecule 2 is rigidly
fixed, and the solvated Li+ ion, which is bulky, has a large solvation force; therefore, extra
energy is required for the Li+ ion to desolvate and then interact with 2, which causes the
pyrene rings to be less likely to interact with the Li+ ion. In contrast, in the case of Ag+, the
system may be stabilized by sandwiching between two π-planes that are maintained at a
distance suitable for dπ-pπ* interactions. Furthermore, the strength and selectivity of the
interaction between Li+, Ag+, and π electrons can be explained based on the HSAB theory.
Information on the crystal structures of the complexes of Li+ and Ag+ with 1 or 2 is of great
interest for understanding the results of NMR experiments, but all attempts to isolate the
complexes in the presence of large excesses of metal ions with compounds 1 and 2 have
failed. Yáñez et al. used theoretical calculations to determine the position of Li+ ion in
complexes of PAHs and Li+ and showed that there are several structures for the energy
minima of Li+-pyrene complexes [33] In the case of our ligand, the system is more complex,
and calculations could not be performed; however, it can be inferred that there are several
stable structures for Li+-1 and Li+-2.

Table 1. Association constants of pyrene, 1, and 2 with cations.

Host · Guest Ka (L·mol−1)

Pyrene·Ag+ 4.19 ±1.6
Pyrene·Li+ 0.30 ± 0.02

1·Ag+ 39.3 ± 9.7
1·Li+ 57.6 ± 12.4
2·Ag+ 108.1 ± 15.1
2·Li+ 0.45 ± 0.09

3. Materials and Methods
3.1. Experimental Section
3.1.1. General Procedure

Melting points were obtained using a Yanaco MP-500D apparatus in Ar-sealed tubes
and were uncorrected. NMR spectra were collected on a JEOL AL-300 spectrometer
(300.4 MHz for 1H, 75.6 MHz for 13C) with TMS or solvents as internal references. FAB-MS
data were collected on a JEOL JMS-SX/SX102A instrument. Silica gel PTLC was performed
using PF254 (Merck). All reagents were commercially available and used as supplied
without further purification.

3.1.2. Synthesis of Compound 2 from
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene

In a 100 mL three-necked flask, toluene (40 mL), 2 M aq. K2CO3 (4 mL), ethanol
(10 mL), 2,7-pyrene-diBPin (0.20 g, 0.44 mmol), 4,5-dibromo-2,7-di-tert-butyl-9,9-dimethyl-
9H-xanthene (0.21 g, 0.46 mmol), and Pd(PPh3)4 (0.050 g, 0.043 mmol) were added and
bubbled using Ar gas for 20 min. The mixture was then heated and stirred at 90 ◦C for
two days. The precipitates produced were filtered by suction and dissolved in CH2Cl2, and
the solution was filtered through a celite pad. Toluene (10 mL) was added to the filtrate
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and concentrated to obtain pure 2 as a white powder (0.052 g, 23.0%). M.p. > 460 ◦C. 1H
NMR (300 Hz, CDCl3) δ 1.44 (s, 36H), 1.89 (s, 12H), 7.07 (s, 8H), 7.45 (s, 4H), 7.56 (s, 4H),
7.93 (s, 8H). 13C NMR (300 Hz, CDCl3) δ 31.67, 33.21, 34.68, 34.97, 76.59, 77.02, 77.22, 77.44,
122.35, 123.49, 126.04, 126.44, 126.98, 129.48, 129.61, 130.52, 135.46, 145.36, 145.57. HRMS,
calcd for C78H73O2 (M+H)+ = 1041.5614. Found, 1041.5599.

3.1.3. Silver Ion Complexation with 1: Preparation of Solutions for 1H NMR Titration

• Preparation of host solution (1): Dissolve 1 (0.72 mg, 2 × 10−3 mmol) in 1.0 mL of
THF-d8 to make a solution of 2.0 × 10−3 mol/L.

• Preparation of guest (AgClO4) solution (2): AgClO4 (12.4 mg, 0.06 mmol) was dis-
solved in 0.30 mL of THF-d8 to make a 0.20 mol/L solution.

• Preparation of guest (AgClO4) solution (3): AgClO4 (0.25 g, 1.2 mmol) was dissolved
in 0.60 mL THF-d8 to make a solution of 2.0 mol/L.

Solution (1) (0.30 mL) was placed in NMR tubes, and solution (2) was added to a
constant volume (0–80 µL) using a microsyringe. In other NMR tubes, solution (3) was
added in 10 µL increments using a microsyringe to prepare a mixed solution. THF-d8 was
then added until the total volume was 0.60 mL and mixed well. The solution was prepared
such that the [H]/[G] ratio was 0–120. 1H NMR was performed, and the chemical shifts
(pyrene) were recorded. Equation (1), a modification of the Benesi–Hilderand method, was
used for the analysis.

The obtained titration curve was analyzed by the nonlinear least square method using
Kaleida GraphTM for equation to obtain the binding constant (39.3 ± 9.7 L mol−1). The
following complexation experiments between Ag+, Li+, and pyrene, compounds 1 and 2
were performed in the same way.

3.1.4. Job Plot

A THF-d8 solution of compound 1 (0.02 mol/L) and a solution of AgClO4 (0.02 mol/L)
were prepared. These solutions were added to the NMR tubes in 0.02–0.18 mL increments
to give [host] + [guest] = 0.20 mL.

4. Conclusions

Compounds 1 and 2 were synthesized to investigate the complexation of metal cations
with layered compounds as a model for the intercalation of graphite and cations. Through
computer-assisted optimization, compound 1 was found to have a structure in which
the π-planes are in a slipped parallel structure, and the distance between the π-planes
is relatively flexible. In the case of compound 2, the pyrene rings can move in parallel,
but the distance is not variable. Pi-plane dimerization is generally more favorable in the
slipped parallel form than in the fully overlapped form. Therefore, the misalignment of
the pyrene rings in 1 and 2 may be caused by the repulsion of the π-electron dispersion
forces. Interactions with the metal ions (Li+ and Ag+) were measured by 1H NMR titration.
When AgClO4 and LiClO4 were mixed, the NMR titration results showed 1:1 complexation,
which led to the conclusion that the metal ions were encapsulated between the two pyrene
rings. Another feature is that the association constant varies depending on the structure
of the compound. These results indicate that not only does metal intercalate, which is a
process already in practical use, but cations can also intercalate between the graphite layers.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules29173987/s1.
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Abstract: Nowadays, biodegradable metals and alloys, as well as their corrosion behavior, are of
particular interest. The corrosion process of metals and alloys under various harsh conditions can be
studied via the investigation of corrosion atom adsorption on metal surfaces. This can be performed
using density functional theory-based simulations. Importantly, comprehensive analytical data
obtained in simulations including parameters such as adsorption energy, the amount of charge
transferred, atomic coordinates, etc., can be utilized in machine learning models to predict corrosion
behavior, adsorption ability, catalytic activity, etc., of metals and alloys. In this work, data on the
corrosion indicators of Zn surfaces in Cl-, S-, and O-rich harsh environments are collected. A dataset
containing adsorption height, adsorption energy, partial density of states, work function values, and
electronic charges of individual atoms is presented. In addition, based on these corrosion descriptors,
it is found that a Cl-rich environment is less harmful for different Zn surfaces compared to an O-rich
environment, and more harmful compared to a S-rich environment.

