)é(‘I molecules

Special Issue Reprint

Carbon-Based
Electrochemical Materials
for Energy Storage

Edited by
Huicong Xia

mdpi.com/journal/molecules

WVI\DPI

F




Carbon-Based Electrochemical
Materials for Energy Storage






Carbon-Based Electrochemical
Materials for Energy Storage

Guest Editor

Huicong Xia

F
rM\D\Py Basel o Beijing ® Wuhan e Barcelona e Belgrade ¢ Novi Sad e Cluj ¢ Manchester
/



Guest Editor

Huicong Xia

College of Materials Science
and Engineering
Zhengzhou University
Zhengzhou

China

Editorial Office

MDPI AG
Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Molecules (ISSN 1420-3049),
freely accessible at: https://www.mdpi.com/journal/molecules/special_issues/2GXM]514VX.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-6448-5 (Hbk)
ISBN 978-3-7258-6449-2 (PDF)
https://doi.org/10.3390/books978-3-7258-6449-2

© 2026 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).



Contents

Preface . . . . . . .

Kuan-Yi Liao, Chia-Chin Chang, Yuh-Lang Lee and Ten-Chin Wen
Atypical Analysis of a Graphite-Based Anode Prepared Using Aqueous Processes
Reprinted from: Molecules 2025, 30, 3947, https:/ /doi.org/10.3390/molecules30193947 . . . . . .

Naveed Ashraf and Younes Abghoui
Investigating the Mars—van Krevelen Mechanism for CO Capture on the Surface of Carbides
Reprinted from: Molecules 2025, 30, 3637, https:/ /doi.org/10.3390 /molecules30173637 . . . . . .

Trajche Tushev, Sonya Harizanova, Maria Shipochka, Radostina Stoyanova and Violeta Koleva
Multiple Functions of Carbon Additives in NASICON-Type Electrodes for Stabilizing the Sodium
Storage Performance

Reprinted from: Molecules 2025, 30, 3547, https:/ /doi.org/10.3390/molecules30173547 . . . . . .

Pawel Szroeder, Agnieszka Banaszak-Piechowska and Thor Sahalianov
Tailoring Electrocatalytic Properties of sp?-Bonded Carbon Nanoforms Through Doping
Reprinted from: Molecules 2025, 30, 1265, https:/ /doi.org/10.3390 /molecules30061265 . . . . . .

Chenghao Pan, Yongfeng Ji, Suxia Ren, Tingzhou Lei and Lili Dong
Lignin-Derived Activated Carbon as Electrode Material for High-Performance Supercapacitor
Reprinted from: Molecules 2025, 30, 89, https:/ /doi.org/10.3390/molecules30010089 . . . . . . .

Yuxuan Liu, Yufan Tan, Keyi Zhang, Tianqi Guo, Yao Zhu, Ting Cao, et al.

Roughing Nitrogen-Doped Carbon Nanosheets for Loading of Monatomic Fe and
Electroreduction of CO, to CO

Reprinted from: Molecules 2024, 29, 5561, https:/ /doi.org/10.3390/molecules29235561 . . . . . .

Zhao Huang, Zhirou Zhang, Long Chao and Xueen Jia

Fabrication of Pb-Containing PtAu Nanoflowers via Galvanic Replacement Method for
Electrocatalytical Oxidation of Methanol

Reprinted from: Molecules 2024, 29, 5492, https:/ /doi.org/10.3390/molecules29235492 . . . . . .

Wenxin Chen, Jing Sun, Pingshan Jia, Wenlong Wang, Zhanlong Song, Ziliang Wang, et al.

A Strategy for Anode Recovery and Upgrading by In Situ Growth of Iron-Based Oxides on
Microwave-Puffed Graphite

Reprinted from: Molecules 2024, 29, 3219, https:/ /doi.org/10.3390/molecules29133219 . . . . . .

Shuai Zhang, Caizhang Wu, Zhike Zhao and Kun Xu

An Electrochemical Immunosensor Based on Chitosan—Graphene Nanosheets for Aflatoxin Bl
Detection in Corn

Reprinted from: Molecules 2024, 29, 1461, https:/ /doi.org/10.3390/molecules29071461 . . . . . .

Tingxia Wang, Xu Zhang, Xiaojiao Yu, Junpeng Li, Kai Wang and Jinfen Niu
Interfacial Interaction in NiFe LDH/NiS, /VS, for Enhanced Electrocatalytic Water Splitting
Reprinted from: Molecules 2024, 29, 951, https:/ /doi.org/10.3390/molecules29050951 . . . . . .

Zixin Li, Yao Hu, Haihui Lan and Huicong Xia
Unlocking the Potential of MBenes in Li/Na-Ion Batteries
Reprinted from: Molecules 2025, 30, 2831, https:/ /doi.org/10.3390/molecules30132831 . . . . . .

Chuanhui Zhu, Changming Zhao, Hao Tian and Shuk-Yin Tong
Correlation of Structure and Electrocatalytic Performance of Bulk Oxides for Water Electrolysis
Reprinted from: Molecules 2025, 30, 2391, https:/ /doi.org/10.3390/molecules30112391 . . . . . .



Qi Wang, Bolong Luo, Zhaoyu Wang, Yao Hu and Mingliang Du

Pore Engineering in Biomass-Derived Carbon Materials for Enhanced Energy, Catalysis, and
Environmental Applications

Reprinted from: Molecules 2024, 29, 5172, https:/ /doi.org/10.3390/molecules29215172 . . . . . .

vi



Preface

In recent years, the demand for high-performance power sources has significantly shaped global
research efforts aimed at developing advanced energy storage materials and devices. The ongoing
need for efficient and sustainable energy solutions has prompted scientists and engineers to explore
innovative technologies that can effectively address the challenges associated with energy storage. This
Special Issue, titled “Carbon-Based Electrochemical Materials for Energy Storage,” seeks to illuminate
the latest advancements and trends in carbon-based electrode materials, which are critical to the
development of next-generation batteries, supercapacitors, and fuel cells.

The aim of this Special Issue is to consolidate and disseminate state-of-the-art research on
carbon-based materials, which are increasingly recognized for their potential to revolutionize
energy storage applications. Carbon-based materials have garnered extensive attention due to their
abundance, cost-effectiveness, non-toxic nature, and diverse array of electrochemical properties. These

characteristics render them highly appealing as electrode materials in various energy storage systems.

Huicong Xia
Guest Editor
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Abstract

In order to form a solid electrolyte interphase (SEI) layer using aqueous processes, a
graphite anode called MG-AQP was designed by wrapping and crosslinking graphite
particles with aqueous composites (AQCs), which contained zwitterionic polymer, zwitte-
rion molecules, and lithium salts. First, MG-AQP was used to fabricate a full lithium-ion
battery (LIB) cell with Li[NipgMng1Co¢1]O, (NMC811) as the cathode, denoted as LIB-
MG-AQP//NMCS811, to demonstrate its performance via a 0.5 C-rate break-in and 1 C-rate
cycling. Accordingly, this showed that LIB-MG-AQP exhibits outstanding cyclic stability.
To evaluate its electrochemical performance, MG-AQP and lithium metal were used to
fabricate a half cell named LIBs-MG-AQP. According to the initial cyclic voltammetry curve,
almost no surface reaction for forming an SEI layer exists in LIBs-MG-AQP, illustrating its
high initial coulombic efficiency of 92% at a 0.5 C-rate break-in. These outstanding results
are due to the fact that the AQC has fewer cracks, thus blocking solvent molecules from
passing from the electrolyte into the graphite anode. This study provides new insights to
optimize graphite anodes via 0.5 C-rate break-in rather than conventional SEI formation to
save time and energy.

Keywords: atypical analysis; graphite anode; aqueous process; break-in

1. Introduction

Conventionally, graphite is used as an anode material for lithium-ion batteries (LIBs)
due to its availability, stability, and good conductivity [1-6]. Carboxymethyl cellulose
(CMC), commonly employed as a binder for graphite anodes, provides high viscosity and
strong adhesion, enabling uniform slurry dispersion and improved particle cohesion [7-9].
However, there are still some drawbacks with the usage of CMC as a binder for graphite
anodes [10].

For instance, under formation processes, many side products are formed, such as
LiF, LipCOs3, LiOH, ROCO,Li, and ROLi in solid electrolyte interface (SEI) layers, as well
as the generation of C;Hy, CO,, Hpy, and HF gases due to irreversible reactions between
lithium ions, solvents, and anionic molecules with electron transfer [11-14]. Consequently,
a significant number of lithium ions are consumed during the initial process. Moreover, the
formation of weak SEI layers occurs in graphite anodes with the application of conventional
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electrolytes, as reported in some studies [15-18]. Alternatively, graphite anodes prepared
with a CMC binder exhibit pronounced surface cracks, which can be attributed to the
tendency of linear CMC polymers to aggregate into clusters during the drying process,
leading to portions of the graphite surface becoming exposed and cracked. In this case,
under high C-rates, lithium ions favor the low resistance pathways provided by the cracks
instead of traveling through the intact electrode surfaces. Nevertheless, the weakness of
the SEI layer becomes so severe that many lithium ions are consumed in the reforming
of the SEI layer rather than contributing to reversible energy storage, resulting in poor
performance and cyclic stability. Generally, in the conventional design of graphite anodes,
it is necessary to form an SEI layer at 0.1 C-rate. Also demonstrated in previous studies
is the fact that due to the crystallization properties of CMC at low temperatures, lithium
ions with extremely high resistances travel from the electrolyte to the graphite surface to
undergo energy storage. The above statements show the many drawbacks of CMC being
used for graphite anodes.

To address the limitations of conventional binders in graphite anodes, in our previ-
ous studies, CMC was reacted with sulfobetaine methacrylate (SBMA) as a zwitterionic
monomer, and zwitterion molecules were added to obtain a product denoted as CMC-
SBMA?, which was applied as a graphite binder [19,20]. It has been observed that zwitterion
molecules can improve the formation of a strong SEI layer comprising rich LiF. Moreover,
zwitterion molecules can enhance the transportation of lithium ions with high diffusivities
and low resistances. The strong interactions between the zwitterion molecules can reduce
the crystallization tendency of CMC-SBMA?, enabling this binder to deliver excellent
performance at low temperatures. Thus, the addition of zwitterion molecules provides
superior performance and cyclic stability in graphite anodes.

However, it is inevitable that some cracks occur on graphite anodes produced using
CMC-SBMA?® as a binder due to the linear polymer and zwitterion molecules. At a high
C-rate, solvent molecules carrying lithium ions can penetrate these cracks and reach the
graphite surface, where they participate in surface reactions that produce a weak and highly
resistive SEI [21,22]. In this study, we solve this problem by developing a novel aqueous
fabrication method for the development of graphite anodes. First, aqueous composites
containing the zwitterionic polymer CMC-SBMA?, zwitterion molecules, and lithium salts
with crosslinkers, which form the network structure to wrap the graphite particles, are
used to develop anodes for lithium-ion batteries (LIBs). We hypothesize that the aqueous
composites will prevent cracks from forming on the graphite surface and block solvent
molecules from passing from the electrolyte to the graphite anode. Accordingly, this study
illustrates how our aqueous processes save time in the SEI formation of graphite anodes.
The electrochemical performance of the anode at 0.5 C as a high C-rate break-in is atypically
analyzed and the results are described below.

2. Results and Discussion
2.1. Demonstration of Full Cells

In this study, MG-AQP and MG-CMC as the anode and Li[Nig gMng 1Coy 1]0(NMC811)
as the cathode were used to fabricate LIBs in full-coin cells for LIBs-MG-AQP//NMC811
and LIBs-MG-CMC/ /NMC811, respectively. Both LIBs-MG-AQP//NMC811 and LIBs-MG-
CMC//NMC811 undergo a break-in process at a 0.5 C-rate under atypical analysis; their
charging and discharging curves are shown in Figure 1la,b. The curve of NMC811 under
a 0.5 C-rate break-in is presented in Figure S1. Accordingly, the initial curve of LIBs-MG-
AQP//NMC811 shows a smoother slope than that of LIBs-MG-CMC/ /NMCS811. LIBs-MG-
AQP//NMC811 and LIBs-MG-CMC//NMC811 exhibit voltage plateaus at 3.84 V and 3.81 V
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at SOC 50% during the discharging process, representing the lower resistances of LIBs-MG-
AQP//NMCS811 than LIBs-MG-CMC/ /NMC811. The charging and discharging capacities
of LIBs-MG-AQP/ /NMCS811 are 168.7 mAhg~! and 157 mAhg~!, while those of LIBs-MG-
CMC//NMC811 are 200 mAhg~! and 125.04 mAhg~!. The initial coulombic efficiencies
of LIBs-MG-AQP//NMC811 and LIBs-MG-CMC/ /NMCS811 are 92% and 63%, respectively.
For the cyclic stabilities after 10 cycles at a 1 C-rate, as shown in Figure 1c,d, the coulombic
efficiencies of LIBs-MG-AQP//NMC811 become stable at nearly 100%. Conversely, MG-
CMC//NMCS811 exhibits stable capacities and coulombic efficiencies after 70 cycles. For the
final cycles, LIBs-MG-AQP//NMC811 and LIBs-MG-CMC//NMC811 remain at 83% and 25%
at 280 cycles. It is observed that the numerous surface reactions required for forming an SEI
take place in MG-CMC//NMC811 during the break-in process at a 0.5 C-rate, substantially
reducing the amount of lithium ions for energy storage. Therefore, MG-CMC//NMC811 is
necessary to form the SEI layer under a low C-rate, as shown in Figure S2. However, LIBs-
MG-AQP//NMCS811 exhibits excellent stability during the break-in process at a 0.5 C-rate,
indicating its high and stable capacity during cycling analysis. Therefore, it seems that the
new insights obtained from the development of aqueous graphite anodes can be used to
demonstrate the energy and time saved by these devices. A detailed electrochemical analysis
of graphite anodes is presented below.
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Figure 1. The first charging and discharging curves of (a) LIBs-MG-AQP//NMC811 and (b) LIBs-
MG-CMC//NMC811 at 0.5 C-rate break-in. The cyclic stabilities of (c¢) LIBs-MG-AQP//NMC811
and (d) LIBs-MG-CMC/ /NMCS811 for 280 cycles.

2.2. Electrochemical Performance of Half Cells

To present the electrochemical performance of the half cells fabricated in an anode
containing the lithium metals LIBs-MG-AQP and LIBs-MG-CMC at a 0.5 C-rate break-
in, charging and discharging curves are shown in Figure 2a,b. The initial coulombic
efficiencies of LIBs-MG-AQP and LIBs-MG-CMC are 88.44% and 73.7%, which are nearly
in line with the efficiency values for full cells of LIBs-MG-AQP//NMC811 and LIBs-MG-
CMC//NMC811. Additionally, the voltage values at SOC 50% are 0.172 and 0.275 V vs.
Li/Li* during the initial delithiation process, demonstrating that lower resistances exist in
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LIBs-MG-AQP than in LIBs-MG-CMC. These results also correspond to the performance
obtained from the CV analysis shown in Figure 2c,d. As can be observed from Figure 2¢,d,
initially, many surface reactions occur in LIBs-MG-CMC from 0.63 V vs. Li/Li* to 0.214 V
vs. Li/Li* during the lithiation process, while LIBs-MG-AQP exhibits only few surface
reactions from 0.48 V vs. Li/Li* to 0.215 V vs. Li/Li", indicating that it is efficient
for suppressing and stagnating the surface reactions when forming an SEI from solvent
molecules with lithium ions. During the delithiation process, the anodic peak for LIBs-MG-
AQP is positioned more toward the left than that for LIBs-MG-CMC, indicating the lower
energy consumption of LIBs-MG-AQP than LIBs-MG-CMC. The following figures show
the discharging and charging curves at 1C-rate cycling as well as Nyquist plots of both
LIBs-MG-AQP and LIBs-MG-CMC to demonstrate the behavior of resistance.

(a) (b)
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Figure 2. The first lithiation and delithiation curves of (a) LIBs-MG-AQP and (b) LIBs-MG-CMC at a
0.5 C-rate break-in. The initial cyclic voltammetry curves of (c) LIBs-MG-AQP and (d) LIBs-MG-CMC.