Keywords: dataset; adsorption energy; work function; surface; single-atom adsorption

1. Introduction

Surface adsorption is one of the fundamental processes in many fields, including catal-
ysis, the environment, energy, and medicine. In medicine, biodegradable metals and alloys
and their corrosion behavior are of particular interest. In turn, the corrosion process of
metals and alloys is associated with the adsorption of corrosive atoms to their surfaces. The
corrosion process of biodegradable metals and alloys can be studied in an immersion test.
In that case, biodegradable metals and alloys are placed in special solutions, such as Hanks’
solution, compositionally similar to blood plasma. These solutions are rich in various min-
erals, such as sodium, calcium, magnesium carbonates, and bicarbonates [1]. In addition,
it is also crucial to understand the corrosion behavior of biodegradable metals and alloys
in sulfur- and oxygen-enriched atmospheres [2–4]. Nowadays, various computational
approaches have become trustable and utilize comparably fast and cheap tools to assess the
corrosion behavior of biodegradable metals and alloys [5–8]. For instance, using density
functional theory (DFT)-based modeling, it has been shown that in α-Al2O3(0001), the
insertion of a Cl atom in an aluminum vacancy is an endothermic process and the activation
energy for the Cl ingress exceeds 2 eV, while the insertion a Cl atom in an oxygen vacancy
is an exothermic process [9]. DFT-based simulations have uncovered the fundamental
mechanism of the interaction between pure and doped TiO2 with S and O species [10].
Another theoretical investigation of anticorrosion properties of doped Ni-based alloys in
Br-rich and O-rich environments can be enhanced via adsorption inhibition [11]. Pure
metal surfaces have also been actively studied in terms of corrosion behaviors in different
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corrosion mediums. Experimental scanning tunneling microscope results combined with
DFT calculations have revealed a dynamic process of chlorine adsorption on the Au surface,
where Au atoms form a complex superlattice of a Au–Cl surface compound [12]. In the
framework of DFT, the coverage of the Fe(100) surface by Cl atoms has been studied [13].
Adsorption energies and buckling distances have been calculated for various coverages as a
percentage. Notably, a limited number of works are available on corrosive atom adsorption
on Zn surfaces. The DFT results have shown that the S species can chemically interact
with Zn atoms at the smithsonite surface and repel water molecules from it [14]. In this
study [15], among 22 considered single atoms, Al, Ag, Cd, In, Sn, Au, Hg, Tl, and Bi atoms
have been sorted out as doping atoms that possess a weak adsorption energy and low
diffusion activation energy on the Zn surface.

Meanwhile, comprehensive analytical data, such as adsorption energy, the amount
of charge transferred, atomic coordinates (bond lengths, bond angles, and interatomic
distances), etc., can be used in machine learning models as indicators to predict corrosion
behavior, adsorption ability, catalytic activity, etc., of materials [16]. For example, the
adsorption characteristics of graphene modified using single-atom adsorption has been
investigated via DFT-based methods [17]. Various adsorption features, such as atomic
and electronic structures, magnetic properties, and adsorption energies of single-atom-
modified graphene have been collected and analyzed. These descriptors can be used in
machine learning models for the development and design of graphene-based single-atom
catalysts. In the work [18], the adsorption of single atoms on the graphene surface of a
graphene/aluminum composite was studied using DFT methods supplied with a machine
learning approach. A dataset was created containing basic information on atoms, such as
atomic radius, ionic radius, etc., as well as adsorption energy and interatomic distances
of about thirty atoms at the graphene surface. As a result, it has been shown that single
atoms of individual elements, such as Zr, Ti, Sc, and Si can affect the reaction in the
interfacial region of graphene and aluminum. Furthermore, the hydrogen storage capacity
of MXene materials was tested based on the machine learning models using hydrogen
adsorption energy as a main descriptor [19]. Accordingly, several bilayer MXenes with
excellent hydrogen adhesion and storage capacities have been designed. Another recent
study [20] has introduced the hierarchically interacting particle neural network to predict
the energies of molecules based on their physical principles available in the QM9 dataset.
Such a method can also work with the data obtained from ab initio molecular dynamics
calculations; thus, a dataset can be created based on a specific task. A similar model based
on the hierarchically interacting particle neural network has later been used to predict
single-atom adsorption on metal and bimetal surfaces [21]. Adsorption energy, adsorption
height, and buckling of the surface has been predicted for H, N, and O atoms adsorbed
on clean FCC metal surfaces. Some advanced machine learning-based models can also
predict the dissociative adsorption energy of single molecules to metal nanoparticles [22]
and surfaces [23]. Therefore, the collection of data that will facilitate the development of an
adsorption model is a long-term goal in surface and interface science.

This work aims to address two scientific challenges: assessing the corrosion behavior
of Zn surfaces in the Cl-, O-, and S-rich harsh environments, and collecting data on the
corrosion indicators of Zn surfaces in Cl-, S-, and O-rich harsh environments. A dataset
containing the adsorption height d, adsorption energy Eads, partial density of states (PDOS),
work function (WF) values, and electronic charges of individual atoms for the single Cl,
O, and S atoms on the Zn(111), Zn(110), and Zn(100) surfaces was created. Consequently,
based on the data obtained, the corrosion ability of Zn surfaces was evaluated in relation to
their tendency to adsorb corrosive Cl, O, and S atoms.

2. Results

The interaction of corrosive atoms with Zn surfaces is considered based on various
adsorption characteristics. These characteristics are calculated and collected in Table 1
and Table S1. First, the lowest energy configurations of Cl, O, and S atoms on the Zn(111),
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Zn(110), and Zn(100) surfaces are studied. For that, studied adsorbates are placed at the
high-symmetry adsorption sites [24,25] as shown in Figure 1. According to Figure 2 and
Table 1, the hcp site is the most favorable for a Cl atom on the Zn(111) and Zn(110) surfaces,
while the bridge site is the preferable site for a Cl atom on the Zn(100) surface. In the case of
O (Figure S1) and S (Figure S2) atoms, the lowest energy positions on the Zn(111), Zn(110),
and Zn(100) surfaces are the bridge, hcp, and bridge, respectively.

Table 1. Results for the lowest-energy configurations of Cl, O, and S atoms on the Zn(111), Zn(110),
and Zn(100) surfaces. The distance d between the atom and the surface, adsorption energy Ea, and
the amount of charge transfer ∆q to/from the atom on the surface. A positive (negative) ∆q indicates
a loss (gain) of electrons.

Structure Position d, Å Ea, eV Doping
Nature ∆q, e

Zn(111) + Cl hcp 1.54 −2.88 acceptor 0.598
Zn(110) + Cl hcp 1.99 −2.16 acceptor 0.595
Zn(100) + Cl bridge 1.68 −2.38 acceptor 0.601
Zn(111) + O bridge 0.27 −7.30 acceptor 1.231
Zn(110) + O hcp 0.85 −6.81 acceptor 1.196
Zn(100) + O bridge 0.42 −7.08 acceptor 1.195
Zn(111) + S bridge 1.44 −4.69 acceptor 0.823
Zn(110) + S hcp 1.56 −4.39 acceptor 0.820
Zn(100) + S bridge 0.81 −4.96 acceptor 0.825
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Adsorption height d and Eads are other representative markers of adsorption. The
lower the distance from the corrosive adsorbate to the surface atom and the more negative
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the Eads value is, the stronger the adsorbate binds to the surface and, consequently, the
lower the resistance of the surface to the corrosion [11]. According to Table 1, the Cl atom
possesses the shortest d = 1.54 Å and the lowest Eads = −2.88 eV on the Zn(111) surface.
For comparison, an Eads of −4.44 eV has been previously reported for the Cl atom on the
Fe(100) surface [13]; thus, Zn may be more stable than Fe in Cl-rich mediums, while both
will corrode rapidly. Intercalation of the O atom to the surface with the lowest Eads of
~−7.30 eV is observed in the case of the Zn(111) surface. The S atom adsorbed on the Zn
surface has the shortest d of 0.81 Å and the lowest Eads of ~−4.96 eV at the bridge site of
the Zn(100) surface.

The binding of the adsorbate atom to the surface can cause a remarkable charge
redistribution on the reacting atoms. These changes can also be valuable descriptors of
the corrosion process. Differential charge density (DCD) graphs and a Bader analysis are
utilized to visualize and to quantify the charge transfer upon the atoms’ adsorption on Zn
surfaces. Figure 3 shows the DCD plots for the Cl atom adsorbed on the Zn(111), Zn(110),
and Zn(100) surfaces. The accumulation of electrons is observed in the Cl atom, while
electron depletion is found on the surface Zn atoms surrounding the Cl atom. The Bader
analysis (Table 1) proves the charge transfers of 0.598 e, 0.595 e, and 0.601 e, respectively,
from Zn atoms on the Zn(111), Zn(110), Zn(100) surfaces to the adsorbed Cl atom. Similarly,
the DCD plots in Figure S3 suggest the charge transfer occurs from the surface Zn atoms
to the adsorbed O atom. The amount of the charge transferred from the Zn(111), Zn(110),
and Zn(100) surfaces to the O atom is 1.231 e, 1.196 e, and 1.195 e, respectively (Table 1).
According to Figure S4 and Table 1, there is a charge transferred from the surface Zn atoms
to the S atom. This is confirmed by the Bader analysis, which suggests the S atom is an
acceptor to the Zn(111), Zn(110), and Zn(100) surfaces with the amount of the charge
transferred being 0.823 e, 0.820 e, and 0.825 e per atom, respectively.
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Figure 3. The DCD isosurface plots (0.005 Å−3) of the Cl atom adsorbed on (a) Zn(111), (b) Zn(110),
and (c) Zn(100) surfaces. The yellow (blue) color represents an accumulation (depletion) of electrons.

PDOS diagrams of a Cl atom after adsorption on the Zn(111), Zn(110), and Zn(100)
surfaces is shown in Figure 4a–c. Energy level-splitting of Cl-p orbitals produced by the
spin–orbit interaction is visible in Figure 4a,c. In the case of Cl adsorbed on the Zn(111)
surface (Figure 4a), the S-p orbital is splitting and broadening because of a strong coupling
to the Zn-d orbital. For the Cl atom adsorbed on the Zn(110) surface (Figure 4b), there is no
spin decomposition, while the Cl-p orbital is significantly broadened, which can be due to
Cl atoms having the highest Eads on the Zn(110) surface compared to the other surfaces
considered. In the case of the Cl atom on the Zn (100) surfaces (Figure 4c), a decomposition
and significant broadening of the Cl-p orbital is observed, indicating a strong hybridization
between the Cl-p and the Zn-d orbitals. PDOS graphs for the O atom adsorbed on the
Zn(111), Zn(110), and Zn(100) surfaces is shown in Figure S5a–c. A strong degeneracy of
the O-p orbital of the O atom due to the spin–orbit interaction with the Zn-d orbital of the
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surface Zn atoms can be seen in the case of the Zn(111) (Figure S5a), Zn(110) (Figure S5b),
and Zn(100) (Figure S5c) surfaces. Figure S6a–c present PDOS diagrams of the S atom
adsorbed on the Zn(111), Zn(110), and Zn(100) surfaces, respectively. Energy level-splitting
for the S-p orbital produced by the spin–orbit interaction is visible in Figure S6. In the case
of S adsorbed on the Zn(111) surface (Figure S6a), the S-p orbital is split and broadened
because of a strong coupling to the Zn-d orbital. For S adsorbed on the Zn(110) (Figure S6b)
and Zn(100) (Figure S6c) surfaces, the S-p orbital is broadened, signifying coupling to
the Zn-d orbital, while no spin decomposition is found. The PDOS plots can be useful
for predicting the broadening of inner molecular orbitals of adsorbed atoms (molecules,
etc.); thus, they can facilitate the prediction of selectivity and corrosion resistance of metal
surfaces [26,27].
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Another characteristic feature of the surface that can be changed by adsorbed atoms
is the WF value [28–30]. The WF values for the pure and Cl-, O-, and S-adsorbed Zn(111),
Zn(110), and Zn(100) surfaces are calculated and summarized in Table 2. The presence
of adsorbed atoms on the Zn surface leads to a noticeable increase in the WF value. The
highest WF values of 4.46 eV and 4.36 are found for the S-adsorbed Zn(111) surface and
for the Cl-adsorbed Zn(110) surface, respectively. This can be explained based on the
above-mentioned strong charge flows (Figures 3, S3 and S4) from the surface toward the
adsorbate, which can lead to the dipole formation on the Zn surface. Such a dipole can be
attributed to the WF modifications [31–33].

Table 2. WF (eV) values for the cases of the lowest-energy configurations of Cl, O, and S atoms on
the Zn(111), Zn(110), and Zn(100) surfaces.

Structure Pure Cl O S

Zn(111) 4.18 4.35 4.20 4.46
Zn(110) 4.15 4.36 4.25 4.34
Zn(100) 4.03 4.27 4.10 4.16

Figure 5a–d below present the descriptors collected in this work, such as adsorption
height, adsorption energy, Bader charges of individual atoms, and work function values. A
clear correlation between these physical characteristics can be seen. Specifically, the lower
adsorption height (Figure 5a), the lower adsorption energy (Figure 5b), and the higher
charge redistribution (Figure 5c) between the Cl, O, and S adsorbates and the Zn surfaces.
The highest sensitivity of the Zn surfaces is attributed to the O atom, while the lowest is
to the Cl atom. Notably, the change in the work function values of the Zn surfaces has an
inverse relationship with the amount of charge transferred from the surface to the specific
adsorbate (Figure 5d).
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Figure 5. (a) The distance d between the atom and the surface, (b) adsorption energy Ea, (c) Bader
charge per adsorbed atom, and (d) WF value for the lowest-energy configurations of Cl, O, and S
atoms on the Zn(111), Zn(110), and Zn(100) surfaces.

3. Conclusions

The development of an analytical model based on physical parameters characterizing
the local atomic environment, such as structural parameters and electronic features can
open the door to fast predictions of the adsorption energy landscape, selectivity, and
chemical activity of metal surfaces toward various atomic species. However, a proper
selection and comprehensive descriptions of these structural parameters and electronic
features are needed. This work presents an atomic-scale consideration of corrosive Cl,
O, and S atoms interacting with Zn surfaces. A strong correlation between adsorption
height, adsorption energy, Bader charges of individual atoms, and work function value
change is shown. Based on the descriptors presented in this work, it is concluded that a
Cl-rich environment is less harmful for the Zn surface compared to an O-rich environment,
and more harmful compared to a S-rich environment. Furthermore, the obtained data is
collected and presented in the form of dataset. Following the collected data, one can check
the sensitivity of a given Zn surface toward Cl-, O-, and S-rich corrosive media. Moreover,
the presented PDOS plots can be used to evaluate the selectivity and corrosion resistance
of Zn surfaces. A potential future research direction is to collect corrosion descriptors for
various metal surfaces to expand the dataset for predicting their corrosion behavior.

4. Materials and Methods

Spin-polarized simulations were conducted based on the DFT using the Vienna Ab
Initio Simulation Package (VASP) [34]. The projector augmented plane–wave method [35]
was used to treat the ion–electron interactions. An energy cut-off of 540 eV was adopted
for the plane–wave expansion of the electronic wave functions. The exchange correlation
functional based on the general gradient approximation of Perdew–Burke–Ernzerh [36]
was used in conjunction with Grimme’s DFT-D3 method [37] to accurately describe the
dispersion correction of long-range van der Waals interactions between atoms and surfaces.
All considered structures were fully optimized until the maximum force acting on each
atom was less than 0.02 eV/Å. The change in the total energy was less than 104 eV in the
case of structure optimization and less than 108 eV in the case of electronic self-consistent
simulations. The Brillouin zone was sampled with a 4 × 4 × 1 and 8 × 8 × 1 centered
k-mesh grid for the bulk Zn and for the surfaces of Zn, respectively. The functional and
k-point sampling choice was based on previous work [7].

The unit cell of zinc was optimized using variable–cell relaxation, where all degrees
of freedom, such as volume, shape, and internal atomic positions were allowed to relax
for structural optimization. The calculated lattice parameters of zinc of a = b = 2.64 and
c = 4.71 Å was found to be in good agreement with the literature. The surfaces of Zn
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were supposed to have different reactivities. For instance, the 100 surface has the lowest
surface energy, thus it may be more favorable for adsorption, while the 111 and 110 surfaces
possess a much larger surface energy, thus they may be less favorable for adsorption [7,38].
Therefore, these 111, 110, and 100 surfaces were considered. The size of the created Zn slabs
was selected to avoid self-interaction of the replicated cells. A vacuum space of 20 Å was
used in the out-of-plane direction relative to the surface plane.

The strength of adsorption of an atom to a Zn slab surface is measured based on the
Eads, which is determined as follows:

Eads = Eslab+a − Ea − Eslab, (1)

where Eslab+a is the energy of the atom adsorbed on the slab surface, Ea is the energy of the
pure atom, and Eslab is the energy of the pure slab surface.

The DCD ∆ρ(r) is determined as follows:

∆ρ(r)= ρEslab+a(r) − ρa(r) − ρEslab(r), (2)

where, ρEslab+a(r), ρa(r), and ρEslab(r) are the charge densities of the atom-adsorbed slab
surface, the pure atom, and the pure slab surface.

The WF is determined as follows:

WF = Evac − EFermi (3)

where Evac is the energy level of a stationary electron in the vacuum and EFermi corresponds
to the Fermi level of the system.