The discharging and charging curves of both LIBs-MG-AQP and LIBs-MG-CMC
before cycling and at 1 C-rate cycling at 50, 150, and 250 cycles are presented in Figure 3a—d.
LIBs-MG-CMC exhibits increasing voltage plateaus under 1 C-rate cycling during the
delithiation process from 0.36 V vs. Li/Li* at 50 cycles to 0.43 vs. Li/Li* at 250 cycles. By
contrast, there are almost no changes in the voltage plateau for LIBs-MG-AQP from 0.208 V
vs. Li/Li* at 50 cycles to 0.213 V vs. Li/Li* at 250 cycles. Correspondingly, the Nyquist
plots of LIBs-MG-AQP and LIBs-MG-CMC before cycling and under 1 C-rate cycling at
50, 150, and 250 cycles are presented in Figure 3e-h. To quantify the values of resistances,
the data for the resistance of the SEI (Rgpy), interfacial charge transfer resistance (Rct), and
lithium ion diffusion coefficient (Dr;*), calculated using Equation (1), during cycling are
presented in Figure 3i-k.

2
RT
Dy = ( 2 ) <y
V2F AC;+ x W

where D ;+ (cm?s~ 1) denotes the diffusivities of lithium in the anode; 7 is the charge
transfer number; F (C mol™!) is Faraday’s constant of 96,485; A (cm?) is the area of the
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circle-shaped anode; C; ;+ (mol cm~?) is the concentration of lithium ion in bulk; R is the
gas constant for 8.314 x 10° (kJ (mol K)_l); T is the temperature (K); and W (Qs~0? ) is
the Walberg coefficient.
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Figure 3. Curves showing the voltage versus capacity of LIBs-MG-AQP and LIBs-MG-CMC at (a) a
0.5 C-rate of 10 cycles, (b) a 1 C-rate of 50 cycles, (c) a 1 C-rate of 150 cycles, and (d) a 1 C-rate of
250 cycles. Nyquist plots of LIBs-MG-AQP and LIBs-MG-CMC at (e) a 0.5 C-rate of 10 cycles, (f) a
1 C-rate of 50 cycles, (g) a 1 C-rate of 150 cycles, and (h) a 1 C-rate of 250 cycles. The values of (i) Rggy,
(j) Rsgr, and (k) Dy;* for LIBs-MG-AQP and LIBs-MG-CMC at a 0.5 C-rate of 10 cycles, a 1 C-rate of
50 cycles, a 1 C-rate of 150 cycles, and a 1 C-rate of 250 cycles.

It is observed that the Rgpy and Rt values increase in LIBs-MG-CMC after 250 cycles.
However, for LIBs-MG-AQP, these values remain almost the same from 50 cycles to 250 cycles.
Moreover, the Dy ;* values for LIBs-MG-AQP maintain almost the same values, while those for
LIBs-MG-CMC continue dropping up to 250 cycles. In this case, many zwitterion molecules
and lithium salts contained within the AQC undergo mutual dissociation to form the free
lithium ions and unassembled zwitterion molecules that provide an adequate pathway to
improve mobility and diffusivity. The AQC is also designed for application in graphite anodes,
preventing solvent molecules from passing from the electrolyte to the graphite anodes, which
can improve the coulombic efficiency and stability.

2.3. SEM Images of Graphite Anodes

SEM images of MG-AQP and MG-CMC before and after cycling are presented in
Figure 4a—d, respectively. Figure 4a,b show that the morphologies of graphite particles in
MG-AQP is smoother than in MG-CMC before cycling. Additionally, the more uniform
dispersions for graphite and binder present in MG-AQP and MG-CMC are also visible.
Figure 4c,d, representing MG-AQP and MG-CMC after cycling, show that MG-CMC ex-
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hibits a considerably greater number of large cracks than MG-AQP. It is obvious that the
many cracks on the graphite in MG-CMC contribute to the persistently substantial con-
sumption of lithium ions, which form the SEI layer, which corresponds to the low coulombic
efficiency of LIBs-MG-CMC//NMC811. Conversely, due to the network structure and lack
of cracks in the AQC, the lithium ions in MG-AQC are mostly used for energy storage rather
than the formation of the SEI. Nevertheless, MG-AQP still exhibits a few cracks before
cycling, as the sharp edges of the graphite cannot be completely wrapped by the AQC. In
this case, at a high current rate, there is still a risk that lithium ions accompanied by solvent
molecules preferentially penetrate through these cracks into the inner graphite, resulting in
extensive surface reactions with the solvent and reduced cycling stability. Accordingly, this
has driven us to utilize more spheroidal graphite in anodes and ensure that it is wrapped
more uniformly in future research in order to achieve more superior performance.

Figure 4. SEM images of (a) MG-AQP and (b) MG-CMC anodes before cycling, and (c) MG-AQP and
(d) MG-CMC after 280 cycles.

2.4. XPS Analysis of Graphite Anodes

The XPS curves of the C, O, F, and P elements from the MG-AQP and MG-CMC anodes
before and after cycling are presented in Figure 5a,b in subfigures (i), (ii), (iii), and (iV),
respectively. In Figure 5a, the curves of the C and O element of MG-AQP nearly overlap
before and after cycling, suggesting that the graphite particles are not covered by a thick SEI
layer and no significant O-rich SEI species have formed. This indicates that solvent molecules
cannot be transported through our designed AQC. As shown in Figure 5a (iii) and (iV), some
F- and P-based species have formed around the graphite particles, showing that a few PFs~
species participate in the strong formation of LiF and Li3POj at the SEL By contrast, according
to Figure 5b, the C and O spectra exhibit suppressed peak intensities and significant peak
shifts, indicating the formation of thick SEI layers. In addition, F- and P-based species are
more prominently detected on the particle surfaces. These XPS results clearly demonstrate
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that the AQC composites effectively suppress excessive solvent decomposition and facilitate
the formation of thin, stable, and inorganic-rich SEI layers (LiF and LizPOy). In contrast,
the conventional CMC binder induces the accumulation of thick, unstable SEI films. The
differences between the XPS results for the MG-AQP and MG-CMC anodes are consistent
with the above electrochemical performance, indicating that the MG-AQP anodes exhibit high
initial coulombic efficiency and undergo minimal surface reactions with solvent molecules for
forming the SEI The findings also suggest that almost no cracks are present on the MG-AQP
surfaces, as further corroborated by the following analyses.
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Figure 5. The XPS analysis for (a) MG-AQP and (b) MG-CMC of (i) C, (ii) O, (iii) F, and (iV) F
elements before and after cycling.

2.5. Property Differences Between AQC and CMC

Finally, the properties of both the AQC and CMC were found to coincide with the
results from the SEM images of MG-AQP and MG-CMC. First, the SEM images of the AQC
and CMC are presented in Figure 6a,b. It can be observed that AQC possesses few cracks
on the surface, while there are significant large cracks on the CMC, indicating that many
solvent molecules could penetrate through the cracks. The swelling ratio (SW) versus time
for both the AQC and CMC with DMC solvent are presented in Figure 6c. After three days,
the SWs of the AQC and CMC are 1.47% and 80.39%, indicating that the solvent molecules
are not more permeable through the AQP than the CMC. These results provide convincing
evidence that applying the AQC to graphite anodes at a break-in of 0.5 C-rate can replace
that of 0.1 C-rate SEI formation.

In terms of the thermal stabilities of the AQC and CMC, Figure 7a,b show that the
temperatures of the dehydration process used for the decomposition of AQC and CMC
range from 250 °C to 350 °C and from 255 °C to 320 °C. It seems that the AQC presents
lower temperatures for thermal decomposition than CMC. However, as can be seen from
the differential TGA (dTGA) curves in Figure 7b, the AQC exhibits a broader curve and
higher temperature on the final day of the dehydration process than CMC, indicating a
slower rate of heat release. It is possible that the use of AQCs in graphite prevents the
thermal runaway of LIBs.

The mechanism of the AQCs and CMC used to fabricate the graphite anode is pre-
sented in Figure 8. The large numbers of dissociated zwitterion molecules and lithium ions
in the AQC provide many uniform pathways for ion transportation, improving diffusivity
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and lowering resistance. Compared to conventional CMC binders, graphite anodes with
AQCs can exhibit lower energy consumption during charging or lithiation but higher
energy during discharging or delithiation. Additionally, in our previous studies, zwitterion
molecules were found to improve the dispersion of slurries, thus saving more power when
fabricating graphite anodes compared to CMC-based graphite anodes. Moreover, due to
the fewer cracks in the AQC, solvent molecules do not travel from the electrolyte to the
graphite anode. Therefore, it is not necessary to form an SEI layer conventionally at a
0.1 C-rate. Instead, the 0.5 C-rate break-in used in this study is treated as an atypical analy-
sis to show that LIBs-MG-AQP//NMC811 exhibits excellent initial coulombic efficiency
and cyclic stability for saving energy as well as time. Furthermore, this work highlights
the need for in situ spectroscopy such as Raman spectra, XRD analysis, and molecular
dynamics simulations, which will be presented in future studies.
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Figure 6. SEM images of (a) AQC and (b) CMC, as well as (c) SW ratio versus time for AQC and CMC.
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Figure 7. (a) The TGA curves and (b) dTGA curves of the AQC and CMC from 50 °C to 500 °C.
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Figure 8. Schematic diagram of the MG-AQP and MG-CMC mechanisms as an atypical analysis.

3. Materials and Methods
3.1. Materials

Carboxymethyl cellulose (CMC, BVHS8) was purchased from Ashland Inc. (authorized
distributor of Ashland Inc., Taipei, Taiwan). Sulfobetaine methacrylamide (SBMA), lithium
trifluoromethanesulfonate (LiCF3S03) (LiOTf), and glutaraldehyde (GA, 25 wt%) were
purchased from Sigma-Aldrich (via Merck Ltd. Taiwan, Taipei, Taiwan). Lithium hydroxide
hydrate (LiOH-H,O, 98 wt%) and betaine (99 wt%) were purchased from Thermo Scientific
(via DKSH Taiwan, Taipei, Taiwan). Dimethyl carbonate (DMC, 99 wt%) was purchased
from Alfa Aesar (via DKSH Taiwan, Taipei, Taiwan). Graphite (MG30) was provided from
China Steel Chemical Corporation, Kaohsiung, Taiwan. Super P was provided by Timcal
(via Taiwan Maxwave Co., Ltd., Taipei, Taiwan). Li[NipgMng 1Cop 1]O02 (NMC811) (~95.5%)
was purchased from Ningbo Ronbay New Energy, Ningbo, China. Polyvinylidene fluoride
(PVdAF-5130) powder was purchased from Solvay S.A. (via a subsidiary of Solvay S.A,
Taipei, Taiwan). Methylpyrrolidone (NMP) was purchased from the uniregion bio-tech
company, New Taipei City, Taiwan.

3.2. Preparation of Aqueous Composites

In accordance with our previous study, first, LIOH and SBMA were added to 2 wt%
of CMC aqueous solution equimolarly. CMC was reacted with SBMA at 50 °C for 16 h
through oxa-Michael addition to obtain the CMC-SBMA®? product. Subsequently, aque-
ous composites (AQCs) were prepared via mixing CMC-SBMA? with betaine and LiOTf
equimolarly based on the amount of SBMA in the AQC.
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3.3. Preparation of Graphite Anode

MG30, as one type of graphite, was wrapped using aqueous composites. MG30
particles were mixed in the aqueous composites evenly at a mass ratio of 128.24:1 (MG30
particles/AQC), and then wrapping the particles tightly, the aqueous composites were
crosslinked into a network structure, being formed at 50 °C by adding glutaraldehyde (GA,
1 wt% relative to CMC-SBMA?) as a crosslinker. After the crosslinking reaction, 1wt% Super
P, 0.75 wt% aqueous composites and 1.32 wt% styrene-butadiene rubber (SBR) were added
to the solution with 55 wt% of solid content to prepare the anode slurry. Subsequently,
a copper clad laminate was coated with graphite slurry with a weight film thickness of
200 pm. Finally, this graphite anode, called MG-AQP, was obtained for use in fabricating
LIBs. The copper-clad laminate with graphite slurry was dried at 100 °C, vacuum-dried
overnight, and pressed using a rolling machine.

For comparison, the conventionally fabricated graphite slurry comprised 96.18 wt%
MG30 with 1.5 wt% CMC, 1wt% Super P, and 1.32 wt% styrene-butadiene rubber (SBR),
with 55 wt% solid content in 45 wt% of water as a solvent. Similar to the above preparation,
the graphite anode, denoted as MG-CMC, was obtained.

3.4. Preparation of NMC811 Cathode Slurry

The NMC811 cathode comprised 95.5 wt% of NMC811 particles, 2.5 wt% of PVdF, and
2 wt% of Super P. Similar to the graphite anode slurries, 55 wt% solid content in 45 wt%
of NMP was used as a solvent. The obtained cathode was used to fabricate LIBs after the
aluminum-clad laminate covered with NMC811 slurry was dried at 100 °C, vacuum-dried
overnight, and pressed using a rolling machine [23,24].

3.5. Fabrication of the LIBs

MG-AQP and MG-CMC, in circle shapes with a diameter of 13 mm, were used to
fabricate LIBs with lithium metal in the coin cells, called LIBs-MG-AQP and LIBs-MG-CMC,
respectively. Here, 1M LiPF¢ in EC/DMC (1:1) as a liquid electrolyte, infiltrating fiber-
reinforced plastic as a separator, was sandwiched between the graphite anodes and lithium
metal. Information regarding LIBs-MG-AQP and LIBs-MG-CMC is provided in Table S1.

Furthermore, in order to demonstrate the actual performance of the LIBs, both MG-
AQP and MG-CMC as anodes with Li[NipgMng1Cog1]O>(NMC811) as a cathode were
used to fabricate the LIBs for LIBs-MG-AQP//NMC811 and LIBs-MG-CMC//NMCS811,
whose information is provided in Table S2. Similarly, 1M LiPFs in EC/DMC (1:1) as an
electrolyte, infiltrating fiber-reinforced plastic as a separator, was sandwiched between the
graphite anodes and NMC811 cathodes.

3.6. Characterization
3.6.1. Analysis of Aqueous Composites and CMC

Both AQC and CMC were analyzed by a thermo-gravimetric analyzer (TGA, Perkin
Elmer TGA4000; Waltham, MA, USA) from 50 to 500 °C with 2 °C min~! to obtain their
thermal properties. Images of the aqueous composites and CMC were also obtained by a
scanning electron microscope (SEM) with Pt sputter coating to observe the morphologies
at 10 kV.

Swelling analyses of the AQC and CMC were performed to determine whether solvent
molecules diffuse into the materials. In this study, the aqueous composite and CMC were
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dipped into a DMC solvent. The weights of the aqueous composite and CMC were
measured at various times to determine the swelling ratios, as per Equation (2).
t) —
sw () = “H =% g0 )
wo
where SW (t) represents the swelling ratio, w represents the weight of the membranes, and
wy represents the weight of the dry membranes.

3.6.2. Analysis of Half-Coin Cells

Both LIBs-MG-AQP and LIBs-MG-CMC were broken in with a 0.5 C-rate from 1.5 V to
0V using a battery charge—discharge tester (BAT-750B) for ten cycles as an atypical analysis.
In addition, LIBs-MG-AQP and LIBs-MG-CMC were analyzed by cyclic voltammetry (CV)
with a scan rate of 0.1 mVs~! from 2 V to 0 V to observe their electrochemical behavior
under the break-in process. Then, they were analyzed at a 1 C-rate for cyclic stability.
Here, we chose 10, 50, 150, and 250 cycles for LIBs-MG-AQP and LIBs-MG-CMC, which
were analyzed by electrochemical impedance spectroscopy (EIS) with a lithium-ion state
of charge of 0 (SOC = 0). After cycling, the graphite anodes from the LIBs-MG-AQP and
LIBs-MG-CMC were analyzed by SEM to observe their morphologies. X-ray photoelectron
spectroscopy (XPS) was employed to analyze the graphite anodes of the LIBs-MG-AQP
and LIBs-MG-CMC before and after cycling, in order to clarify the formation of the SEL

3.6.3. Analysis of Full-Coin Cells

Similarly, the 0.5 C-rate as the break-in process for 10 cycles was applied for both
LIBs-MG-AQP//NMCS811 and LIBs-MG-CMC//NMCS811. After 10 cycles, the stability of
the LIBs-MG-AQP//NMC811 and LIBs-MG-CMC//NMC811 was analyzed at a 1 C-rate
for 250 cycles.