The amount of charge transferred between the atom and the slab surface due to
adsorption was quantitatively calculated using Bader charge analysis [39]. Structural and
DCD analysis and plotting were conducted using VESTA 3 programs [40], while the PDOS
analysis and plotting were conducted utilizing an open-source programming language
(Python) [41].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29163790/s1, Table S1: The distance d between the
atom and the surface, adsorption energy Ea, and the amount of charge transfer ∆q to/from the atom
on the surface. A positive (negative) ∆q indicates a loss (gain) of electrons.; Figure S1: The side
(the upper panel) and top (the lower panel) views of the lowest-energy configuration of the O atom
adsorbed on (a) Zn(111), (b) Zn(110), and (c) Zn(100) surfaces.; Figure S2: The side (the upper panel)
and top (the lower panel) views of the lowest-energy configuration of the S atom adsorbed on (a)
Zn(111), (b) Zn(110), and (c) Zn(100) surfaces.; Figure S3: The DCD isosurface plots (0.005 Å−3) of
the O atom adsorbed on (a) Zn(111), (b) Zn(110), and (c) Zn(100) surfaces. The green (blue) color
represents an accumulation (depletion) of electrons.; Figure S4: The DCD isosurface plots (0.005 Å−3)
of the S atom adsorbed on (a) Zn(111), (b) Zn(110), and (c) Zn(100) surfaces. The green (blue) color
represents an accumulation (depletion) of electrons.; Figure S5: PDOS diagrams of O atom (a) before
interaction and adsorbed on (b) Zn(111), (c) Zn(110), and (d) Zn(100) surfaces.; Figure S6: PDOS
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Abstract: As global demand for renewable energy and electric vehicles increases, the need for
lithium has surged significantly. Extracting lithium from salt lake brine has become a cutting-edge
technology in lithium resource production. In this study, two-dimensional (2D) GO/MXene composite
membranes were fabricated using pressure-assisted filtration with a polyethyleneimine (PEI) coating,
resulting in positively charged PEI-GO/MXene membranes. These innovative membranes, taking
advantage of the synergistic effects of interlayer channel sieving and the Donnan effect, demonstrated
excellent performance in Mg2+/Li+ separation with a mass ratio of 20 (Mg2+ rejection = 85.3%, Li+

rejection = 16.7%, SLi,Mg = 5.7) in simulated saline lake brine. Testing on actual salt lake brine in Tibet,
China, confirmed the composite membrane’s potential for effective Mg2+/Li+ separation. In the
actual brine test with high concentration, Mg2+/Li+ after membrane separation is 2.2, which indicates
that the membrane can significantly reduce the concentration of Mg2+ in the brine. Additionally, the
PEI-GO/MXene composite membrane demonstrated strong anti-swelling properties and effective
divalent ion rejection. This research presents an innovative approach to advance the development of
2D membranes for the selective removal of Mg2+ and Li+ from salt lake brine.

Keywords: GO/MXene nanosheets; 2D nanosheet membranes; Mg2+/Li+ separation; salt lake brine;
permeability and selectivity

1. Introduction

Lithium, with its high specific heat capacity, allows it to efficiently absorb and release
heat. Additionally, lithium’s low density contributes to the development of lighter and
more efficient batteries. Furthermore, lithium exhibits high electrochemical activity and
good ductility [1], making it widely applicable in aerospace, new energy, and pharmaceu-
tical industries [2,3]. The development and utilization of lithium resources are crucial to
the global energy transition. Salt Lake brine contains 80% of China’s lithium resources
and is characterized by a relatively high mass ratio of Mg2+/Li+ [4–6]. The application of
new materials and adsorbents makes the lithium extraction process more efficient while
reducing the environmental impact. Global trends indicate that with the increasing demand
for electric vehicle batteries, brine lithium extraction technologies are rapidly evolving
towards greater efficiency and environmental sustainability. Belonging to the diagonal
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elements, the physical and chemical properties of lithium and magnesium are quite sim-
ilar [7]. Thus, the separation of Mg2+/Li+ in salt lake brine poses significant challenges
for lithium extraction [8]. Common lithium extraction technologies include extraction,
electrodialysis, adsorption, and precipitation [9–12]. However, these methods are hindered
by severe equipment corrosion, high consumption of chemical reagents, and significant
power requirements [13]. Therefore, developing a saline lithium extraction technology with
high Mg2+/Li+ separation efficiency, energy efficiency, and environmental sustainability
is essential.

In recent years, membrane separation technology has become a popular technology in
desalination, food processing, and wastewater purification due to its high separation per-
formance, low chemical reagent consumption, and no phase change [14,15]. The 2D mem-
branes constructed with 2D materials have attracted increasing research interest owing to
their unique interlayer permeation channels and high separation efficiency [16]. Commonly
used 2D materials include graphene oxide (GO), transition metal carbides/nitrides (MXene),
graphitic carbon nitride, and transition metal sulfides [17,18]. Among them, GO has the ad-
vantages of excellent hydrophilicity, abundant active functional groups (carboxyl, hydroxyl,
carbonyl), and a large specific surface area [19–21]. Zhao et al. [22] used vacuum filtration
to combine 0D GO quantum dots (QDs) with 2D GO nanosheets, successfully fabricating
GO QDs/GO membranes with high permeability. The incorporation of GO QDs effectively
enhanced the hydrophilicity and interlayer spacing of the membranes. Experimental results
demonstrated that the membranes achieved excellent dye and macromolecular protein
removal efficiencies, consistently maintaining removal rates above 99%. Moreover, the
membranes exhibited permeation performance that was two to four times higher than that
of pristine GO membranes. However, the study still did not solve the problem of poor
anti-fouling ability of the membranes. Zhan et al. [23] precisely regulated the interlayer
channels of GO membranes, overcoming the trade-off effect and achieving outstanding
desalination ability. POSS@GO hybrid membranes were fabricated by compositing GO
nanosheets with aminopropyl isobutyl polyhedral oligomeric silsesquioxane (NH2-POSS).
Glutaraldehyde was used as the crosslinking agent. In order to improve the permeability
and desalination performance of the composite membranes (water flux = 112.7 kg/(m2·h),
rejection of NaCl > 99%), the polyhedral structure of POSS could effectively increase the
interlayer spacing of layered GO, providing a suitable spatial hindrance effect. However,
due to its excellent hydrophilicity, GO membranes readily form hydrogen bonds with water
molecules in aqueous solutions, leading to swelling phenomena.

MXene is a family of 2D transition metal carbides, nitrides, or carbonitrides that can
be synthesized by etching the precursor Mn+1AXn phase [24,25]. M is the element of the
transition metal, A is usually the element Al, and X is the element of carbon or nitrogen.
The structural formula of MXene is generally written as Mn+1XnTx, where Tx represents
the −O-O, −OH, and −F groups formed during etching [26,27]. These functional groups
endow MXene nanosheets with good chemical modification and hydrophilicity [28]. Wang
et al. [29] intercalated MXene as a guest material into rGO membranes, significantly improv-
ing their hydrophilicity. The 2D/2D rGO/MXene permeation channels were constructed,
and the composite membrane demonstrated outstanding performance, with a pure water
flux of 62.1 L·m−2·h−1·bar−1 and 91.4% methyl orange rejection. However, the study did
not address the long-term stability of the membrane, a critical parameter for assessing mem-
brane performance. Mg2+ and Li+ have similar ionic radii (4.3 A and 3.8 A, respectively),
making selective separation challenging when relying solely on the sieving effect of layer
spacing [30]. The surface charge properties of 2D membranes significantly influence the
electrostatic repulsion of Mg2+ and Li+ ions, as explained by the Donnan effect [31,32]. Posi-
tively charged membrane surfaces have different electrostatic repulsive forces for Mg2+ and
Li+. This results in differing mass transfer rates, thereby enabling the selective separation
of Mg2+ and Li+ ions [33,34].