4. Conclusions

In this study, we designed aqueous composites, called AQCs, which contain zwit-
terionic polymers, zwitterion molecules, and lithium salts. Graphite, wrapped using an
AQC with a crosslinker, was used to fabricate the anode via aqueous processes, denoted
as MG-AQP. The atypical analysis of its electrochemical performance demonstrates that a
0.5 C-rate break-in achieves an excellent initial coulombic efficiency of 92% and long-term
cycle stability of 83% retention after 280 cycles for LIBs-MG-AQP//NMC811. For half
cells, LIBs-MG-AQP shows fewer surface reactions according to CV analysis, as well as
low and unchangeable resistance after cycling. Structural and physicochemical analyses
coincided with the results of electrochemical performance, indicating that the AQC exhibits
minimal cracking, thus limiting solvent penetration. These observations indicate that the
AQC both physically blocks solvent access to graphite, reducing SEI-forming reactions, and
chemically facilitates ion transportation via the dissociation of lithium ions and zwitterion
molecules. This study highlights a novel approach for saving time and energy when pro-
ducing excellent graphite anodes. Moreover, this strategy offers a practical pathway toward
the time- and energy-efficient activation of LIBs, suggesting its potential for sustainable
and scalable graphite anode fabrication for LIBs in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules30193947 /s1. Table S1: Information on coin cells for
LIBs-MG-AQP and LIBs-MG-CMC; Table S2: Information on coin cells for LIBs-MG-AQP//NMC811
and LIBs-MG-CMC//NMC811; Figure S1: The initial delithiation and lithiation curves of NMC811
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ata 0.5 C-rate; Figure S2: (a) The initial charging and discharging curves and (b) cyclic stability of
LIBs-MG-CMC//NMC811 at a 1 C-rate.
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Abstract

Electrochemical reduction processes enable the CO to be converted into a useful chemical
fuel. Our study employs density functional theory calculations to analyze the (110) facets of
the transition metal carbide surfaces for CO capture, incorporating the Mars—van Krevelen
(MvK) mechanism. All the possible adsorption sites on the surface, including carbon,
metal, and bridge sites, were fully investigated. The findings indicate that the carbon site
is more active relative to the other adsorption sites examined. The CO hydrogenation
paths have been comprehensively investigated on all the surfaces, and the free energy
diagrams have been constructed towards the product. The results conclude that the TiC is
the most promising candidate for the formation of methane, exhibiting an onset potential
of —0.44 V. The predicted onset potential for CrC, MoC, NbC, VC, WC, ZrC, and HfC
are —0.86, —0.61, —0.61, —0.93, —0.87, —0.61, and —0.81 V, respectively. Our calculated
results demonstrate that MvK is selectively relevant to methane synthesis. Additionally,
we investigated the stability of these surfaces against decomposition and conversion to
pure metals concerning thermodynamics and kinetics. It was found that these carbides
could remain stable under ambient conditions. The exergonic adsorption of hydrogen on
carbon sites, requiring smaller potential values for product formation, and stability against
decomposition indicate that these surfaces are highly suitable for CO reduction reactions
using the MvK mechanism.

Keywords: carbides; electrocatalysis; CO reduction; DFT calculations; Mars-van Krevelen
mechanism

1. Introduction

The increasing quantity of carbon dioxide (CO,) in the atmosphere poses a significant
threat to human existence and global ecosystems. Despite the ongoing efforts of researchers
and scientists, the current pace of progress remains insufficient, highlighting the urgent
need for effective measures to mitigate this climate crisis. Human activities, specifically the
combustion of fossil fuels, industrial processes, and vehicular emissions, are the primary
sources of CO, emissions. With the expansion of the world population, the need for
energy concurrently increases [1]. To address this issue, there is an immediate need to
reduce CO; formation and transform it into valuable energy sources. CO, reduction via
the electrochemical method offers a promising route to transform CO, into useful fuels
and chemicals, thereby contributing to the closure of the global carbon loop. However,
the electrochemical reduction of CO, presents significant scientific challenges. One major
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hurdle is the difficulty in steering the reaction toward a single desired product, as multiple
reduction pathways can occur simultaneously. In aqueous systems, the hydrogen evolution
reaction (HER) often competes with the CO, reduction reaction (CO,RR), reducing the
overall selectivity of the process [2]. To overcome these limitations, the development of
efficient and selective catalysts is crucial. Among various candidates, transition metal
carbides (TMCs) are considered cost-effective and promising materials for heterogeneous
catalysis [3]. These materials are valued for their remarkable chemical, thermal, and
electrical properties, making them suitable for use in electrochemical CO, conversion
technologies [4].

These catalysts exhibit exceptional chemical, thermal, and structural stability, to-
gether with outstanding electrical and thermal conductivity [3,5,6]. TMCs display complex
morphologies defined by an altered, adjusted electrical conductivity owing to the robust
interplay between the carbon and metal atoms. As a result, these materials display unique
properties concerning their transition metals and exhibit catalytic performance [7-12].
These TMC materials have transition metal, ionic crystal, and covalent solid properties [13]
that can furnish catalytic characteristics for many applications, including the electrochem-
ical formation of CO from CO, and other compounds [14], hydrogen production [15],
biogas formation [16], and benzene formation [17]. Previous research indicated that TMC
prompted interest in several types of applications, such as desulfurization [18], dry reform-
ing of methane [19], formation of methane into gas [12,20,21], and oxidation of CO [22]. The
features of TMCs demonstrate potential for catalytic activities [23,24]. The conversion of
CO, into CO requires a 2-electron proton step, which can be easily achieved, but converting
CO to a further useful product requires several electron-proton steps and high potentials.
The primary objective of this work is to clarify the reaction pathway for the transformation
of carbon monoxide (CO) into methane (CH,) via the MvK mechanism. This study aims
to elucidate the thermodynamics of the CORR, free energy landscapes, and active surface
sites that regulate CO hydrogenation to methane.

Prior studies suggest that TMC provides a substantial redox environment conducive
to the reduction of CO into useful compounds, highlighting the capability of these
catalysts [25,26]. This study is the inaugural comprehensive analysis of (110) facets of
TMC to evaluate the phenomenon of CORR through the MvK mechanism. These carbides
are typically in polycrystalline shapes, with the (100) and (110) facets being the predomi-
nant orientations. We have already examined the (100) facets, and here we concentrate on
the (110) facets.

The concept of the MvK mechanism, originally proposed to describe oxidation cataly-
sis over metal oxides, is characterized by the participation of lattice oxygen as the active
oxidizing species. The oxidation of a substrate in this redox process results in the elimina-
tion of lattice oxygen, creating transitory oxygen vacancies on the catalyst surface. These
vacancies enable the binding and activation of a gas-phase oxidant, usually molecular oxy-
gen, which then replenishes the oxygen vacancies, thus reinstating the original oxidation
state of the metal oxides and concluding the catalytic process.

Recent advancements have considerably expanded the MvK mechanism’s application
beyond metal oxides, illustrating its relevance to many non-oxide systems, including metal
sulfides, chlorides, nitrides, carbides, and hydrides. Specifically, metal carbides such as
molybdenum carbide and iron carbide demonstrate MvK-type behavior in significant
syngas-related transformations [27]. In chemical cyclic procedures, the homologation of
methane, its transformation into other hydrocarbons, has been successfully performed
by a two-step redox approach that includes metal carbide formation followed by reduc-
tion. Methane initially functions as the carbon supply and reducing agent, interacting
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with transition metals to produce metal carbides. Once created, these carbides undergo
reduction with hydrogen, which promotes the liberation of hydrocarbon compounds [28].
A recently published study offers an in-depth look at the generation and regulations of
surface vacancies in several catalytic materials, including oxides, carbides, nitrides, sulfides,
and hydrides, relevant to the MvK mechanism [29-31]. The formation of intermedjiates,
such as carbonates and hydroxyls, has been observed to participate in Mars-van Krevelen
mechanisms. In the previous studies, the nitrogen reduction reaction has also been studied
through the MvK mechanism theoretically [32-35] and experimentally for the nitrides [36],
and this mechanism has been experimentally proven for CosMo3N catalysts [37]. These
examples highlight the relevance of the Mars—van Krevelen (MvK) mechanism as a viable
pathway in various catalytic reactions, particularly those involving transition metal car-
bides (TMCs), which are the focus of this study. This research aims to explore the stepwise
protonation of the (110) surfaces of TMCs leading to methane formation, following the
generation of surface carbon vacancies. The inherent carbon atoms in the carbide structure
play a crucial role in facilitating methane evolution through interaction with four protons,
which results in the creation of a carbon vacancy [38]. This vacancy is subsequently filled
by the carbon atom from an adsorbed CO molecule, while the oxygen atom combines with
protons to form water. This process effectively regenerates and cleans the catalytic surface,
enabling continuous operation.

2. Methodology

Density functional theory (DFT) calculations were performed using version 6.3.2 of
the Vienna Ab initio Simulation Package (VASP) [39], employing the Revised Perdew—
Burke-Ernzerhof (RPBE) functional. The (110) surface orientation of transition metal
carbides (TMCs) in the rocksalt (RS) crystal structure was selected for modeling. The
RPBE functional offers a well-balanced trade-off between computational cost and accuracy,
making it suitable for simulating surface reaction phenomena. Its reliability has been
validated in prior studies focused on CO,RR, where predicted trends were found consistent
with experimental observations [40-42].

A 4 x 4 x 1 Monkhorst-Pack k-point was used for Brillouin zone sampling, with
the cutoff energy of 400 eV. The surface slab consisted of five atomic layers and a total of
40 atoms, equally divided between metal and carbon atoms. Each layer contained four
metal and four carbon atoms. A vacuum gap of 20 A was introduced along the z-direction
to avoid periodic interactions, while the x and y boundaries were kept periodic. As indicated
in Figure 1, the upper three layers, along with adsorbates, were permitted to undergo complete
relaxation during structural optimization, whereas the bottom two layers were constrained.

Reaction mechanisms for the CO reduction reaction (CORR) on TMC surfaces were ex-
plored using a thermochemical model (TCM), a well-established approach in the literature.
The free energy diagrams for surface hydrogenation via the MvK mechanism along various
pathways were computed with respect to the computational hydrogen electrode (CHE)
introduced by Nerskov et al. [43]. The influence of applied electrochemical potential was
incorporated through the (CHE) method. The Climbing Image Nudged Elastic Band (CI-
NEB) method was used to examine carbon diffusion from the subsurface to the surface [44].
All catalyst structures were optimized until the forces converged below 0.03 eV /A.

The formula employed to compute the adsorption energy of various species on the
TMC surface is as follows [44]:

AE,qs = Eap — EA — Ep 1)
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Eap represents the total energy of a system with fully adsorbed intermediates and
species on carbides, E5 defines the energy of the carbide catalyst in the absence of adsorbate,
and Ep indicates the total energy of the adsorbate. To assess the thermodynamic feasibility
of each reaction step, we calculated Gibbs free energy changes using standard DFT-based
thermochemistry corrections, including zero-point energy, entropy, and pH adjustments.

AG = AEpgT + AEzpg — TAS + AGpH + AHOK—>T (2)

AEprpr denotes the overall energy of the system as computed by DFT calculation,
AEzpg signifies the calculated zero-point energy of the adsorbates. TAS indicates the
entropy shift between the beginning and final structures of each reaction. AGpy denotes
the energy correction of the H* and is calculated as follows:

AGpH =1Inl10 x kBT X pH (3)

The AHgk ;T term denotes changes in the internal energy of the system due to the
effect of temperature, which can be calculated by this formula fOT Cp (T') dT’, where
Cp (T") is the quantity of heat at constant pressure, and the integral of this equation
suggests that at ambient temperature, the heat contribution is minimal. The values of the
gas phase of the molecules were taken from the tables in the textbooks [45]. In our previous
study, we already calculated the electronic properties of carbides [32]. The theoretical
onset potential (OP) required to drive the reaction was calculated using the computational
hydrogen electrode model by using Equation (4). The step with the highest free energy
change (AGmax) determines the limiting potential.

OP = —AGnax/e (4)

Figure 1. Illustration of the transition metal carbide (TMC) surface with a (110) orientation. Carbon
atoms are represented in brown, while metal atoms are shown in gray. The dotted box at the top
highlights the unit cell used for the study. The cross-hatched dotted region indicates that the bottom
two layers were constrained during structural relaxation.

3. Results and Discussion
3.1. Adsorption and MuK Mechanism

In the initial step of the study, all reactant species were adsorbed onto the pristine
surfaces of the selected catalysts, evaluating adsorption at various potential active sites,

namely the metal, bridge, and carbon sites across transition metal carbides (TMCs) such
as CrC, MoC, NbC, VC, TiC, ZrC, HfC, and WC with the (110) surface orientation. The
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findings indicate that the carbon sites of the carbides show the highest catalytic progress,
indicating more favorable exergonic adsorption energies as compared to the bridge and
metal sites of the carbides. During the electrochemical process, surface poisoning may
affect electrochemical performance, so investigation of the likelihood of O, H, and OH
species binding the active sites on the surface is important. It was identified that with
further protonation, O and OH convert into HyOy; via the following equations:

*O+H"+e” — *OH (5)

*OH+H +e” — HzO(]) (6)

This means that if O and OH adsorb on the surface of the carbides, it is of no concern,
as further protonation steps convert them into H,O, which has weak adsorption on the
surface as compared to other key species (shown in Figure 2). Hence, the likelihood of O
and OH becoming poisonous is low.
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Figure 2. Calculated Gibbs free energies of all species on the surface of carbides. In the case of HfC
and TiC, water does not bind.

During the experimental synthesis of TMC, there is a possibility that a defect in the
form of carbon can be formed, or there is a possibility that, during the electrochemical
process, due to the continuous protonation, four protons attach to the C of carbides and
release methane by leaving the carbon vacancy. Thus, the release of methane generates
the carbon vacancy on the carbide’s surface. This carbon vacancy of carbides’ surface can
be occupied by carbon from ambient CO, and one oxygen atom of CO is converted into
a water molecule after finishing the electrochemical step with a clean and non-defective
surface. This ongoing electrochemical cyclic process generates a product like methane, as
illustrated in Figure 3.

The reactions associated with the MvK mechanism for the formation of the vacancy
are specified in Equations (7) and (8), accompanied by the Kroger-Vink notation [46].

*+4(H" + ) — CHygg + “Vac 7)

CVac +CO +2(H" +e7) — H,O + * 8)
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Here, the asterisk (*) represents the clean surface of the carbide catalysts, while ““Vac”
denotes the carbon vacancy formed following methane (CH,) desorption.

CH4(g)

Figure 3. Representation of the generation of carbon vacancies via the MvK mechanism. The vacancy
accommodates the C of atmospheric CO to fill the vacancy, and the O of CO is released in the form of
water, and as a result, the surface will be regenerated and clean.

3.2. Electrochemical Performance

Among the TMC catalysts investigated, TiC stands out as the most suitable catalyst
for CHy4 production, demonstrating the least OP value of —0.44 V. Both CO adsorption and
water formation proceed spontaneously, as depicted in the free energy profile presented
in Figure 4. The initial protonation step occurs at the carbon site of TiC, leading to the
exergonic formation of a CH intermediate with a free energy of —0.76 eV, thereby promoting
CHjy generation. The most energy-demanding step, called the potential-determining step
(PDS), is observed among the CH and CH, intermediates (second carbon on the TiC
surface), with an associated energy barrier of 0.44 eV.

In this investigation, we also evaluated the adsorption free energies of hydrogen atoms
on various sites across the carbide surfaces. The results show that the proton adsorption
on the metal site of TiC is endothermic with an adsorption free energy of 0.12 eV, as
illustrated in the free energy profile in Figure 4 with the red path. While the adsorption of
free energy of hydrogen was computed at each step, the carbon site consistently emerged
as the most energetically favorable. We categorize the performance of materials on the
basis of electrochemical performance, and our studied carbides are expected to produce
methane at onset potentials below —1.0 V. The smaller (closer to zero) the onset potential,
the better for CO reduction. The order of activity for the carbides studied here is as follows:
TiC (—0.44 V) > MoC, NbC, and ZrC (—0.61 V) > CrC (—-0.86 V) > WC (—0.87 V) > VC
(—0.93 V), as shown in Figure 5. All of these surfaces are promising for CORR with onset
potential below —1.0 V; however, TiC is the most promising surface not only due to the
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smaller onset potential needed but also due to the minimum number of proton-electron
transfer steps to make methane.
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Figure 4. Calculated free energy diagram for CHy production on the TiC surface via the MvK
mechanism. CH is the proton on the carbon site, and MH is the proton on the metal site of TiC. The
highest PDS is between CH; and CH.
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Figure 5. Comparison of the obtained onset potential for each catalyst for the production of methane.

At each protonation stage, all adsorption sites of carbides, such as carbon, metal,
and bridge, were systematically explored. However, only the most thermodynamically
favorable reaction pathways are reported. The MvK mechanism involves four proton—
electron transfer steps to release methane. Depending on the specific catalyst, additional
proton adsorption may occur on metal (MH), bridge (BrH), or different carbon sites (CH),
as illustrated for MoC in Figure 6. In the first protonation step, a proton adsorbs on the
first carbon atom. In the second step, a proton adsorbs on the second carbon atom, and
this continues until all 4 carbon atoms of the surface are occupied by protons. In the fifth
protonation step, the proton absorbs on the first bridge site, followed by adsorption on
the second bridge site in the sixth step. The seventh protonation is more exergonic, as
the first carbon forms a CH, intermediate, which subsequently leads to the formation of
CHy, as shown in Figure 6. For most surfaces studied, methane generation followed by
carbon vacancy refilling via atmospheric CO is a facile process, effectively completing the
catalytic cycle.
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Figure 6. Free energy diagram of MoC. The highest PDS is between CH and CH.

3.3. Vacancy Stability and Carbon Migration

Within the MvK framework, surface vacancies can extend into subsurface layers,
potentially enabling the upward diffusion of the carbon atoms from the interior to occupy
surface defects. If sustained, this process could eventually result in the depletion of bulk
carbon atoms in the form of methane, effectively reducing the transition of metal carbide
(TMC) to its pure metallic form. This study explores the thermodynamic feasibility and
kinetic barriers associated with carbon migration from subsurface layers to the surface. To
analyze the energy profile of this transformation, the CI-NEB method was performed to
identify the minimum energy path and corresponding energy barriers [47]. Specifically,
we calculated the activation energy (Ea) required for a carbon atom to migrate from the
second to the topmost layer. Among the studied materials, TiC emerged as a noteworthy
candidate, exhibiting a diffusion barrier of 2.94 eV. This high barrier indicates that carbon
migration under ambient conditions is energetically demanding, confirming the structural
robustness of TiC. Thus, both thermodynamic and kinetic considerations suggest that TiC
is resistant to decomposition, as shown in Figure 7.
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Figure 7. Schematic illustration depicting methane release and carbon migration: (a) shows the
calculated energy barrier associated with the diffusion of a carbon atom from the subsurface layer to
the top surface layer; (b) the first image illustrates the carbon vacancy (Cy,), the next eight images
represent the transition states corresponding to the movement of carbon atoms of carbide from the
2nd layer toward the surface, and the last image represents the vacancy at the 2nd layer. The red
arrow in the second image represents the direction of motion of the carbon atom from the sublayer
towards the surface carbon vacancy.
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The energy difference between vacancies located at the surface and in the sublayer
was determined using the equation AE = Ey,c2 — Eyac1- The term Ey,c 5 corresponds to the
vacancy energy of the sublayer of the carbides, and E,.; represents the vacancy energy
on the surface. The results, summarized in Table 1, indicate that the catalysts demonstrate
both thermodynamic and kinetic stability. Although the thermodynamic value for WC
suggests it is thermodynamically unstable, further kinetic study shows that it is stable, as
shown in Table 1. All of the kinetic values for the migration of carbon from the sublayer
to the first layer in our studies are greater than 1.0 eV, which indicates that the rate of the
migration reaction will be slow, and this indicates more stability.

Table 1. Calculated thermodynamics and kinetics values of migration of a carbon atom from the
sublayer to the first layer.

Catalyst CrC HfC MoC NbC TiC VC WC ZrC
Ea 2.77 3.41 2.21 2.46 2.94 1.46 1.92 3.28
AE 1.37 2.62 0.1 1.35 2.43 1.37 —0.68 262

3.4. Electronic Structure Analysis

Furthermore, we investigated the electronic properties of the materials by calculating
the density of states (DOS) and performing charge analysis. Figure 8 illustrates the DOS
for TiC, identified as the most promising catalyst. The results reveal an overlap between
the carbon p orbitals and metal d orbitals, with states extending across the Fermi level—
indicating the metallic nature of these transition metal carbides.

— Total DOS — Ti(d)
— Ti(p) — C(p)

DOS

2 -1 o 1 2
Energy (eV)

Figure 8. Calculated DOS of TiC.

The computed Bader charges for hydrogen adsorbed on each carbide are as follows:
VC (0.10), CrC (0.08), MoC (0.08), NbC (0.05), WC (0.02), HfC (0.02), TiC (0.01), and ZrC
(0.02). A positive Bader charge reflects electron transfer from the catalyst surface to the
adsorbed species, while a negative value indicates electron donation from the gas molecule
to the surface. To calculate the charge density of H adsorption on our most promising
candidate, TiC, we used Equation (9) [48].

Ap=paB — PA — PB )

where Ap indicates the total change in charge density, pap represents the charge density
of adsorbed H on the surface of TiC, px is the charge density of TiC, and pg is the charge
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density of H. Yellow and cyan colors are used to show charge accumulation and depletion
during H adsorption on TiC as depicted in Figure 9a. Furthermore, the electron localization
function (ELF) has been computed to assess the electron density behavior of hydrogen on
the TiC surface, as illustrated in Figure 9b, which facilitates the differentiation between
confined regions and more dispersed areas. The ELF varies from 0 to 1, indicating total
delocalization (as observed in metallic systems) as well as strong localization (as seen
in covalent interactions) [49]. Our findings elucidate the collective electron interactions,
emphasizing the attributes of covalent bonding.

(b)

0.5

Figure 9. (a) represents the calculated charge density difference, and (b) represents the electron
localization function (ELF) of H adsorption on the surface of the TiC.

3.5. Experimental Validation

In the previous studies, theoretical works demonstrated how DFT calculations are
helpful to provide key guidelines to experimentalists. For example, in a previous study,
TiyC3 and Mo,C were investigated theoretically and experimentally for CO; reduction. The
DEFT calculations indicated that intermediates were chemisorbed on the surface of catalysts,
which is challenging for reduction towards further intermediates and products [50]. In
addition, experimental studies for Ti)CTx (Tx = F and O) and Mo,CTy were carried out
for formic acid formation at —1.0 V, and then computational studies via DFT calculations
explained how the termination group (-F) helped to tune the adsorption strength of CO,
and its intermediates [51]. This study also gives a detailed analysis for experimenters on
how carbon on the surface of the carbides causes the formation of CH4 and the carbon
vacancy accommodates the atmospheric CO to fill the vacancy to regenerate the surface.

4. Conclusions

Transition metal carbides (TMCs) with (110) facets have been widely explored as cata-
lysts for carbon monoxide reduction reactions. To identify the most reactive surface sites,
we calculated the adsorption free energies of various species on all potential adsorption
sites, including carbon, bridge, and metal positions. Our findings reveal that carbon sites ex-
hibit superior activity compared to other examined locations. To further evaluate catalytic
performance, we investigated the MvK mechanism for CO reduction on TMC surfaces.
The results highlight the relevance of the MvK mechanism for methane production, with
TiC emerging as a particularly effective catalyst, showing an onset potential of —0.44 V.
The onset potential was determined to be —0.93 V for VC, —0.86 V for CrC, —0.87 V for
WC, —0.81 V for HfC, and —0.61 V for MoC, NbC, and ZrC, respectively. Additionally, we
evaluated the structural stability of these carbides and the persistence of surface vacancies
by analyzing both the thermodynamic and kinetic aspects of carbon atom migration from
sublayers to the surface. The calculated diffusion barriers indicate that this migration is
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energetically demanding, confirming the robust stability of these catalysts. The favorable
hydrogen adsorption on carbon sites, low onset potentials, and substantial diffusion barri-
ers collectively suggest that TMC (110) surfaces are highly suitable for methane production
via the MvK pathway.
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Abstract

Recently, there has been increased interest in NASICON-type electrodes for sodium-ion
batteries due to their unique combination of intercalation properties, low cost, and safety.
However, their commercialization is hindered by the low electrical conductivity. One
strategy to overcome this issue is to integrate NASICON materials with carbon additives.
This study shows that carbon additives improve the sodium storage performance of a
NASICON:-type electrode in various ways, depending on the additives’ functional groups,
texture, and conductivity properties. The proof-of-concept is based on a multi-electron
phospho-sulphate electrode, NaFeVPO4(SO4), (NFVPS) mixed with carbon black (C) and
reduced graphene oxide (rGO). Carbon-coated samples are obtained via a simple ball
milling procedure followed by thermal treatment in an argon flow. Sodium storage in
the composites occurs through capacitive and Faradaic reactions. The Faradaic reaction
is facilitated at the carbon black composite, while the capacitive reaction dominates for
the rGO composite. NFVPS operates through two-electron reactions at 20 °C, while the
increased temperatures favor the three-electron reaction. The rGO composite outperforms
the carbon black composite in terms of cycling stability and rate capability at 20 and 40 °C.
The role of the rGO and carbon black in electrochemical performance is discussed based
on the different reactivity of hydroxyl/epoxide and carbonyl functional groups with the
electrolyte salt, NaPF4, and the solvent, polypropylene carbonate.

Keywords: sodium-ion batteries; mixed phosphate-sulphate electrodes; NaFeVPO4(SO4)2;
rGO-based composite; carbon black-based composite; electrode stability; cycling stability;
rate capability

1. Introduction

Sodium-ion batteries (NIBs) are emerging as competitive alternatives to lithium-ion
systems, combining low cost and inherent safety with a comparable intercalation chem-
istry [1]. In this context, NASICON-derived materials with compositions AxMy(XOy)n
(A =Na, Li, K, M = Fe, Mn, Co, etc. and X = P, S, Si, Mo, etc.) stand out as especially
attractive electrode candidates [2]. The NASICON structure allows for the rapid diffu-
sion of the Na* ions, enabling fast and reversible sodium intercalation without significant
structural degradation [3]. Although NASICONSs deliver excellent cycling stability and
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high rate capability, their intrinsically low electronic conductivity demands tailored elec-
trode architectures to unlock optimal sodium-storage performance [4-6]. Three principal
strategies address these limitations: structural engineering, morphology design and surface
modification [2,4-6]. Structural engineering tunes the electronic structure via selective
single-ion or multi-ion doping [7-9], while morphology design manipulates the nucleation
and growth of NASICON particles to expose the crystallographic planes or axes where
sodium intercalation occurs preferentially [10,11]. In comparison with these two strate-
gies, surface modification enhances the overall conductivity by integrating conductive,
porous carbon additives onto the phosphate framework [12-15]. Surface modification is
more effective because it affects electronic conductivity, electrode-electrolyte interactions,
electrolyte wetting of the electrode, corrosion resistance, thermal stability, and leaching of
transition metal ions from NASICON phase.

Due to variety in the texture and conductivity properties, low cost, and easy synthesis
procedure, the use of carbonaceous materials for the surface modification of NASICON-
type electrodes has become the main research topic [4-6]. Through hydrothermal assisted
sol-gel methods, electrospinning technique and high-boiling organic solvent-assisted col-
loidal synthesis, the core-shell nanocomposite, NazV;,(PO,4);@C, having excellent cycling
stability, has been synthesized [16-20]. Mechanical ball milling followed by thermal re-
duction at various temperatures has also proven effective in preparing NazV;(PO,);@C
with enhanced performance [21]. Another part of the study involves carbon doping with
nitrogen and/or boron to accelerate the Na* transport in the carbon layer, thereby improv-
ing the rate capability and cycling stability of NASICON-type electrodes [22]. Pyrolysis
of organic precursors is a common method for producing amorphous carbon coating [23].
This coating is then treated (namely by chemical vapour deposition, etc.) to form highly
conductive, graphene-like coated carbon (for example, carbon-coated Na3V;(POy)3 with
0.5% amorphous embedded in rGO with about 3%) [24]. The integration of the NASICON-
material into flexible carbon network (such as carbon cloth, carbon nanofibers/nanotubes,
graphene paper, etc.) has also been reported as effective method for improving the total
conductivity of the electrode [20,25-28]. In summary, much research has been focused on
the electrochemical performance of carbon-modified NASICON-type electrodes, while little
research has addressed their total thermal stability [29]. Despite the good thermal stability
of NASICON-type materials [30] the carbon additives in modified NASICON electrodes
usually have lower thermal stability, resulting in lower total thermal stability. This is an
important issue for the practical application of NASICON-type electrodes.

The present study is focused on the tracking the effect of carbon additive on both
the thermal stability and sodium storage performance of multi-electron NASICON-type
electrodes. The multi-electron phospho-sulphate, NaFeVPO,(SOy),, is selected as the
NASICON-type electrode because it is able to reversibly intercalate from two to three
moles of Na* ions between 1.5 and 4.2 volts [31,32]. This process is accompanied by lim-
ited variation in the lattice volume (up to 5.2%) [31]. In general, the sulphate salts are
less thermally stable than the phosphate salts, but from electrochemical point of view
the presence of SO,2~ groups in the electrode material is valuable since SO,?>~ group
increases the potential of the redox reactions, thus increasing the power density of the
cells [31,32]. The carbon additives comprise the carbon black and reduced graphene
oxide (rGO). These additives have been shown to be effective for improving the elec-
trochemical performance of iron phospho-sulphate, NaFe;PO4(504),@rGO, and mixed
iron-vanadium and phospho-sulphate, NaFeVPO,(S0y); [31,33]. When CNT is used, the
composite NaFe; 4V 4(PO4)(SO4),@CNT operates at a working voltage of approximately
3V due to the Fe?* /Fe2* couple [34], which is contrary to the previous findings [31-33].
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The carbon coated NaFeVPO4(SOy), samples are obtained via a simple ball milling proce-
dure followed by thermal treatment at 400 °C in an argon flow. The storage performance
was analysed in model sodium half-cells at elevated temperatures. Ex-situ XRD and XPS
analyses allow us to distinguish the roles of carbon black and rGO in the electrochemical
performance of NaFeVPO4(504), (hereinafter referred to as NFVPS).

2. Results
2.1. Characterization of NFVPS/rGO and NFVPS/C Composites

The active phase NaFeVPO4(SO4), (NFVPS) adopts NASICON-type structure in
trigonal space group R-3 (Figure Sla) where corner shared (Fe,V)Og octahedra and (P,S)O4
tetrahedra form three-dimensional channels for the sodium ions movements [31]. The
lattice parameters are a = 8.4691 (1) A and ¢ =22.0162 (1) A (Table S1). After ball milling
of NFVPS with 15 wt.% carbon additives, carbon black and rGO (denoted as NFVPS/C
and NFVPS/rGO, respectively), the NASICON crystal structure remains intact, and the
lattice parameters approach those of untreated NFVPS (see Figure S1 and Table S1). The
crystallinity of the carbon-modified samples is also preserved. The crystallite size varies
from 53 to 48 nm.

The presence of carbon additives in the composites is evident from the HR-TEM
images (Figure 1).

NFVPS/rGO"

Figure 1. HR-TEM images of NFVPS/rGO (top) and NFVPS/C (bottom).

The carbon additives cover the phosphate-sulphate particles, but the carbon layers are
inhomogeneous with thickness between 5 and 10 nm for NFVPS/rGO, and between 5 and
25 nm, for NFVPS/C. For the latter composite, the boundary between the NFVPS phase
and carbon black cannot be clearly distinguished. It is of importance that both rGO and
carbon black are in good interphase contact with the phospho-sulphate phase. Additionally,
HR-TEM image of NFVPS/rGO reveals distinct fringes, with a calculated interplanar
spacing of 0.60 nm that corresponds to the (012) plane of the trigonal NFVPS phase. This
indicates that both the crystal structure and crystallinity of the phosphate-sulphate phase
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in the composite with rGO are intact. The same applies to the NFVPS/C composite, where
the HR-TEM image shows lattice fringes with spacing of 0.30 nm corresponding to the (024)
plane of the NFVPS lattice (Figure 1).

To determine the thermal stability of the carbon-modified NFVPS samples, the si-
multaneous thermogravimetry/differential thermal analysis/mass spectrometry analyses
(TG/DTA/MS) were undertaken up to 1000 °C (Figure 2). The thermal decomposition
of NFVPS begins at 440 °C with release of SO, gas and this process is accompanied by
multiple endothermic effects on the DTA curve extending up to 830 °C (Figure 2a). The
registration of CO; gas evolved between 430 and 650 °C reveals that the NFVPS sample
contains residual in-situ-carbon generated from the citric acid presented in the precursor
composition. The total mass loss for NFVPS is 26.5 mass %. These data reveal that the de-
composition of NFVPS is a multistage process involving at least three stages, as determined
by thermogravimetric analysis. Between 450 and 600 °C, NFVPS is probably decayed to
Fe;(SO4)3 and NazV,(POy)s, releasing SO, (mass loss of 9 mass % versus experimental
value of 10%). Then, the in situ formed Fe,(SOy4)3 decomposes to iron oxide polymorphs,
releasing SO,, culminating in o-Fe,O3 at 700 °C [35]. Within this temperature range, V3*
ions can also be oxidized to V4* ions [36], thus contributing to the decomposition of in-situ
formed NazV,(POy4);3. Above 700 °C, the final stage of decomposition takes place.
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Figure 2. TG/DTA/MS curves of NFVPS (a), NFVPS/C (b) and NFVPS/rGO (c).