In this study, a simple pressure-assisted filtration and surface coating method to
prepare PEI-GO/MXene composite membranes with a 2D/2D structure and positive charge.
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Firstly, high-quality MXene nanosheets were synthesized through etching with LiF and HCl.
Subsequently, GO and MXene were homogeneously dispersed and pump-filtered onto
polyethersulfone (PES) substrate membranes. The surface of the composite membrane was
treated with a polyethyleneimine (PEI) coating via an electrostatic attraction process. This
process altered the surface charge characteristics of the composite membrane. Furthermore,
the effects of different PEI coating conditions on membrane separation performance were
investigated. The composite membrane’s Mg2+/Li+ separation performance was also
evaluated. In this study, the intercalation of MXene into the GO layer exhibited enhanced
stability, which was conducive to the long-term use of the membrane. Compared with
most membranes used for magnesium-lithium separation, PEI-GO/MXene membranes
significantly reduced Li+ retention due to the Donnan effect.

2. Results and Discussion
2.1. Characterization of Materials and Composite Membranes

The microscopic structures of GO and MXene nanomaterials were examined using
scanning electron microscopy (SEM). GO nanosheets exhibited a typical 2D layered struc-
ture, as depicted in Figure S1a. The interlayer bonding was relatively tight, and the lateral
size of the GO nanosheets was comparatively large. The MAX phase displayed a dense,
blocky structure and was characterized by a tightly packed arrangement with minimal
gaps between layers (Figure S1b). In contrast, MXene nanomaterials exhibited increased
interlayer spacing following etching and ultrasonic stripping (Figure S1c). The interlayer
spacing increased, and the lateral dimensions of the sheets were about a few microme-
ters. This loose interlayer structure makes MXene highly suitable for two-dimensional
membrane construction.

As illustrated in Figure 1, SEM images of the M0 and M3 membranes are presented.
A distinctive folded structure was observed on the surface of the M0 composite mem-
brane (Figure 1a), which is a characteristic morphology of GO-based double-layered 2D
membranes [35]. Furthermore, the observed flakes were larger in size and identified as
GO-related. However, the overlay of larger GO nanosheets on smaller MXene nanosheets
obscured these features, making them less apparent on the composite membrane’s surface.
In contrast, the surface folds of the M3 membrane were significantly reduced, resulting in a
markedly smoother appearance (Figure 1b). This phenomenon was attributed to hydrogen
bonding and electrostatic attractions between the amine groups of PEI and the oxygen-
containing functional groups of GO and MXene. These interactions likely contribute to
the formation of a dense organic layer on the membrane surface [36]. The dense organic
layer enhances Mg2+ retention by the membrane. Additionally, Figure 1c illustrates that
the cross-section of the M0 composite membrane exhibited a typical lamellar structure with
2D nano-channels capable of intercepting larger substances and facilitating the transport
of small targets and water molecules [37]. After PEI surface coating (Figure 1d), the cross-
section of the composite membrane showed no obvious changes, and the thickness of the
laminate structure remained nearly unchanged. This suggests that the PEI surface coating
had minimal impact on the membrane’s cross-sectional structure.

Elemental distribution in the composite membrane was characterized using EDS
mapping on M3, as shown in Figure 2. C, N, and O elements were uniformly distributed
throughout the PES base membrane and its laminar structure. S element was primarily
distributed in the PES membrane, while the aggregation of the Ti element was more obvious
at the top of the membrane. This distribution pattern is attributed to the uniform dispersion
of MXene nanosheets within the separated layers of the composite membrane, which
prevents agglomerate formation.

Atomic force microscopy (AFM) analysis was performed on two composite mem-
branes, as shown in Figure 3. Before modification, the surface roughness of the composite
membrane was 38.2 ± 2.3 nm, which slightly decreased to 37.9 ± 1.4 nm after modification.
The coating did not significantly impact the surface roughness of the membrane. The con-
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siderable surface roughness prior to modification contributed to the enhanced permeability
of the composite membrane [38].
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Figure 4 presents the XPS energy spectrum of the M3 composite membrane, with
Table 1 providing the elemental composition. Significant characteristic peaks at 284.8 eV (C
1s), 399.3 eV (N 1s), 531.5 eV (O 1s), and 457 eV (Ti 2p) were observed in the full spectrum
(Figure 4a) [39–41]. The presence of numerous amine groups in PEI produced a more pro-
nounced N 1s peak in the full spectrum of the composite membrane, confirming successful
PEI incorporation. The O 1s peaks originated from oxygen-containing groups on the surface
of GO and MXene. C 1s peaks indicated the presence of carbon, mainly from GO, MXene,
and PEI. Ti was derived from MXene, confirming its successful intercalation into GO. The
C 1s spectrum (Figure 4b) revealed the presence of C–C/C=C, C–O, and C=O/COOH
functional groups in GO nanosheets, with peaks at 284.8 eV, 286.9 eV, and 288.5 eV, respec-
tively. In addition, peaks at 401 eV (C–NH2) and 399 eV (C–N) were detected in the N1s
spectrum (Figure 4c). The O 1s spectrum (Figure 4d) showed a fitted peak corresponding
to N–C=O. This peak resulted from nitrogen in the amine group of the PEI molecule [36].
Peaks at 455.8 eV (C–Ti–(O, OH)), 458.7 eV (Tix–Oy), 460.2 eV (TiO2), 461.6 eV (Ti–Cx),
and 464.4 eV (C–Ti–F) were observed, as shown in Figure 4e. These results confirm the
successful preparation of PEI-GO/MXene composite membranes. According to the data in
Figure 4f, the zeta potential of the PEI unmodified composite membrane was −41.9 mV.
This negative potential is attributed to oxygen-containing functional groups on the surfaces
of GO and MXene nanosheets, such as carboxyl (–COOH), hydroxyl (–OH), and oxygen
(–O). PEI amine groups interacted and adhered to the membrane surface upon modification.
Protonation of amine groups in water generated a positive potential (+11.8 mV) on the M3
membrane surface [28]. According to the Donnan effect, positively charged membrane sur-
faces exhibit greater electrostatic repulsion towards cations. Consequently, the introduction
of PEI improved Mg2+ rejection in the PEI-GO/MXene membrane, enhancing its Mg2+/Li+

separation capacity.
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Table 1. Elemental composition of M0 and M3 based on XPS analysis.

Type of Membrane C (%) O (%) Ti (%) N (%)

M3 70.81 15.87 0.15 13.16

Figure 5a illustrates the Fourier-transform infrared spectroscopic (FTIR) results for the
composite membrane. A notable peak at 1630 cm−1 corresponds to the stretching vibration
of the carbonyl group, specifically the carboxyl group (C=O). This peak is attributed
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to the widespread presence of the oxygen-containing functional group –COOH in GO
nanosheets [42]. The distinctive peak at 1410 cm−1 indicates the carbon-carbon out-of-
plane stretching vibration on the sp2 carbon skeleton. The peak at 1070 cm−1 is attributed
to the stretching vibration of the C–O bond, originating from GO or MXene nanosheets.
In the PEI-GO/MXene membrane, peaks at 2920 cm−1 and 2840 cm−1 correspond to
the stretching vibrations of the amine group. This is due to abundant amine functional
groups in PEI. These results suggest the successful incorporation of PEI into the composite
membranes [36].
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Figure 5. The FTIR (a) and XRD (b) patterns of M0 and M3.

Figure 5b displays the X-ray diffractometry (XRD) patterns of the M0 and M3 compos-
ite membranes. The GO characteristic peak in M0 corresponds to 2θ = 10.3, and according
to the Bragg equation, the interlayer spacing of the M0 composite membrane was calculated
to be 8.7 Å [43]. According to the literature [44], the diameter of hydrated Mg2+ (~8.56 Å)
was slightly smaller than the interlayer spacing of M0. Furthermore, the Donnan repulsion
of cations on the negatively charged surface of M0 is weak. Therefore, M0 could not achieve
effective Mg2+ rejection through the combination of size sieving and the Donnan effect. For
M3, the characteristic peak shifted to 10.8◦, corresponding to an interlayer spacing of 8.2 Å.
The formation of a polymer layer on the PEI membrane surface reduced the interlayer
spacing of M3. As a consequence of the reduced layer spacing, the permeability coefficient
of water molecules increases, while the overall permeability performance of the composite
membrane decreases [28]. However, this reduction enhances the ion rejection capability
of M3. As the PEI concentration in the composite membrane increases, the water contact
angle gradually decreases (Figure 6a). With increasing PEI concentration, the number of
amine groups on the membrane surface increases. This increase leads to the formation of
additional hydrogen bonds, strengthening the interaction between the membrane surface
and water molecules [37]. The dense PEI network structure reduces membrane flux and
increases the Mg2+ retention rate.