In comparison with carbon-free NFVPS sample, the decomposition of carbon-modified
samples NFVPS/C and NFVPS/rGO starts at lower temperature (i.e., about 380 °C). This
is related with the lower thermal stability of the carbon additives (Figure 2b,c). Moreover,
the TG curves for NFVPS/C and NFVPS/rGO show two-step mass loss processes. These
processes are accompanied by the initial release of CO, up to 500 °C, followed by the release
of SO, up to 830 °C. The total mass loss reaches 40 mass %. Notably, SO, is released at a
higher temperature in the composites than in the carbon-free NFVPS: 570 °C and 600 °C
for NFVPS/C and NFVPS/rGO vs. 540 °C for NFVPS. This indicates that the presence of
carbon additives on the NFVPS surface impacts the initial stage of NFVPS decomposition.
This can be explained by the ability of carbonaceous materials to absorb SO, [37]. This
retards the release of SO, during the NFVPS decomposition. It is worth mentioning that
SO, is a toxic gas. Therefore, the enhanced temperature of SO, release in the composite
supports its possible practical application. Once the carbon additive burns completely, the
decomposition of the NFVPS becomes uncontrolled. Another difference in the thermal
behavior of the carbon-free and carbon-modified NFVPS can be seen in the DTA curves
(Figure 2). Due to the small amount of in-situ generated carbon in NFVPS, the endothermic
process of the NFVPS decomposition dominates over the carbon oxidation and the overall
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thermal reaction registered on DTA curve is endothermic one (Figure 2a). The opposite is
observed for the two composites. Due to the large amount of the carbon additive in the
composites (15%) the exothermic process of the carbon oxidation to CO, dominates over
the endothermic sulphate decomposition to SO, (Figure 2b,c).

The difference in the thermal properties of the composites can be related with the
functional groups stabilized in the carbon additives. Figure 3 shows the XPS spectra of
NFVPS/C and NFVPS/rGO in the region of the Cls binding energy.
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Figure 3. XPS spectra in the region of Cl1s binding energies of pristine NFVPS/rGO electrode (a) and
after 200 cycles in Na-half cell (100 cycles at 20 °C and subsequent 100 cycles at 40 °C with a rate
C/2) (b); pristine NFVPS/C electrode (c) and after 200 cycles in Na-half cell (100 cycles at 20 °C and
subsequent 100 cycles at 40 °C with a rate C/2) (d).

The Cl1s spectra of NFVPS/C and NFVPS/rGO consist of a broad, asymmetric band
that can be deconvoluted into peaks centered at 285.0, 286.5, 287.6, 289.3, and 290.8 eV.
These peaks can be assigned to C—C bonds in the carbon network as well as to single- and
double-bonded carbon-oxygen bonds: 286.5 eV for C-O and 287.6 eV for C=0. (It is worth
mentioning that the peaks appearing above 289 eV are due to the C-F and CF, bonds in
the PVDF used as a binder). The relative amounts of the hydroxyl/epoxide and carbonyl
groups are listed on Table 1. The element contents determined from XPS spectra are given

in Table S2.
Table 1. Ratio between the areas of the corresponding peaks from the deconvoluted spectra in the
Cls region (Figure 3).
Ne Electrodes &9 =0
1 pristine NFVPS/rGO electrode 0.49 0.29
NFVPS/rGO electrode stopped at 1.5 V
2 after 200 cycles: 100 cycles at 20 °C and 0.61 0.25
next 100 cycles at 40 °C
3 pristine NFVPS/C electrode 0.33 0.08
NFVPS/C electrode stopped at 1.5V
4 after 200 cycles: 100 cycles at 20 °C and 0.83 0.69

next 100 cycles at 40 °C
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The comparison evidences that the epoxy and hydroxyl groups dominate the compos-
ite surface with carbon black. Meanwhile, both hydroxyl/epoxide groups and carbonyl
groups contribute to the functionality of the composite with rGO. In comparison with Cls
spectra, the assignments of Ols peaks to O species in the literature are not the straight-
forward procedure as in the case of Cls spectra [38,39]. However, the main conclusions
from C1s spectra are supported by Ols spectra (Figure S2): the bands at around 532 and
533.0 eV that can be assigned to double-bonded O atoms in esters, carbonates, and acids,
as well as to single-bonded O atoms in ketones, ethers, and alcohols [38,39]. Because
the sample NFVPS/rGO has a higher concentration of the oxygen functional groups, it
undergoes pyrolysis at a slightly lower temperature than that of NFVPS/C: 458 °C vs.
470 °C, respectively (Figure 2).

Figures 4 and S3 compare both the morphologies and porous characteristics of NFVPS
and the carbon composites.
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Figure 4. SEM images of NFVPS (a), NFVPS/rGO (b) and NFVPS/C (c); Pore size distribution curves (d).

For pristine NFVPS the SEM image shows large micrometers aggregates (above
5-10 pm) having big holes on their surface, the latter being formed from the release of
gases during the thermal decomposition of the organic precursor (Figure 4). After ball
milling of NFVPS with carbon additives, the aggregates break apart and become smaller.
The sizes of the aggregates vary widely when rGO is added, ranging from 0.2 to 2-3 pm.
In contrast, carbon black yields more regular aggregates with a close size distribution
around 0.5 pm. This indicates that carbon additives stick to the NFVPS during ball milling
(Figure 4). Furthermore, the nitrogen adsorption isotherms reveal a significant difference
in the porosity of the three samples resulting from the presence of the carbon additives
(Figure S3). The individual rGO and carbon black materials have very different texture
properties as previously reported [40] and this reflects on the composites porosity. Because
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Current, mA

Current, mA

of high specific surface areas of the carbon additives (363 cm?/g for rGO and 49 cm?/g
for carbon black [40]), the composites exhibit a two- to threefold increase in specific sur-
face area compared to NFVPS: 31 cm?/g for NFVPS/rGO and 17 cm?/g for NFVPS/C
versus 9 cm? /g for NFVPS [31]. In the same order, the total pore volumes substantially
increase: 0.12 cm®/g for NEVPS/rGO and 0.10 cm®/g for NFVPS/C vs. 0.03 cm® /¢ for the

uncoated sample.

Regarding pore size distribution, the three samples exhibit a large part of the meso-
pores with diameters in the range of 3-9 nm, as for NFVPS these pores are the predominant
ones (Figure 4d). In contrast, for the composites there is additional contribution of larger
mesopores: with diameters between 9 and 50 nm for NFVPS/C and between 15 and 50 nm
for NFVPS/rGO, which are associated with the carbon additives [40]. From nitrogen ad-
sorption studies it can be concluded that the high porosity of the composites could facilitate
the electrolyte penetration in the electrode materials, thus enhancing the kinetics of sodium
ion diffusion during the electrochemical cycling. On the other hand, the pore structure of
NFVPS/rGO is more developed than that of NFVPS/C which is a prerequisite for its better

electrochemical performance.

2.2. Electrochemical Studies

Figures 5 and 54 compare the CV curves of NFVPS/rGO and NFVPS/C composites at

different scanning rate.
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Figure 5. CV curves with scanning rates of 1 mV/s (a), 0.1 mV/s (b) and 0.01 mV/s (c) between
1.5 and 5.0 V for NFVPS/C and NFVPS/rGO in sodium-half cells at 20 °C. Contribution of Faradaic

and Capacitive reactions (d).
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Between 1.5 and 5.0 V, the CV curves display a series of redox peaks, corresponding
to the V3+/V2+/4+ and Fe3* /FeZ* couples [31]. From the one hand, this evidences that
electrochemical reaction proceeds in the same way for the composites. From the other
hand, the redox peaks are more pronounced in the NFVPS/C composite, thus implying
that capacitive reactions mainly occurs for the composite with rGO. Taking into account
the correlation between the current and scanning rate [41], the contribution of the Faradaic
and capacitive reactions towards sodium storage is evaluated (Figure 5d). The comparison
shows that the Faradaic reaction dominates the electrochemical reaction at scanning rates
lower than 1 mV /s, while the capacitive reaction becomes dominant at rates above 1 mV/s.
Among the composites, the Faradaic reaction is facilitated by the composite with carbon
black, while capacitive reaction dominates for the composite with rGO [42—44]. This can
also be related with well-developed pore structure of NFVPS/rGO.

To compare the sodium storage performance of NFVPS/rGO and NFVPS/C, a cycling
stability test was carried out at 20 °C and 40 °C at a C/2 rate. The testing protocol
comprises the first 100 cycles at 20 °C and the next 100 cycles at 40 °C. The corresponding
charge/discharge curves at a given cycle are presented on Figure 6.
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Figure 6. Charge-discharge curves (1st, 50th and 100th cycle) with a C/2 rate between 1.5 and 4.5 V
of NFVPS/rGO and NFVPS/C at 20 °C (a) and 40 °C (b). The electrolyte is NaPFg in propylene
carbonate (PC).

The charge/discharge curves of the two composites display similar profiles between
1.5 and 4.5 V, once again demonstrating that the sodium storage mechanism is the same as
that observed in CV experiments (Figure 5).

At 20 °C, the first discharge capacity of both NFVPS/C and NFVPS/rGO is compara-
ble: 80 mAh/g and 90 mAh/g, respectively (Figure 6). The discharge capacity of NFVPS/C
decreases monotonously upon cycling, while the capacity of NFVPS/rGO quickly de-
creases up to 50 cycles and remains almost the same between 50 and 100 cycles (Figure 7).
The cycling stability of NFVPS/C and NFVPS/rGO are around 55 and 70%, respectively
(Figure 7). The Coulombic efficiency of NFVPS/C approaches 100%, whereas the efficiency
of NFVPS/rGO slightly deviates from 100% (Figure 7).

After increasing the temperature of the cells from 20 to 40 °C, the discharge capacity
for both NFVPS/C and NFVPS/rGO increases reaching a magnitude of 70 and 90 mAh/g.

As in the case of the 20 °C experiment, the discharge capacity of NFVPS/C continues
to decrease upon cycling, while the discharge capacity of NFVPS/rGO slightly increases
from 90 to 98 mAh/g after 100 cycles. This is related with an already formed surface
layer at 20 °C, which appears to prevent the further interaction of the electrode with the
electrolyte at 40 °C [31]. It is important to note that the cycling stability of both samples
is better at 40 °C than at 20 °C: 70% for NFVPS/C and 95% for NFVPS/rGO, respectively.
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Once again, the Coulombic efficiency is better for NFVPS/C. Thus, the electrochemical
protocol discloses a significant difference in storage performance between NFVPS/C and
NFVPS/rGO composites.
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Figure 7. Cycling stability and Coulombic efficiency of NFVPS/rGO and NFVPS/C in Na half-cells
at 20 °C and 40 °C at a C/2 rate. The cells operate firstly at 20 °C (cycles from 1 to 100) and then at
40 °C (cycles from 101 to 200).

The next electrochemical protocol is designed to determine the rate capability at
elevated temperatures (Figure 8).
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Figure 8. Rate capability in Na half-cells of NFVPS/rGO and NFVPS/C at rates ranging from C/10
to 5C and then to 1C at 20 °C (a) and 40 °C (b). Coulombic efficiencies are also shown (a,b); Second
charge-discharge curves of NFVPS/rGO and NFVPS/C recorded at rates from C/10 to 5C at 20 °C (c)
and 40 °C (d).
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At 20 °C, NFVPS/C and NFVPS/rGO deliver almost the same discharge capacity at
the slowest rate (i.e., varying between 110 and 100 mAh/g at a C/5 rate). This provides
evidence for a two-electron reaction involving Fe?* /Fe?* and V3*/V** couples occurring
at NFVPS, which has a theoretical capacity of 128 mAh/g. At the fastest rate, NFVPS/rGO
outperforms NFVPS/C: the discharge capacity is of 30 mAh/g versus 15 mAh/g at a 5C
rate. When the rate returns from 5C to 1C, the capacity of NFVPS/rGO is restored to
approximately 60 mAh/g and this capacity remains nearly unchanged after next 20 cycles.
For NFVPS/C, capacity is nearly restored but decreases continuously with cycling. Further-
more, the capacity increases as temperature rises from 20 to 40 °C. At a C/5 rate, the initial
capacities reach to 160 and 140 mAh/g for NFVPS/C and NFVPS/rGO, respectively. This
suggests that the increased temperature favours the occurrence of a three-electron reaction
involving Fe** /Fe* and V3* /V#* /V5* couples in NFVPS, which implies kinetic limitations
for the three-electron reaction compared to the two-electron one. By increasing the rate from
C/5 to 5C, the capacities of NFVPS/C and NFVPS/rGO become similar, around 40 mAh/g
at 5C. This is another indication that the rate capability of NFVPS/rGO at 40 °C is better
than that of NFVPS/C. Additionally, when the charging rate is returned from 5C to C/1,
the capacities of NFVPS/rGO and NFVPS/C become close (77 mAh/g for NFVPS/rGO
and 73 mAh/g for NFVPS/C). However, the capacity stability of NFVPS/rGO is much
better than that of NFVPS/C after 20 cycles: 100% versus 92%, respectively. Therefore,
regardless of the testing protocol, NFVPS/rGO outperforms NFVPS/C in terms of cycling
stability and rate capability.

2.3. Ex-Situ Studies

The electrochemical performance of carbon-containing composites is due to the struc-
tural stability of NFVPS phase during the prolonged sodium extraction/insertion (Figure 9).
For ex-situ XRD experiments, we analyzed the electrodes after 100 cycles at 20 °C, followed
by 100 cycles at 40 °C, and then switch them off at 1.5 V (i.e., in the discharged state).

Intensity, a.u.

15 20 25 30 35
20 angle, degree

Figure 9. XRD pattern of powder NFVPS (a); Ex-situ XRD patterns of pristine NFVPS/rGO
electrode (b) and after 200 cycles in Na-half cell (100 cycles at 20 °C and subsequent 100 cycles at 40 °C
with a rate C/2) (c); pristine NFVPS/C electrode (d) and after 200 cycles in Na-half cell (100 cycles at
20 °C and subsequent 100 cycles at 40 °C with a rate C/2) (e). * CaCOj3 from plastic holder.
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The ex-situ XRD patterns show that the NASICON-type structure of NFVPS is pre-
served with lattice parameters close to that for the pristine electrodes (Table S1). The
structure stability of NFVPS is its important advantage from practical point of view. Apart
from the structural stability, the electrode roughness also seems unchanged after prolonged
cycling even at 40 °C as seen from the optical images (Figure S5).

The same electrodes are subjected to XPS analyses (Figure 9). This technique allows
us to probe the surface of the cycled electrodes.

For the pristine electrodes, the spectra in the binding energy range of V2p;,, and Fe2p
consist of peaks centered at around 517 eV and 713 eV, corresponding to V3* and Fe®* ions.
Additionally, the S2p and P2p spectra show peaks due to SO4 and PO, groups. Within
the Nals binding energy range, the spectra are dominated by a single peak corresponding
to sodium atoms bound to POy groups. After electrode cycling, the peaks due Na* in
PO, environment, SO4 and POy groups retain their positions. This provides evidence for
the stability of the SO and PO, groups during the cycling. In the pristine electrodes Fe3*
ions are visible, but after cycling, both Fe** and Fe?* present on the electrodes surfaces
(discharged states). The spectra are barely visible in the V2p3,, range, suggesting that
thicker surface layers are formed on the cycled electrodes.

To analyze the electrochemically formed surface layers, the XPS spectra in the range
of F1s and Cl1s are of interest (Figure 10). The F1s spectra of the pristine electrodes exhibit a
band at 688.1 eV, which is typical for F atoms in PVDF (polyvinylidene fluoride) binder [45].
After cycling, this band shows significant downshift to 686.6 eV for NFVPS/rGO and
to 685.3 eV for NFVPS/C (Figure 9). The lowest energy band at 685.3 eV observed for
NFVPS/C can be assigned to the formation of fluorides (i.e., F bonded primarily to Na
and NaPyFy) and/or oxidized fluoride species, PxFy O, [46]. For NFVPS/rGO, the band
position at 686.6 eV suggests for the deposition of oxidized fluoride species, PxFyO,, rather
than fluorides [47,48]. The fluorine products detected on the electrode surface can be
related with the reactivity of the electrolyte salt NaPF; towards the carbon additives: the
interaction of NaPFg with carbon black in NFVPS/C yields mainly fluorides, while rGO in
NFVPS/rGO facilitates the deposition of oxofluorides.

The Cls spectra of the electrodes are also changed after the electrode cycling (Figure 3,
Table 1). This finding suggests that the electrolyte solvent propylene carbonate (PC) reacts
with the electrode surface. Furthermore, the extent of the interaction with PC depends
on the origin of the carbon additives. As shown in Table 1, the electrode surface of the
composite with carbon black is enriched with hydroxyl/epoxide functional groups. In
the presence of rGO, the electrode surface contains both hydroxyl/epoxide and carbonyl
functional groups, with a slight prevalence of hydroxyl/epoxide groups. This can be
interpreted in terms of the reactivity of the electrolyte solvent, PC. There are two options
for the decomposition of PC [49]. The energetically favorable pathway is through ring
opening of the PC molecule and formation of alkylcarbonates, which further degrade to
carbonates and alkenes. The second option involves ring opening, which yields alkoxyalkyl
compounds. This is followed by the formation of epoxides and CO;. According to the XPS
study, it appears that PC degradation via the formation of alkoxyalkyl compounds proceeds
more easily at the carbon black composite, while both PC degradation pathways occur
on the rGO composite surface. The different reactivity of PC towards composite surfaces
determines the composition of electrochemical surface layers, which in turn contribute
to the cycling stability and rate capability. This is the first experimental observation for
the effect of carbon additives on the degradation pathways of PC, which requires further
experimental and theoretical studies.
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Figure 10. XPS spectra of pristine NFVPS/rGO electrode (a) and after 200 cycles in Na-half cell (100
cycles at 20 °C and subsequent 100 cycles at 40 °C with a rate C/2) (b); pristine NFVPS/C electrode
(c) and after 200 cycles in Na-half cell (100 cycles at 20 °C and subsequent 100 cycles at 40 °C with a

rate C/2) (d).

3. Materials and Methods

3.1. Synthesis

The powder NaFeVPO4(SO4); (NFVPS) has been synthesized by a precursor method,
following by annealing at 400 °C in Ar flow. The details are reported elsewhere [31]. Two
types of carbon composites have been prepared, the one with traditional carbon black
(Super C65, TIMCAL Ltd., Bodio, Switzerland) and another with rGO (Graphit Kropfmiihl
GmbH, Hauzenberg, Germany). A simple mechanical grinding method has been applied
to obtain composites between NFVPS and 15 wt.% carbon additives, which are labelled
as NFVPS/C and NFVPS/rGO. The ball-milling of the materials has been carried out for
4 h at a speed of 300 rpm using agate balls with ¢ of 10 mm, balls-to-powder ratio was
10:1. The grinding procedure has been performed by means of planetary mill “Pulverisette
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6” (Fritsch GmbH, Idar-Oberstein, Germany). After the milling the composites have been
annealed at 400 °C for 3 h under Ar flow.

3.2. Characterization Methods

Powder X-ray diffraction technique (XRD) has been used to check the structure, phase
composition and purity of pristine NFVPS, composites and electrodes after the electro-
chemical cycling (Bruker Advance D8 diffractometer with CuKo radiation, Karlsruhe,
Germany). The lattice parameters have been calculated by WinPLOTR program. The
thermal stability of NFVPS and composites has been studied by simultaneous thermo-
gravimetry and differential thermal analysis combined with mass spectrometry for gas
analysis (TG/DTA/MS) at a heating rate of 10 °C/min under Ar atmosphere (LABSYSTM
Evo apparatus, SETARAM, Caluireet-Cuire, France). The specific surface area and total
pores volume of the samples have been calculated by BET method based on the nitrogen
adsorption-desorption isotherms (77.4 K) obtained by NOVA 1200e device (Quantachrome,
Boynton Beach, FL, USA). The morphology of the powder samples and electrodes has been
observed by scanning electron microscopy (SEM) using JSM 6390 microscope (JEOL, Tokyo,
Japan). HR-TEM analysis has been performed with a JEOL 2100 microscope (Tokyo, Japan)
with a GATAN Orius 832 SC1000 camera (Plesantan, CA, USA). The DigitalMicrograph
software version 2 (Gatan, Inc., Pleasanton, CA, USA) to calculate the HR-TEM images
was used. To probe the chemical and electronic state of the elements on the electrode
surfaces X-ray photoelectron spectroscopy (XPS) analysis was carried out (VG Escalab
II system with Al K radiation, Thermo Fisher Scientific, Waltham, MA, USA). The Cls
line of adventitious carbon at 285.0 eV was used as an internal standard to calibrate the
binding energies. The photoelectron spectra were corrected by subtracting a Shirley-type
background and they were quantified using the peak area and Scofield’s photo-ionization
cross-section. The accuracy of the binding energy measured was £0.1 eV. The optical
images of the electrodes have been collected using ZEISS Stemi 508 stereo microscope (Carl
Zeiss, Jena, Germany).

The electrochemical characterization has been performed in Swagelok type of sodium
half-cells by means of 32 channel Biologic VMP-3e battery cycler (BioLogic, Seyssinet-
Pariset, France). The potentiostatic and galvanostatic cycling tests have been carried out at
20 and 40 °C (KB-53 incubator, Binder GmbH, Tuttlingen, Germany).

The positive electrode contains 80% composite (NFVPS/C or NFVPS/rGO), 10% Super
C65 carbon and 10% polyvinylidene fluoride (PVDF) which have been homogenized in
N-methyl-2-pyrrolidone using planetary centrifugal mixer ARE-250 CE (THINKY, Tokyo,
Japan). Then the slurry has been cast onto the carbon-coated aluminium folio (Goodfellow,
Cambridge Ltd., Cambridge, UK) with a doctor blade film coater (ZAA 2600.A, Proceq
SA, Schwerzenbach, Switzerland) and vacuum dried at 80 °C overnight. The electrode
film with a thickness of 200 um is then cut into 10 mm discs, pressed and vacuum dried at
120 °C for 10 h. The electrode loading is around 3 mg/cm?. The negative electrode consists
of sodium metallic disc. The electrolyte solution is 1 M NaPF4 in PC (propylene carbonate)
soaked in a glass fibre separator GF/D Whatman (Whatman International Ltd., Maidstone,
UK). The sodium test cells have been assembled in an argon-filled glove box MB-Unilab Pro
SP (1500/780) under controlled traces of O, and H,O below 0.1 ppm (MBraun, Garching,
Germany). The cyclic voltammograms (CV) have been scanned over the range 1.5-5.0 V (vs.
Na*/Na) with different rates between 10 and 0.01 mV/s. The contributions of the capacitive
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and Faradaic reactions are determined using the relationship between total current (iin A)
at a specific potential (V) and scanning rate (v in V/s) according to Equation (1) [41,50]:

i(V) = kv + kpv!/2 (1)

where, ki and k; are adjustable parameters. In Equation (1), k;v and kyv1/2 correspond
to the current attributed to capacitive reaction and diffusion-controlled reaction, respec-
tively [41,50].

The galvanostatic tests in a voltage window of 1.5-4.5 V (vs. Na*/Na) have been
carried out at several C/n rates, where n is the number of hours needed for the insertion
of two sodium per formula unit at the applied current intensity (1 C = 128 mA/g). The
specific capacity has been calculated based on the mass of the active phase NFVPS in the
positive electrodes. The cycling stability has been determined with a rate of C/2, while
the rate performance has been studied at rates ranging from C/10 to 5C and then to 1C at
20 °C and 40 °C.

The chemicals PVDEF, Na-electrolyte and N-methyl-2-pyrrolidone have been purchased
from Sigma-Aldrich (St. Louis, MO, USA).

4. Conclusions

Adding carbon black (C) and reduced graphene oxide (rGO) to the NASICON-type
multi-electron electrode, NFVPS, is crucial for its electrochemical performance. This com-
plex phenomenon is a consequence of the oxygen-containing functional groups and porosity
of the carbon additives. The carbon black contains predominately hydroxyl/epoxide func-
tional groups, while rGO has a diversity of functional groups, namely hydroxyl/epoxide
and carbonyl functional groups. Thus, both carbon black and rGO adhere well to the NFVPS
particles, improving the thermal stability of NFVPS in the composites. Among carbon
additives, the pore structure of NFVPS/rGO is more developed than that of NFVPS/C.

Sodium storage in carbon-modified NFVPS occurs through capacitive and Faradaic
reactions. The Faradaic reaction is facilitated by the carbon black composite, while the
capacitive reaction dominates in the rGO composite. NFVPS operates through two-electron
reactions at 20 °C, while the increased temperatures favor the three-electron reaction. At
20 °C, the rGO composite outperforms the carbon composite in terms of cycling stability
and rate capability. The discharge capacity remains at around 60 mAh/g at a 1C rate for
100 cycles. Increased temperature from 20 to 40 °C improves the performance of the rGO
composite: the discharge capacity is around 95 mAh/g at a C/2 rate, and it maintains 95%
cycling stability after 100 cycles. At 40 °C, the capacity of NFVPS/C at lower charging rate
(i.e., between C/5 and 1C) is higher than that of the NFVPS/rGO composite, but at 5C the
capacities of the two composites are similar. This shows that rate capability of NFVPS/rGO
is better even at elevated temperatures.

The structural stability of NFVPS during cycling is one factor that contributes to the cy-
cling stability of the composites. Additionally, the reactivity of the functional groups of the
carbon additives toward electrolyte salt and solvent determines the composition of electro-
chemical surface layers. The hydroxyl/epoxide rich surface of the carbon black-composite
is the most probably responsible for the deposition of fluorides, as well as facilitates the
degradation of the propylene carbonate via the formation of alkoxyalkyl compounds. For
the rGO-composite, the carbonyl groups, in addition to the hydroxyl/epoxide groups,
cause the deposition of oxofluorides. Propylene carbonate degrades on NFVPS/rGO,
forming alkylcarbonate and alkyloxyalkyl compounds.
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This study demonstrates the multiple role of the carbon additives in the improving
the sodium storage performance of the NASICON-type electrodes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules30173547 /51, Figure S1: Crystal structure of NFVPS (a);
Rietveld refinements plots of NFVPS (b), NFVPS/rGO (c) and NFVPS/C (d); Table S1: Lattice
parameters of powders NFVPS, NFVPS/rGO and NFVPS/C and of electrodes cycled in Na half-cells
between 1.5 and 4.5 V in NaPFq /PC electrolyte with C/2 rate; Figure S2: XPS spectra in the regions
of Ols binding energies of pristine NFVPS/rGO electrode (a) and after 200 cycles in Na-half cell
(100 cycles at 20 °C and subsequent 100 cycles at 40 °C with a rate C/2) (b); pristine NFVPS/C
electrode (c) and after 200 cycles in Na-half cell (100 cycles at 20 °C and subsequent 100 cycles at
40 °C with a rate C/2) (d); Figure S3: Nitrogen adsorption/desorption isotherms (full/open symbols)
with pore size distributions (insets) of NFVPS, NFVPS/rGO and NFVPS/C; Figure S4: CV curve of
NFVPS/C and NFVPS/rGO between 1.5 and 5.0 V with a scanning rate of 10 mV /s at 20 °C in Na
half-cell; Figure S5: Optical images of initial NFVPS/C and NFVPS/rGO electrodes and after cycling
in Na half-cells at C/2 rate for 200 cycles (100 cycles at 20 °C and subsequent 100 cycles at 40 °C);
Table S2: Element content determined from XPS spectra of the electrodes cycled between 1.5 and
4.5V in Na half-cells with NaPF4 /PC electrolyte.
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Abstract: The symmetry of the valence and conduction bands in graphene and carbon
nanotubes allows for easy modification of the electronic structure, which is correlated
with their electrocatalytic activity. Modifying the electronic structure of the sp>-bonded
nanocarbons by substituting carbon atoms with electron donors/acceptors and through
covalent functionalization can facilitate heterogeneous electron transfer (HET), which is
beneficial for designing carbon-based, high-performance electrocatalysts. Based on the
Gerischer-Marcus model, we discuss how we can match the density of m-electron states
(DOS) of a nanocarbon electrode to the redox potential of redox species using electron
and hole doping. Along with the results, this article provides guidance on how to match
the properties of nanocarbons to specific electroactive analytes, oxygen reduction reaction
(ORR), hydrogen evolution reaction (HER), and oxygen evolution reaction (OER).

Keywords: graphene; carbon nanotubes; density of 7-electron states; heterogeneous
electron transfer; intrinsic defects; donor doping; acceptor doping; functionalization

1. Introduction

An efficient electrocatalyst should be characterized by its ability to lower the energy
barrier of desired electrochemical reactions and hinder undesired side reactions. Suitable
electrode materials in electrocatalysis should also be low-cost and environmentally friendly.
These expectations are met by carbon-based electrocatalysts, which exhibit high activity and
strong structure operability [1-8]. Among carbon-based materials, sp>-bonded nanocarbons
with reduced dimensionality, such as two-dimensional (2D) graphene and one-dimensional
(1D) carbon nanotubes (CNTs), have attracted much research attention due to their utility
in electronic and structural engineering, which has opened up the possibility of tailoring
their properties through lattice deformation, doping, and functionalization [9-14].

Low-dimensional sp?-bonded carbons combine two features that are key to their use
as electrocatalysts: (1) the arrangement of carbon atoms in the form of a two-dimensional,
honeycomb-like, crystalline lattice and (2) the electronic properties determined by -
electrons. As for the first feature, carbon atoms in the hexagonal carbon lattice are bound
together by strong o bonds, which provide high chemical stability. In addition, the hexago-
nal carbon lattice, due to its flexibility, can form planar (graphene), spheroidal (fullerenes,
carbon onions), cylindrical (CNTs), and conical (carbon nanocones) structures, whose
common feature is a large specific surface area up to 2630 m?-g~! [15].

As for the second feature, m-electrons in the hexagonal carbon lattice form a two-
dimensional gas of massless Dirac fermions, which flow in the hexagonal plane with a
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Fermi velocity of 10° m s~! [16]. As a consequence, charge carriers’ mobility reaches a
value of 2.5 x 10° cm? V~! s~1, which translates into relatively high in-plane electrical con-
ductivity of 100 MS m~! [17]. On the other hand, the in-plane 7t electrons in unperturbed
sp?-bonded structures show poor activity in electrocatalytic processes [18]. Therefore,
realizing the full application potential of sp?>-bonded carbon nanoforms in electrocatalysis
requires modification of their 7-electronic structure, which could stimulate the m-electrons
to contribute to the heterogeneous electron transfer (HET). The most obvious strategy is
doping, which leads to changes in 7-electron or hole concentration. Several approaches
have been proposed to dope sp?>-bonded carbons, which include (i) doping using intrinsic
defects [19], (ii) substitutional doping with heteroatoms [20,21], (iii) covalent functionaliza-
tion [22], and (iv) adsorption-based (noncovalent) doping [23].

Intrinsic defects are the crystalline order perturbations without the presence of foreign
atoms. Point defects (vacancies, sp® sites) and line defects (dislocations, edges) have
an influence on the electronic structure as they lead to local rehybridization of o and 7t
bonds [24]. In particular, missing orbitals at the vacancy sites give rise to creating additional
midgap bands, which contribute to the density of states (DOS) at the Fermi level [25]. A
similar effect is produced by sp3 defects, which create 7t-orbital vacancies [26]. The band
structure of the pristine graphene with line defects also possesses flat bands, which lead to
the high DOS near the Fermi level [27].

Topological defects, such as n-sided polygons (n # 6), which substitute hexagons in
the lattice, induce not only a local curvature of a flat lattice but also produce a finite DOS at
the Fermi level that increases with the curvature. In turn, heptagon—pentagon pairs and
Stone-Walls defects give rise to the modulation of the DOS [28].

The commonly used substitutional dopants are neighbors of carbon atoms in the
periodic table, boron and nitrogen, which produce acceptor-like and donor-like states,
respectively [29]. Boron atoms attract delocalized m-electrons from carbon atoms that lead
to the lowering of the Fermi level with respect to the Dirac point. The population of the
antibonding 7t* electron states increases, which translates directly into the concentration of
holes (p doping) [30]. Nitrogen atoms provide electrons to the conduction band (n doping),
which results in the shift of the Fermi level above the Dirac point [31,32].

The m-electronic band structure of graphene functionalized with -OH, -COOH, and
-NH, functional groups depends on their configuration on different sites of the sp>-bonded
carbon lattice. In general, functional groups produce a flat band near the Dirac point and
additionally cause a slight down-shift of the Fermi level with respect to the Dirac point
(hole doping). However, in some specific configurations, functional groups can open a
band gap [33]. Hole doping induced through functionalization is confirmed experimentally
in graphene and nanotubes [34,35].