2.2. Performance Testing of Composite Membranes

Water flux variation at 2 bar pressure for different composite membranes is shown in
Figure 6b. The water flux of the M0 composite membrane reached 6.9 L·m−2·h−1. However,
as the PEI concentration increased, the water flux decreased to 1.98 L·m−2·h−1 at a PEI
concentration of 1.5 wt%. Generally, PEI modification made the composite membrane
more hydrophilic. PEI enhances the adhesion of water molecules to the surface, improving
water flow through the material [45]. Nevertheless, PEI interacts with oxygen-containing
functional groups on the surface of GO/MXene composite membranes through hydrogen
bonding and electrostatic interactions, resulting in the formation of a dense membrane and
reduced water flux [31].
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Additionally, the effect of coating time on composite membrane performance was
evaluated (T = 5 min, 15 min, 30 min, 60 min), and the separation efficiency was investigated
using a 1 g/L MgCl2 solution. The composite membrane flux gradually decreased with
increasing coating time (Figure 7a). This was due to the formation of thicker polymer
layers over time, leading to higher resistance to water molecule permeation and reduced
permeability performance. The rejection rate of the composite membrane for MgCl2
gradually increased with longer PEI coating times. The final MgCl2 rejection was 86.2%
at the time of T4 (Figure 7b). This represents an improvement of over 20% compared
to the 65.2% MgCl2 rejection of the GO/MXene membrane. Therefore, the optimal PEI
concentration was determined to be 1 wt%, with a coating time of 30 min.
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Simulated salt lake brine (1866 ppm MgCl2 and 134 ppm LiCl) was used to evaluate
the Mg2+/Li+ separation performance of various composite membranes. The flux gradually
decreased with increasing PEI concentration, which was similar to the decreasing trend of
water flux (Figure 7c). Furthermore, the Mg2+ rejection rates of the composite membranes
were 70.68%, 75.76%, 85.27%, 86.66%, and 87.99%, respectively (Figure 7d). MgCl2 rejection
increased rapidly before the PEI concentration of 1 wt%. When PEI concentrations were
greater than 1 wt%, the increase in MgCl2 rejection was not significant. The increased
membrane surface charge at higher PEI concentrations enhanced electrostatic repulsion,
improving SLi,Mg (Figure 7e). After further increasing the PEI concentration, there was
no significant improvement in the Mg2+/Li+ selectivity of the composite membrane, so
M3 was considered the best membrane (SLi,Mg = 5.7). The brine contained 489.4 ppm
Mg2+ and 20.3 ppm Li+, as illustrated in Figure 7f. Following treatment with M3, the
permeate contained 58.8 ppm Mg2+ and 14.7 ppm Li+. Combining interlayer sieving
with electrostatic repulsion [46], M3 achieved 85.27% rejection of MgCl2 and only 16.68%
rejection of LiCl. The composite membrane exhibited a strong affinity forMg2+, resulting
in significant retention. It demonstrated low Li+ rejection, resulting in effective Mg2+/Li+

separation [47–49].
Due to the significant differences between the compositions of actual and simulated

salt lake brines, this study further investigated the Mg2+/Li+ separation efficiency of
composite membranes on real saltwater brines. Actual brine samples were sourced from a
region of Tibet, China, and underwent flotation, filtration, and other pre-treatments, with
specific compositions detailed in Table S2. The salt lake brine was diluted tenfold before use.
The feed solution contained 377 ppm of Mg2+ and 84 ppm of Li+, resulting in a Mg2+/Li+

ratio of 4.5. The concentrations of Mg2+ and Li+ in the permeation solution after treatment
with the composite membrane were 132 and 59 ppm, respectively, with Mg2+/Li+ = 2.2
(Figure 8a). These results demonstrated that the M3 significantly reduced the concentration
of Mg2+ in the salt lake brine, thereby achieving the desired reduction in the Mg2+/Li+

mass ratio. As shown in Figure 8b, the Mg2+ rejection rate of M3 was 64.8%, and the Li+

rejection rate was 29.8%, with SLi,Mg = 2. Compared to the simulated brine, the composite
membrane’s Mg2+/Li+ separation efficiency was decreased. First, the total salinity of the
salt lake brine remained high even after dilution, intensifying the effect of concentration
polarization. In addition, high salinity shielded some of the membrane charges and
attenuated the Donnan effect, leading to a reduction in Mg2+ rejection. The Donnan effect
imparted selectivity to the membrane for ions with different charges, which was particularly
significant in this study. The Donnan effect also influenced the distribution of ions on both
sides of the membrane, contributing to ion balance. Since the membrane carried a fixed
internal charge, ion distribution on both sides had to maintain electrical neutrality, leading
to a lower concentration of Mg2+ relative to Li+ inside the membrane and enhancing the
selective transmission of Li+. PEI modification increased the membrane’s positive charge,
making it more selective for Li+ passage while rejecting Mg2+, thus achieving effective
Mg2+/Li+ separation [50]. Additionally, the salt lake brine contained monovalent Na+

and K+, which competed with Li+ for permeation and potentially hindered Mg2+/Li+

separation [51].
As illustrated in Figure 8c,d, the separation performance of the composite membrane

was evaluated using 1 g/L of CaCl2, MgSO4, Na2SO4, and NaCl solutions. The flux order
was NaCl > Na2SO4 > CaCl2 > MgSO4, while the salt rejection order was MgSO4 (94.8%)
> CaCl2 (84.1%) > Na2SO4 (81.4%) > NaCl (36.9%). The PEI coating created a positively
charged membrane surface, resulting in stronger electrostatic repulsion for divalent ions
Mg2+ and Ca2+. This decreased the permeability of the salt solutions but increased rejection
efficiency. Due to the smaller charge and radius of Na+ and the smaller hydration radius of
Cl− compared to SO4

2−, NaCl rejection was lower than that of Na2SO4 [52,53].
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Figure 8. (a) Mg2+ and Li+ concentration before and after filtration; (b) Effectiveness of M3 in
selectively separating Mg2+ and Li+ from diluted brine solutions; (c,d) Flux and rejection of NaCl,
Na2SO4, CaCl2 and MgSO4 solutions by M3 composite membrane.

To test its swelling resistance, M3 was immersed in a beaker containing 50 mL of salt
lake brine. The immersion times of the composite membrane were 24 h, 72 h, and 168 h.
As shown in Figure S2a–c, the surface of M3 did not exhibit any peeling or color change
after different immersion times. This indicates that the composite membrane demonstrated
excellent resistance to swelling in salt lake brine, maintaining its stability and integrity
throughout the immersion period. Furthermore, even when bent to 90◦ (Figure S2d), M3
remained intact without peeling.

3. Experiments
3.1. The Synthesis of MXene Nanosheets

The synthesis of MXene nanosheets was achieved through a two-step process involv-
ing the etching of LiF + HCl mixed solutions and ultrasound-assisted stripping [54,55].
The detailed preparation procedure is described in Supplementary Methods S2. Addition-
ally, Supplementary Methods S1 lists the materials used, and Supplementary Methods S3
outlines the characterization conditions.

3.2. The Fabrication of a PEI-GO/MXene Composite Membrane

Initially, a specific quantity of GO and MXene powder was weighed and added to a
glass vial containing deionized water, respectively, and ultrasonically dispersed for 2 h
at a concentration of 0.5 mg/mL in an ice bath. The GO and MXene dispersions were
then transferred into two beakers containing deionized water and ultrasonically dispersed
for 15 min. The two dispersions were combined and sonicated for 30 min to create a
homogeneous GO/MXene dispersion. The dispersion was filtered through a dead-end
filtration device (Figure S3) with a PES-based membrane, followed by soaking in 20 mL of
PEI solution at varying concentrations for a certain time. After coating, the PEI solution
was removed, and the membrane surface was rinsed with deionized water. The membrane
was then vacuum-dried in an oven at 40 ◦C for 1 h, resulting in the formation of a PEI-
GO/MXene composite membrane, as illustrated in Figure 9. The ratios and numbers of
different composite membranes are presented in Table S1.
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Figure 9. The schematic diagram depicts the methodology employed in the fabrication of the PEI-
GO/MXene composite membrane.