Another method for modifying the electron structure of sp>-bonded nanocarbons
is molecular-dipole-induced doping. Molecules adsorbed on the surface do not distort
the carbon crystalline lattice, but they create high-density electron-hole puddles [36].
Noncovalent doping can be realized through adsorption of strong acceptor (p-doping) or
donor (n-doping) molecules [23]. Adsorption of guest molecules on sp?>-bonded carbons
is ubiquitous. On graphene exposed to ambient air, hydrocarbon contaminants adsorb
very quickly, which significantly reduces its electrocatalytic activity [37,38]. It has also
been shown that molecules of organic dispersants used for the preparation of nanocarbon
electrodes adsorb permanently on their surface, giving the doping effect [39].

There are a number of publications in which Fermi level engineering in carbon materi-
als is discussed in terms of electrocatalysis [40-45]. In light of all of the existing knowledge,
it is an undeniable fact that disorder and doping are necessary to improve the kinetics of
the HET on 7-electronic carbon systems. In this paper, we present the results of calculating
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electrode reaction curves on graphene and carbon nanotubes in which the DOS is modified
through disorder, heteroatom doping, and functionalization. As redox probes, we use
hexacyanoferrate (II) / (III) and hexaammineruthenium (II)/(III), anionic and cationic redox
pairs commonly used to assess the electrocatalytic activity of electrode materials. The
sp?-bonded carbon nanoforms are promising electrode materials in fuel cells and batter-
ies [46], as well as in electrochemical water splitting [47]. Therefore, we also discuss the
effect of heteroatom doping and functionalization on the performance of oxygen reduction
reaction (ORR), hydrogen evolution reaction (HER), and oxygen evolution reaction (OER).
In further parts of the paper, we confront the results obtained with the experimental data
available in the literature. In this work, we emphasize Raman spectroscopy, which is an
invaluable tool for determining both disorder [48-52] and doping [53-55] in carbons.

2. Results
2.1. Density of rt-Electronic States of Electrodes and Alignment of the Redox States

DOS is a key parameter of any electrode material, as it determines the ability to transfer
an electron of a certain energy between the electrode and the redox species. Figure 1
shows the DOS of pristine graphene and a metallic and semiconducting carbon nanotube
calculated using tight-binding (TB) approximation. On the right side of Figure 1, we show
the Dirac cones that occur in the band structure of 7-electrons at the vertices of graphene’s
first Brillouin zone. A characteristic feature of the DOS of sp>-bonded carbons with reduced
dimensionality is the occurrence of van Hove singularities, i.e., non-smooth points (kinks
and spikes), which originate from critical and saddle points in the electronic band structure.
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Figure 1. DOS of graphene and a metallic CNT(10,10) and semiconducting carbon nanotube
CNT(17,0) calculated using TB approximation. On the right side, Dirac cones for bonding 7- and
antibonding 7r*-electronic bands are shown. In CNTs, allowed states in the (kx, ky) space form series
of dispersion curves marked as red lines. In metallic CNT, dispersion curves intersect the Dirac point.
Zero in the energy scale refers to the Fermi level.

In 2D graphene, van Hove singularity is formed at e = 0, where the apices of Dirac
cones formed by bonding 7- and antibonding 7*-electronic states merge together. At this
energy, the kink in the DOS is formed with a density of states equal to zero. The DOS
increases smoothly as we move toward higher and lower energies up to a value of £2.7 eV,
where another van Hove singularity in the form of spikes with a high DOS occurs. These
sharp maxima correspond to states near the center of the graphene’s first Brillouin zone,
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whose dispersion relation is flat. Due to the quantum confinement in quasi 1D carbon
nanotubes, the allowed states in the (kx, ky) space form a series of one-dimensional sections
with corresponding dispersion curves for 7w and ©* electrons, marked in Figure 1. Each
curve has a saddle point, which corresponds to the van Hove singularity in the DOS. Thus,
a consequence of the limited dimensionality of nanotubes is a larger number of van Hove
singularities than in 2D graphene.

While the DOS of a semiconducting CNT(17,0) nanotube at the Fermi level is zero,
the DOS of a metallic nanotube is 0.029 states atom ! eV~!. For comparison, gold has a
DOS at the Fermi level of 0.28 states atom ! eV~!, and highly oriented pyrolytic graphite
(HOPG) has been reported to have a minimum of 0.0022 states atom ! eV~! [56].

We used in the calculations negatively charged Fe(CN)g3~/4~

and positively charged
Ru(NHj3)s3*/2* redox couples, which are commonly used to evaluate the electrocatalytic
activity of electrode material. The position of the redox potentials relative to the electron
bands of the nanocarbon electrode is shown in Figure 2. The electrochemical scale is
converted to the absolute energy scale according to Trassati’s formula: € [eV] = —4.5eV —¢E
(vs. SHE) [57]. Unoccupied redox states of the electron acceptor (oxidized form, W, (€),
and filled states of the electron donor, W,,;(€)) are separated by doubled reorganization
energy, A. In an anodic reaction, electron transfer occurs from the filled states of the reduced
form of the redox couple to empty states of the electrode. In the cathodic reaction, the

opposite reaction takes place.
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€uac -~
w

o 2 4.6 4.5 degZeg0
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Figure 2. Alignment of the standard reduction potentials of the Fe(CN)63*, Ru(NH3)63*, ORR, HER,
and OER with respect to the position of valence (VB) and conduction (CB) bands of graphene and
carbon nanotubes. The E° in V vs. SHE are converted to absolute energy scale. The €f eqox Values
are given in eV vs. vacuum.

Another calculation concerns the rate of ORR with a four-electron O, reduction
pathway: O +2H,0 + 4e™ — 4OH™ . The four-electron pathway ensures high current
densities and high onset potentials, which are fundamentally important in air cathodes
of fuel cells and metal-air batteries [46]. The standard reduction potential of this re-
action is E° = 0.402 V vs. SHE [58]. After conversion to the energy scale, we ob-
tain €freqox = —4.902 eV vs. vacuum. In turn, the efficiency of water electrolysis de-
pends on the performance of HER, which occurs on the cathode, and OER occurring
on the anode [59]. The cathodic HER pathway is given by 2H" (aq) +2e~ — Ha(g)
with E° = 0.0 V vs. SHE, while the anodic OER occurs according to the pathway
2H,0 (1) — Oy(g) +4H™ (aq) + 4e~ with E° = 1.23 V vs. SHE. The standard potentials
correspond to € redox = —4.5 €V and €f reqox = —5.73 eV vs. vacuum, respectively. The
positions of the ORR, HER, and OER standard potentials relative to the DOS of graphene
and CNT are shown in Figure 2.
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DOS

The Gerischer-Marcus theory states that electron transfer is not limited to states at the
Fermi level but occurs between all states forming the quasi-valence and conduction band
of the electrode. For this reason, the DOS of m-electrons plays a key role in redox reactions
at sp?-bonded nanocarbon electrodes.

2.2. HET Reaction Rate
2.2.1. Graphene

In Figure 3, we have juxtaposed the DOS of the modified graphene with simulations
of the anodic and cathodic reaction rates calculated based on the Gerischer-Marcus model.
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Figure 3. DOS of modified graphene with corresponding cathodic (dotted line) and anodic (continu-
ous line) reaction rate curves for Fe(CN)63*/ 4= and Ru(NH3)63*/ 2+ redox couples. (a) Graphene with
structural defects. (b) Graphene doped with acceptor dopant; hole concentration of 1.7 x 1013 em~2.
(c) Graphene doped with donor dopant; electron concentration of 1.7 x 10’3 cm~2. The gray color in-
dicates the 7-electron states of unmodified graphene. Zero in the energy scale refers to the Fermi level.

Intrinsic defects, such as graphene edges, vacancies, Stone-Walles defects, etc., induce
additional localized states near the Dirac point, which contribute to the DOS of graphene
(Figure 3a). The consequence is an increase in the anodic and cathodic reaction rates of the
Fe(CN)3~/4~ redox couple relative to unmodified graphene at electrode potentials ranging
between —0.25 V and 1.0 V vs. Ag/AgCl. The cathodic reaction curve shows a local maxi-
mum at the potential of ~+0.5 V vs. Ag/AgCl. A similar maximum is seen in the cathodic
curve at the potential of ~+0. 1V vs. Ag/AgCl. In the case of the Ru(NH3)s**/2* redox
couple, a similar effect occurs; however, no clear maxima are seen. This is a consequence of

the higher reorganization energy of the Ru(NH3)s3*/*

redox couple.

Acceptor and donor doping of graphene results in an up-shift and a down-shift of
electronic states, respectively. An upward shift of the electron bands on the energy scale
caused by acceptor doping causes a downward shift of the anodic and cathodic reaction
rate curves (on the electrochemical scale). Donor doping, on the other hand, leads to a
shift of the bands toward lower energies. This is accompanied by an upward shift in the

cathodic and anodic reaction curves.

2.2.2. Carbon Nanotubes

The substitutional boron and nitrogen doping of the nanotubes also significantly
affects the shape of the reaction rate curves. As we show in Figure 4, the introduction of
boron atoms (electron acceptor) results in the creation of new states within the quasi-band
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gap below the Fermi level and up-shift of the levels in the quasi-conduction band. At a
boron concentration of 3 at%, the bands shift upward by about 1 eV. In contrast, replacing
carbon atoms with nitrogen atoms (electron donors) leads to a downward shift of the bands.
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Figure 4. DOS of boron- and nitrogen-doped carbon nanotubes with corresponding cathodic (dotted
line) and anodic (continuous line) reaction rate curves for Fe(CN)s3~/4~ and Ru(NH3)¢3*/2* redox
couples. Atomic concentration of dopants—3 at%. (a) B-CNT(5,5). (b) N-CNT(5,5). The gray color
indicates the 7-electron states of unmodified CNT. Zero in the energy scale refers to the Fermi level.

As with graphene, the upward shift of the electron bands causes the anodic and
cathodic reaction curves to shift significantly to lower potentials, while a downward shift
of the electron bands leads to an upward shift of the electrode reaction curves.

Covalent functionalization with -OH and -COOH groups produces an effect similar
to the substitution of carbon atoms by acceptor (boron) dopant atoms. An important
difference, however, is that functionalization generates bands below the Fermi level, while
levels in the quasi-conduction band shift up only slightly. The consequence is a decrease
in the quasi-band gap. As shown in Figure 5, carboxyl groups contribute more to the
generation of hole states below the Fermi level than hydroxyl groups. This is due to the
fact that the -COOH group demonstrates a pronounced electron withdrawal capability
compared to -OH due to the presence of two oxygens and stabilization of partial negative
charge by carbon atom. The elevated propensity for carboxyl groups to suck electrons out
of the sp? carbon lattice is also confirmed by first-principles calculations [60].

Curves of the cathodic reaction rates, k., which reflect the electron transfer from the
filled conduction quasi-bands of the functionalized CNTs to empty states of the oxidized
form of redox couples, are only slightly shifted toward lower potentials of the electrode. In
the case of the carboxylated CNTs, the intensity of k., which is a measure of the cathodic
current density during the electrochemical reaction, also decreases. On the other hand,
the curves of the anodic reaction rate, k,, shift to lower potentials, and their intensities
increase significantly due to the abundance of unoccupied states above the top of the
valence band produced through functionalization with -OH and -COOH groups. This
effect is more spectacular in the case of carboxylated CNTs, in which many more new states
are formed above the top of the valence band. Thus, functionalization with -OH and COOH
groups transforms carbon nanotubes into electrodes that have a high capacity to oxidize
electroactive species.
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Figure 5. DOS of covalently functionalized carbon nanotubes with corresponding cathodic (dotted
line) and anodic (continuous line) reaction rate curves for Fe(CN)s3~/4~ and Ru(NH3)¢>*/2* redox
couples. Atomic concentration of -OH and -COOH groups—3 at%. (a) Hydroxylated CNT(5,5).
(b) Carboxylated CNT(5,5). The gray color indicates the 7-electron states of unmodified CNT. Zero in
the energy scale refers to the Fermi level.

2.3. ORR, HER, and OER

The curves of cathodic ORR and HER on pristine, heteroatom-doped, and function-
alized CNTs are compared in Figure 6a,b. The curves reflect the role of the conductivity
quasi-band in the performance of the cathodic reaction. Acceptor doping induced through
the substitution of carbon atoms with boron atoms shifts the conductivity quasi-band of
the CNTs toward higher energies (Figure 4a), resulting in the absence of electron states
that could participate in electron transfer from the electrode to O, (ORR) and H* (HER).
Therefore, the onset of the cathodic reaction on the B-CNT electrode is shifted toward
lower potentials by as much as 0.9 V compared to the pristine CNT electrode. The reverse
is true for acceptor-doped nanotubes. By shifting the conduction quasi-band downward
in N-CNTs (Figure 4b), more electron states from the conduction band can participate in
electron transfer. Therefore, the onset of the cathodic reaction is shifted toward higher
potentials of the N-CNT electrode by 0.5 V compared to pristine CNT.
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Figure 6. (a,b) are cathodic reaction rate curves, k., of the ORR and HER calculated for pristine,
heteroatom-doped, and functionalized CNTs. (c) Anodic reaction rate curves, k,, for OER for pristine
and modified CNTs.

Functionalization with -OH and -COOH groups leads to only a slight shift of the
conduction quasi-band edge toward higher energies (Figure 5a,b). The onset of the ORR
and HER shifts toward lower potentials by only 0.2 V in CNT-COOH and by 0.4 V in
CNT-OH relative to pristine CNT.
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On the other hand, states from the quasi-valence band contribute to the performance
of the anodic OER, which is shown in Figure 6¢c. Due to the high standard potential of
OER (1.23 V vs. SHE), pristine CNTs show negligible OER catalytic activity. Even more
overstimulating is the introduction of donor dopant, which has the effect of shifting the
top of the valence band to lower energies (Figure 4b). For this reason, in the k, curves of
pristine CNTs and N-CNTs, the onset of the anodic reaction is not observed in the range of
the calculated electrode potentials. In contrast, any modification of the electron structure
leading to the formation of additional electron states in the valence quasi-band contributes
to lowering the onset of the OER reaction. As we show in Figure 6¢, substitution of carbon
atoms by boron is very effective. Also, functionalization with -OH and -COOH groups
contributes to lowering the OER onset potential, with the carboxylation of nanotubes
yielding better results.

3. Discussion

There are a number of tools to track doping- and functionalization-induced changes
in the structure of sp? carbons, such as X-ray fluorescence spectroscopy (XPS), Fourier
transform infrared (FTIR) spectroscopy, or Raman spectroscopy. Based on the XPS results,
both the presence of the binding states, which correspond to the specific functional groups,
can be identified [35], and the heteroatom content can be assessed [20]. XPS is used for
surface chemical characterization of materials, so analytical results are often affected by
impurities in the form of hydrocarbons and oxides permanently adsorbed from the air.
While FTIR is an invaluable technique in identifying chemical functional groups in bulk
carbon nanoforms [39], it does not provide much information about the properties of sp?-
bonded aromatic carbon backbone. Raman spectroscopy is the most versatile spectroscopic
technique when it comes to assessing the effects of heteroatom doping and functionalization
on the electronic structure and, consequently, on the electrocatalytic properties of sp?-
bonded carbon nanoforms. From Raman spectra, information on the dimensionality of
carbon nanoforms, the concentration of defects, and the concentration of holes or electrons
can be extracted simultaneously. This is an essential advantage over XPS and FTIR, which,
in practice, should be used as a complement to Raman spectroscopy.

In Figure 7, we show an example spectrum of partially reduced graphene oxide,
where the main Raman features of the sp?-bonded carbons are highlighted. The D band
at ~1340 cm ™! is the first-order hexagon breathing mode, and it is inactive in a perfect
lattice. The G band at ~1580 cm ™! comes from the in-plane C-C bond stretching vibrations
of a hexagonal carbon lattice. The 2D band at ~2680 cm ! is the second-order hexagon
breathing mode [61,62].
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Figure 7. Raman spectrum of partially reduced graphene oxide, showing how to determine such
parameters as Ip, Ig, Irp, and FWHM.
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The Ip/ I ratio delivers information about the disorder. In the case of point defects,
it is possible to estimate the defect density from I/ Ig [63,64]. The presence of intrinsic
defects also causes a decrease in 2D band intensity. This allows the crystalline quality to be
assessed on the basis of the I,p/ I ratio. Additionally, doping results in increasing the full
width at half maximum (FWHM) of all Raman features. Electron and hole doping shifts the
position of the G band to higher frequencies [65]. The position of the 2D band allows us to
distinguish between electron and hole doping. Upon increasing the charge transfer into the
m* band (donor doping), the G mode softens, and the position of the 2D band shifts two
frequencies lower. An opposite effect produces the introduction of holes into the 7t band;
the 2D mode stiffens, and the 2D band shifts to higher frequences [65-67].