4. Conclusions

This study employed PEI for surface coating modification to fabricate positively
charged PEI-GO/MXene composite membranes. The preparation, characterization, and
Mg2+/Li+ separation performance of the composite membranes were analyzed to eluci-
date the membrane-forming mechanism and the constitutive relationships of these new
composite membranes. The findings indicated that MgCl2 rejection by the composite mem-
brane progressively improved with increasing PEI concentrations, while the water flux
decreased correspondingly. When the coating time T3 was 30 min and PEI concentration
was 1 wt%, the M3 composite membrane achieved a MgCl2 rejection rate of 85.27%, a LiCl
rejection rate of 16.68%, and the SLi,Mg value as high as 5.7, realizing efficient Mg2+/Li+

separation. In addition, the composite membrane demonstrated good Mg2+/Li+ selectivity
and resistance to swelling when tested with actual salt lake brine. The experimental results
show that strengthening the Donnan effect is a very effective starting point for magnesia-
lithium separation, which will enhance the magnesia-lithium separation performance of
the membrane. This study is expected to provide experimental guidance for constructing
high-performance 2D composite membrane materials based on GO and offer innovative
approaches for developing novel membrane materials for lithium extraction from salt lake
brine. Although the membrane exhibits good magnesia-lithium separation performance,
the narrow channels of the GO membrane limit its water flux. In future research, increasing
the flux of the membrane is an urgent problem to be solved.
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nanosheets, MAX phase, and MXene nanosheets; Figure S2: Digital images of M3 after different
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Abstract: A biomass-based catalyst, CuxOy@CS-400, was employed as an excellent recyclable hetero-
geneous catalyst to realize the sulfonylation reaction of aniline derivatives with sodium sulfinates.
Various substrates were compatible, giving the desired products moderate to good yields at room
temperature. In addition, this heterogeneous copper catalyst was also easy to recover and was
recyclable up to five times without considerably deteriorating in catalytic efficiency. Importantly,
these sulfonylation products were readily converted to the corresponding 4-sulfonyl anilines via a hy-
drolysis step. The method offers a unique strategy for synthesizing arylsulfones and has the potential
to create new possibilities for developing heterogeneous copper-catalyzed C-H functionalizations.

Keywords: biomass derivation; sulfonylation; heterogeneous; C-H activation

1. Introduction

Sulfone is widely utilized in diverse fields such as agricultural chemistry, medicine, or
advanced materials due to its notable chemical, pharmaceutical, and biological activities [1–3].
Some biologically active aryl sulfones are shown in Figure 1. Therefore, a significant
amount of research has been focused on the synthesis of aryl sulfones through a variety
of pathways, including sulfide oxidation, sulfinate alkylation, arene sulfonylation of the
Friedel–Crafts type, and electrophilic substitution of aromatics with sulfonyl halides or
sulfonic acids [4–7].
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In recent years, the formation of transition metal-catalyzed C-H functional syntheses
of sulfur-containing compounds by direct C-S bonding has proven to be one of the most
effective protocols, because this strategy makes the C-S cross-coupling simpler and more
efficient [8]. Traditional aromatic sulfonation reactions usually require metal catalysts and
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chemical oxidants [9–13]. For example, Manolikakes’s group and Wu’s group have inde-
pendently mentioned the remote para-selective sulfonylation of 1-naphthylamides using
Cu(OAc)2-catalyzed sodium sulfinates (Scheme 1a,b) [14,15]. Xiong’s group developed
the use of CuBr2 as a catalyst for highly selective functionalization of the C4-H position
of 1-naphthylamides using sodium sulfinates (Scheme 1c) [16]. However, most copper
catalysts that are used are homogeneous and not environmentally friendly. Consequently,
creating a green reaction pathway to satisfy this requirement for sulfonylation remains
significant and difficult.
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Compared to homogeneous catalysts [17–25], heterogeneous catalysts provide the
advantage of being able to be retrieved from reaction mixtures and reused, resulting in
reduced economic and environmental expenses [26–30]. Biomass-derived heterogeneous
catalysts are garnering an increasing amount of attention [31–34]. Various organic reactions
for heterogeneous biomass-based catalysts have been reported by our group in recent
years [35–39]. The biomass resources used for these catalyst materials have the advantages
of leading to high-efficiency catalysts, being low-cost materials, and requiring a simple
preparation process. Herein, we report the synthesis of a biomass-based copper catalyst and
its successful application in the sulfonylation of aniline derivatives with sodium sulfinates,
producing sulfonylation products in acceptable to good yields (Scheme 1c).

2. Results and Discussion

According to our previous synthesis method [36], the CuxOy@CS-T catalyst was syn-
thesized using a sequential approach outlined in Scheme 2, where T represents the pyrolysis
temperature. Firstly, a straightforward and practical method was used to create the catalyst
precursor, which was a metal–chitosan complex obtained by combining Cu(OAc)2 with
commercial chitosan in water at 50 ◦C. Then, the catalyst precursor underwent drying at
60 ◦C and pyrolysis at high temperatures (300 ◦C, 400 ◦C, and 500 ◦C), which formed the
CuxOy@CS-T catalyst. Since the catalyst is stable to air and moisture both in the solid form
and in a solution, it was kept at room temperature in a screw-capped vial without any
additional air protection.
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Scheme 2. Synthesis of CuxOy@CS-T catalyst.

A scanning electron microscope (SEM) (Figure 2a,b) and a transmission electron mi-
croscope (TEM) (Figure 2c,d)were used to examine the CuxOy@CS-400 catalyst. As shown
in Figure 2, the copper particles were evenly distributed on the catalyst carrier surface,
and a size of approximately 0.3–0.5 um was obtained. The structural characterization
showed that the copper was evenly distributed on the biochar without obvious agglom-
eration. To confirm the element composition of the CuxOy@CS-400, energy-dispersive
spectroscope (EDS) element mapping was conducted (Figure 2e,j). The element mapping
demonstrated the uniform dispersion of carbon, nitrogen, and oxygen in conjunction with
copper components. In addition, the catalyst was characterized using X-ray diffraction
(XRD) and photoelectron spectroscopy (XPS). Our previous studies have shown that the
catalyst features three components, Cu, Cu2O, and CuO (Figure S1) [36].
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Figure 2. SEM images of CuxOy@CS-400 (a,b). TEM images of CuxOy@CS-400 (c,d). Elemental
mapping of CuxOy@CS-400 (e–j).

With the characterized catalysts in hand [31], we started the investigation by exam-
ining the response of N-(o-tolyl)picolinamide (1a) with sodium benzenesulfinates (2a)
as a model reaction to adjust the reaction conditions (Table 1). We were pleased to dis-
cover that by using CuxOy@CS-400 as a catalyst at room temperature in a mixed solvent
(acetone/H2O = 1:1), the expected sulfonylation yield of 82% could be achieved (Table 1,
entry 1). Encouraged by this result, the reaction conditions for sulfonylation were modified
by adjusting the metal catalysts, silver cocatalysts, oxidants, solvents, and temperatures.
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An investigation was conducted to analyze the impact of several copper catalysts on the
model reaction (Table 1, entries 1–5). It is important to highlight that the reaction did not
occur in the absence of a copper catalyst, indicating the unique catalytic function of copper
in this process (Table 1, entry 6). The combination of Ag-peroxydisulfate has shown sig-
nificant efficacy in several sulfonylated reactions [3,15,36]. Therefore, screening of several
silver salts showed that the yield of 3a could not be improved by using either AgNO3
or AgOAc instead of Ag2CO3, whereas no reaction occurred in the presence of AgSbF6
(Table 1, entries 7–9). Subsequently, other oxidants such as Na2S2O8, (NH4)2S2O8, TBHP,
and H2O2 were investigated (Table 1, entries 10–13), and it was found that K2S2O8 was the
most efficient. When Ag2CO3 or K2S2O8 was not present, the reaction did not produce any
product (Table 1, entries 14 and 15). These findings suggest that organic transformation is
determined by the Ag2CO3 and K2S2O8 synergistic action. Then, other solvents (acetone,
H2O, EtOH, DMSO) were also evaluated (Table 1, entries 16–19), and a mixed solvent of
acetone and H2O turned out to enhance the yield. In order to further increase the yield of
the reaction, we explored the impact of temperature on the reaction outcomes. Changing
the temperature did not improve the yield of the sulfonylation product (Table 1, entry 20).

Table 1. Optimization of reaction conditions a.
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1 none 82
2 Cu(OAc)2@CS as catalyst 35
3 CuO as catalyst 28
4 CuxOy@CS-300 as catalyst 69
5 CuxOy@CS-500 as catalyst 65
6 Without CuxOy@CS-400 0
7 AgNO3 as cocatalyst 69
8 AgOAc as cocatalyst 73
9 AgSbF6 as cocatalyst 0

10 Na2S2O8 as oxidant 76
11 (NH4)2S2O8 as oxidant 74
12 TBHP as oxidant 22
13 H2O2 as oxidant 11
14 Without Ag2CO3 0
15 Without K2S2O8 0
16 Acetone as solvent 28
17 H2O as solvent 54
18 EtOH as solvent 23
19 DMSO as solvent 25
20 60 ◦C as reaction temperature 72

a Reaction conditions: 1a (0.2 mmol), 2a (2.0 equiv.), CuxOy@CS-400 (20 mg), Ag2CO3 (20 mol%), K2S2O8

(2.0 equiv.), acetone/H2O =1:1 (3 mL), stirred at rt, under air, 12 h. b Isolated yields.

After obtaining the most suitable reaction conditions, we proceeded to investigate
the various anilines that could be utilized for sulfonylation (Scheme 3). Substrates bearing
an electron-donating substituent at the C2 and C3 positions of the aniline ring were well
tolerated (3a–3c). Changing substituents to unsubstituted aniline could also smoothly
facilitate the reaction to obtain 3d and 3e in 84% and 68% yields, respectively. Notably, when
the substrates containing electron-withdrawing groups (-Cl, -I) were used, the reaction
failed to occur (3f and 3g). In addition, 1-naphthylamide and quinolin-5-amine could
also provide the required product in a high yield (3h and 3i). The further application
of this method focused on the substituted picolinamide moiety. When the picolinamide
moiety was varied, products 3j–3m were smoothly obtained. Subsequently, we conducted
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further research on the wide range of sodium sulfinates. Our catalytic system was highly
compatible with functionalized sodium sulfinates, resulting in sulfonylation products
with yields ranging from moderate to good. In particular, comparable compounds (3n–
3w) were produced in 60–83% yields by benzene sodium sulfinates with either electron-
donating or electron-withdrawing groups at the C2, C3, or C4 sites. Reactions of N-
(2-ethylphenyl)picolinamide with both naphthalene, heterocyclic, and aliphatic sodium
sulfinates proceeded successfully as well, resulting in the formation of corresponding
products (3x–3aa) in 45–82% yields. Unfortunately, sodium trifluoromethanesulfinate could
not be converted into 3ab smoothly.
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With the goal of confirming the effectiveness and applicability of this approach, we
conducted a large-scale reaction (Scheme 4a), resulting in the production of C4 sulfonyla-
tion product 3a with a yield of 78% using the standard conditions. After that, the directing
group could be removed by hydrolysis to give 2-methyl-4-(phenylsulfonyl)aniline and
picolinic acid in 92% and 82% yields, respectively. In addition, we conducted a few radical
trapping studies to further explain the reaction mechanism (Scheme 4b). The addition
of the radical inhibitors TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl), BHT (butylated
hydroxytoluene), or DPE (1,1-diphenylethene) somewhat hindered the sulfonylation pro-
cess. The reaction was hindered by radical scavengers, indicating the participation of a free
radical pathway in the reaction mechanism.
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On the basis of the abovementioned investigations, we suggest that the sulfonylation of
anilines with sodium sulfinate occurs by the mechanism described in Scheme 5 [14–16,40].
Firstly, the CuxOy@CS-400 catalyst and N-(o-toly)picolinamide (1a) create an
aninicimidaate–copper complex A. The complex A took place as an intermolecular single
electron transfer (SET) between the o-toluidine and K2S2O8, furnishing the radical complex
B. Meanwhile, the benzene sulfonyl radical was produced by reacting sodium benzene-
sulfinate (2a) with silver salts and oxidants. Next, the formation of complex C occurred
by a radical coupling reaction between radical complex B and the benzenesulfonyl radical.
Ultimately, complex C undergoes a proton transfer process to form complex D, whose
dissociation yields the intended product 3a and involves catalyst regeneration to complete
the catalytic cycle.
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The appealing elements of heterogeneous catalysis include the use of milder reaction
conditions and the option of reusing catalysts. In order to assess the effectiveness and
demonstrate the benefits of this approach, the viability of reusing the catalyst was further
investigated. After the reaction, the CuxOy@CS-400 catalyst was simply recovered by
filtration and washed with H2O and EtOH. It was reused in the sulfonylation reaction
of N-(o-tolyl)picolinamide and benzenesulfinate, and the results are shown in Figure 3.
For the recycling experiment, the CuxOy@CS-400 catalyst that had been separated was
recharged with a new substrate to be used again in the following run while keeping the
same reaction conditions. It was observed that the catalyst maintained its catalytic activity
even after being reused five times.
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3. Experimental Section
3.1. Chemicals and Materials

Chitosan powder (MW: 10,000–50,000, deacetylation degree 95%, purchased from Al-
addin reagent (Shanghai) Co., Ltd., Shanghai, China) was used without further purification.
Acetophenone and sulfinic acid salts were purchased from Alfa Aesar. Other chemicals
were obtained commercially and used without any prior purification. 1H NMR spectra
were recorded on a Bruker AvanceII 400 spectrometer using TMS as the internal stan-
dard. All products were isolated by short chromatography on a silica gel (200–300 mesh)
column using petroleum ether (60–90 ◦C) unless otherwise noted. All compounds were
characterized by 1H NMR, 13C NMR.

3.2. General Procedure for Synthesis of Biomass-Derived Copper Catalysts

We dissolved anhydrous copper acetate (90.83 mg, 0.500 mmol) in H2O (40 mL) in
a 100 mL round-bottom flask equipped with a reflux condenser and magnetic stir bar.
Then, chitosan (690 mg) was added to obtain a suspension, which was stirred at 50 ◦C for
3 h. After the solution was cooled to room temperature, H2O was slowly removed under
reduced pressure. The light-blue solid obtained was dried under vacuum at 60 ◦C for
12 h. We transferred the dried sample to a porcelain boat and placed it in the oven. The
oven was evacuated and purged with nitrogen for 30 min. Then, we heated the oven to
the appropriate temperature (e.g., 300 ◦C, 400 ◦C, 500 ◦C) with a temperature gradient
of 2 ◦C/min and maintained the same temperature under a nitrogen atmosphere for 2 h.
Then, we let the oven cool to room temperature. Throughout the process, the furnace was
continuously purged with nitrogen. The prepared catalysts were stored in screw-cap vials
at room temperature without special air protection.

3.3. General Procedure for C–H Sulfonylation of Anilines Derivatives

We used a 25 mL Schlenk tube equipped with a magnetic stir bar and added N-
phenylpicolinamide derivative 1 (0.2 mmol), sodium sulfinate 2 (0.4 mmol), CuxOy@CS-400
(20 mg), Ag2CO3 (20 mol%), and K2S2O8 (2.0 equiv.) in acetone/H2O (1:1) (3.0 mL). The
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resulting mixture was stirred at room temperature for 3 h in air. After completion, the
mixture was added to H2O (20 mL) and extracted three times with ethyl acetate (10 mL). The
combined organic layer was dried over anhydrous Na2SO4 and filtered. After the solvent
was evaporated in a vacuum, the residue was purified by silica gel column chromatography
using petroleum ether/ethyl acetate as a detergent to obtain pure product 3.

4. Conclusions

In conclusion, the remote C–H sulfonylation of anilines with sodium sulfinate at
room temperature was facilitated by a biomass-based CuxOy@CS-400 catalyst, which
could be recycled and produced the required products in moderate to good yields. The
technique exhibited many advantages, including straightforward and gentle reaction
conditions, a small impact on the environment, reduced energy consumption, and excellent
tolerance towards functional groups. In addition, the control experiments demonstrated the
involvement of a radical route in the reaction. More importantly, the catalyst was reutilized
five times without a considerable deterioration in catalytic efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29204815/s1. Figure S1: XPS spectra of CuxOy@CS-
400: (a) Survey spectrum. (b) Cu 2p. (c) O 1s. (d) Cu LMM. (e) XRD spectra of CuxOy@CS-400.
Reference [41] is cited in the supplementary materials.
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