The correlation between intrinsic defects and HET has been studied in graphene
produced through laser beam irradiation of carbon precursors [68]. Graphene obtained
through irradiation with a UV laser beam showed a lower I,p/Ig ratio than graphene
produced using an IR laser beam. The lower crystalline quality of the graphene translated
into enhanced HET kinetics. For both Fe(CN)®~/4~ and Ru(NH3)s>*/%* redox couples, the
HET standard rate constant was about twice as high on the UV-produced graphene with
more intrinsic defects. In turn, one paper [69] reported a strong correlation between the
Ip/ Ig ratio and the improved HET kinetics manifested by reduced redox peak separation of
cyclic voltammograms of the Fe(CN)s3~/4~ redox couple, which was observed in reduced
graphene oxides. A comprehensive study on the effect of point defects in graphene
generated by Ar* irradiation on electrocatalytic activity is provided by Ref. [70]. In that
study, FcMeOH was used as an electrochemical probe. The standard rate constant increased
by more than one order of magnitude when the point defect density estimated from Ip/Ig
increased from 4.2 x 10 to 5.7 x 1012 em 1.

The influence of heteroatom doping on electrocatalytic activity was investigated
in boron- and nitrogen-reduced graphene oxides through electrochemical impedance

spectroscopy [71]. Impedance spectra of the Fe(CN)s3~/4~

redox couple show a significant
decrease in electron transfer resistance for both N-doped and B-doped graphene, with a
greater decrease occurring for acceptor doping. This behavior is explained in Figure 3. An
upward shift of the electron bands (boron doping) is more conducive to electron transfer
than a downward shift of the bands (nitrogen doping) because the Fermi level of the redox
couple, € redox, is below the Dirac point (the Fermi level of pure graphene, Figure 2). We
might expect that for a redox couple with a higher € ;.40x, (lower standard potential), the
donor dopant would be more effective.

A similar effect is produced by heteroatom doping of carbon nanotubes. On boron-
doped CNTs, the HET kinetics of Fe(CN)s®>~/4~ is slightly better than on nitrogen-doped
CNTs and much better than on pristine CNTs [72]. In both of the case studies referred to,
the carbon sp? network was heavily defected, so the subtle G-band shift phenomenon in
the Raman spectra could not be observed.

A strong influence of covalent functionalization with -OH group on the HET kinetics
has been reported in Ref. [35]. Hydroxylation of carbon nanotubes results in enhanced
HET kinetics between the Fe(CN)g3~ /4~ redox couple and the electrode, whereas for the
Ru(NH;)¢3*/2* redox couple the HET standard rate constant decreased radically. Raman
spectra of pristine CNTs and OH-CNTs have confirmed the effect of donor doping, and a
blue-shift of the G- and 2D-band has been observed.

In Ref. [73], it has been shown that strongly N-doped CNTs synthesized from ethylene-
diamine are an excellent catalyst of ORR, which manifests itself in a shift of the ORR
onset potential toward higher potential and a significant reduction of the current density
compared to pristine CNTs. Strong donor doping is confirmed in that work by the shift
of the G-mode to lower frequencies. The enhanced HER performance of N-CNTs, relative
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to pristine CNTs, was in turn shown in Ref. [74], where donor doping is also confirmed
by Raman data. On the other hand, enhanced catalytic activity of B-CNTs toward OER
has been reported in [75], where a reduction in the OER onset potential and a marked
increase in the anodic current density on the B-CNT electrode relative to pristine CNTs
were observed. The positive effect of carboxylation of nanotubes on OER performance is
reported in Ref. [76]. In that work, it was shown that carboxylation of the nanotubes caused
a downward shift in the onset potential of the OER by 0.4 V.

4. Materials and Methods

The m-electron DOS of graphene was calculated using the nearest neighbor TB
model [77,78], where zero energy is referenced as the Fermi level, er. Calculation of
graphene’s DOS with structural defects was based on the assumption that disorder induces
a resonant impurity band near the Fermi level and that it is characterized by the Thomas-
Porter distribution [79]. In the calculation of graphene’s DOS subjected to substitutional
doping with acceptor or donor atoms on the DOS, we relied on the assumption that holes or
electrons injected into the graphene lattice by acceptor or donor dopants cause a shift of the
Dirac point by depp = £+/7thvp+/n. Here, the plus sign refers to acceptor (hole) doping,
while the minus sign refers to donor (electron) doping. The Fermi velocity fivp = 6.73 eV A
is an experimental parameter taken from the literature, and # is the carrier concentration
(holes or electrons) [80].

The electronic structure of carbon nanotubes was studied through density functional
theory (DFT). A pristine nanotube CNT(5) made of 420 carbon atoms was considered as an
initial model. We used the wB97XD [81] exchange-correlation functional and 6-31G(d) basis
set, which has previously proven to be a reasonable combination for studying the electron
structure of large organic systems [82-84]. Numerical simulations were carried out with the
Gaussian16 computational package [85]. The nanotube’s DOS was extracted from Gaussian
output data by using GaussSum software (Version 3.0, https:/ /gausssum.sourceforge.net/,
accessed on 7 March 2025) [86].

The cathodic reaction rate, k., and the anodic reaction rate, k;, on an electrode with a
specific DOS were calculated as a function of electrode potential, E, using the Gerischer—
Marcus integrals [87-89]:

ke(E) o /j;f(e —eE) DOS(€ — eE) W« (€) de, (1a)
ka(E) o 1 Z [1— f(e — eE)] DOS(e — ¢E) W,pa(€) de. (1b)

Equation (1a) describes the HET of electrons from the occupied states expressed as
the product of the Fermi-Dirac distribution, f(e — ¢E), and the density of electronic states,
DOS(e — ¢eE), to the unoccupied states of the oxidized form of the redox couple, W, (€).
In the anodic reaction, electrons are transferred from filled states of the reduced form of the
redox couple represented by W,,;(€) to empty states of the electrode given by the product
of [1 — f(e —eE)] and DOS(e — ¢E).

Distribution of the unoccupied redox states of the electron acceptor (the oxidized form
of the redox couple) and the occupied states of the electron donor (the reduced form of the
redox couple) in the electrolyte is given by Gaussian distributions:

(2a)

_ 1 (6’ — €Fredox — /\)2
Wox(€) = 4nAkTeXp< 4KTA '
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- 1 (6 — €Fredox T )\)2
Wrea(€) = 4nAkTeXp( 4kTA ' (2b)

where €g edox is the Fermi energy of the redox species obtained through the conversion
of its standard potential to an absolute energy scale and A is the reorganization energy of
the redox species. Standard potentials of Fe(CN)¢®~ /4~ and Ru(NH;)>+/2* are +0.37 V
and +0.1 V vs. SHE, respectively [90]. Their equivalent values on the energy scale are
—4.87 eV and —4.6 eV, respectively. Reorganization energies, A, of the Fe(CN)g>~/4~
and Ru(NH;3)>*/2* redox probes are 0.35 eV and 0.8 eV, respectively [91]. In calculating
the k.(E) of ORR and HER, we assumed the values of standard reduction potentials of
0.402 V vs. SHE and 0.0 V vs. SHE [58], which on the energy scale correspond to values
of —4.902 eV and —4.5 eV vs. vacuum, respectively. The k;(E) of OER was calculated
assuming a standard reaction potential of 1.23 V (€f redox = —5.73 eV). In the calculation
of ORR, HER, and OER rates, a value of A = 0.26 eV was assumed [92]. HET through the
nanocarbon electrode-electrolyte interface depends on alignment between the Fermi level
of the nanocarbon electrode, €f, and the distribution of the electron states of redox species
in the electrolyte [11,12,93,94]. In calculations, the ef in graphene and carbon nanotubes
was set to —4.5 eV. It is an averaged value derived from the work function of graphene
and various nanotubes [95].

5. Conclusions

Upon analyzing the cathodic and anodic reaction curves, we draw the following
conclusions, which also provide guidance on how to match nanocarbon electrodes to
specific electrochemical reactions:

1. If we want both anodic and cathodic reactions to occur at lower electrode potentials,
we use acceptor-doped nanocarbons as the electrode material. This is particularly
true for OER, which should start at the lowest possible anode potential;

2. If we want both anodic and cathodic reactions to occur at higher electrode potentials,
we use donor doping. This guideline is particularly applicable to ORR and HER
catalysis, where we are concerned that the onset of the ORR and HER reaction should
occur at the highest possible cathode potential;

3.  If we want the anodic reaction to primarily occur at lower electrode potentials, we use
functionalized nanocarbons (functionalization with a -COOH group is more effective
than -OH). This tip, in particular, is applicable to OER catalysis;

4. If we do not care about the selectivity of the reaction and focus only on the efficiency,
we use electrodes with intrinsic defects (point defects, edges, etc.).

Indeed, the above rules apply to Fermi level engineering of sp?>-bonded nanocarbons,
which is an effective tool for matching the electrode material to the redox potential of a
specific electroactive medium. This translates into all possible electrochemical applications,
including electrochemical sensors, fuel cells, metal-air batteries (ORR), and electrochemical
water splitting (HER and OER). Referring to the selected case studies, we show that the
doping effect can be easily monitored in nanocarbons using Raman spectroscopy.
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Abstract: Utilizing lignin-derived activated carbon in supercapacitors has emerged as a
promising approach to alleviating environmental pollution and promoting the high-value
utilization of byproducts in the papermaking industry. In this study, activated carbons
(LACs) were prepared using a simple one-step KOH activation approach and by employing
enzymatic hydrolysis lignin (EHL). The impact of the KOH activation parameters on the
microstructure and capacitive performance of the LACs was investigated by varying the
KOH/EHL ratio and activation temperature. The optimized sample LACgyy.4 showed
an interconnected porous structure with a high surface area of 2285 m?/g, abundant
micropores, and a small number of mesopores, which makes it a suitable electrode material
for supercapacitors. The sample LACgyp.4 demonstrated a high specific capacitance of
291.3 F/g in a three-electrode system. Under a symmetrical supercapacitor electrode
system, the specific capacitance of the LACgg.4 electrode reached 186.8 F/gat 0.5 A/g. After
10,000 cycles at 20 A /g, the capacitance retention rate remained at 96.1%. The symmetrical
supercapacitor also demonstrated a superior energy density of 6.5 Wh/kg. This work
provides valuable insights into the transformation of low-value natural biomass derivatives
into environmentally friendly, high-performing supercapacitor electrode materials.

Keywords: lignin; activated carbon; KOH activation; supercapacitors

1. Introduction

In recent years, the use of carbon-based supercapacitors in energy storage and con-
version devices has garnered significant attention due to their high energy density, rapid
charge and discharge rates, and superior safety performance [1,2]. Based on the formation
mechanism of double-layer capacitance, the carbon material electrode should contain abun-
dant micropores to provide a high surface area, enough active sites for electron storage,
and an appropriate amount of mesopores and macropores to supply fast transmission and
diffusion channels for the electrolyte [3,4]. Therefore, preparing activated carbon materials
that meet the above requirements has gained considerable attention.

In recent years, biomass has been recognized as an ideal precursor for activated carbon
due to its renewability, chemical stability, low cost, and unique structure. Wu et al. [5]
prepared honeycomb-like carbon foam from wheat flour via one-step carbonization. The
unique structure provided the carbon foam with a significant capacitive performance, with a
high specific capacitance of 473 F/g at 0.5 A/g and a high energy density of 29.3 63.5 Wh/kg.
Chen et al. [6] used rice husk as a raw material to prepare hierarchical porous carbon. The
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contribution of different rice husk components, including cellulose, hemicellulose, lignin,
and SiO,, to the formation of pores was investigated. Lignin mainly contributes to the
formation of mesopores and micropores, which is crucial in obtaining a high specific
capacitance. The optimized sample showed a specific capacitance of 51.4 F/g at0.5 A/g
in the symmetric supercapacitor, while its capacitance retention was as high as 96.2 % at
20 A/g. Studies have shown that biomass-derived carbon materials could be effectively
employed in supercapacitors. Among the numerous biomass precursors developed, lignin
has attracted significant attention due to its high carbon content, numerous self-doping
heteroatoms, rigid chemical structure, and large and cheap output.

Lignin is the most abundant aromatic polymer in the world. Approximately 70 million
tons of lignin are produced from pulping byproducts annually, but almost 98% of that
lignin is burned as low-quality fuel or discarded directly as waste [7,8]. The conversion of
lignin into carbon-based electrode materials not only alleviates environmental pollution
but also realizes the high-value utilization of lignin. In recent years, some methods for
the preparation of lignin-based carbon materials for use in supercapacitors have been
developed. Zhang et al. [9] prepared carbon materials from lignin with and without KOH.
The carbon material (LC) obtained without KOH showed a large texture with a small
surface area, while the hierarchical porous carbon (LHPC) prepared with KOH showed a
high surface area of 907 m?/g. Benefiting from the hierarchical porous structure, the LHPC
sample presented a superior captive performance, with a specific capacitance of 165.0 F/g
in 1M H,SO4 at 0.05 A/g. Shi et al. [10] fabricated porous carbon from enzymatically hy-
drolyzed lignin and urea through a KOH activation procedure. The influences of activation
temperatures and elemental doping on the microstructure and capacitive performance of
the synthesized ONS-HPC materials were investigated and the ONS-HPC-600 electrode
material presented the best electrochemical performance. It can be concluded that the
activation parameters strongly influence the microstructure and capacitive performance of
carbon materials. However, systematic discussions regarding the influence of the activa-
tion parameters on the pore structure and electrochemical performance of lignin-derived
activated carbon have rarely been reported.

In this study, activated carbons (LACs) were prepared from enzymatic hydrolysis
lignin and KOH using a facile one-step method. The lignin-derived activated carbon was
characterized to analyze the mechanism implicated in the formation of the porous structure
of LACs. The intrinsic regular relationship between the structure and electrochemical
performance of LACs was further discussed. This work will provide a valuable reference
for the fabrication of lignin-derived carbon electrodes for supercapacitors.

2. Results and Discussion

Scanning electron microscopy (SEM) was used to characterize the morphology and
microstructure of the as-prepared samples. As shown in Figure 1a, LACgg., exhibited a
bulk structure, in which only the surface was etched. This may be attributed to the low
quantity of the KOH added, which contributed to the low etching degree and relatively
complete carbon skeleton. As the KOH/EHL mass ratio increased, the LACgy.3 and
LACggg-4 formed a well-developed porous structure. Generally speaking, an appropriate
porous structure should contain a large number of micropores to provide enough active
sites for ion storage, a certain amount of mesopores to provide short and convenient
ion transfer channels, and large pores to provide buffer layers for electrolyte ions [11].
Thus, LACggg-3 and LACggp-4, which have interconnected porous structures, may exhibit a
significant capacity for electrochemical energy storage due to the improved electron and
ion transport efficiency. However, the carbon skeleton was over-etched due to the excessive
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use of KOH, as indicated in Figure 1d [12]. The activation temperature also has a strong
impact on the porous structure of carbon materials. The LACgp.4 sample showed few pores
on its surface due to the low activation temperature used, namely 600 °C; this hindered the
process of KOH activation. As the activation temperature increased to 700 and 800 °C, a
porous structure was achieved due to the suitable etching of KOH (Figure 1c,f). However,
using an overly high activation temperature of 900 °C led to the collapse of LACgg0.4"s
structure (Figure 1g). The TEM image shows that LACggo.4 had a rough surface with
numerous pores. The HRTEM image indicated the typical porous amorphous structure of
LACgpo-4 [13].

Figure 1. SEM images of (a) LACgn.2, (b) LACgpo3, (c) LACgno.4, (d) LACgpo5, () LACe00.4,
(f) LAC700_4, and (g) LAC900_4; (h) TEM and (1) HRTEM images of LAC800_4.

To study the crystal structure of the samples, XRD and Raman tests were performed, as
shown in Figure 2. The samples prepared with various KOH contents presented two typical
diffraction peaks at 25 and 43 degrees, which were ascribed to the (002) and (100) crystal
planes of carbon (Figure 2a) [14]. The broad and low peaks indicate the low crystallinity
and typical amorphous carbon structure of the LACgy.2, LACggg-3, LACggp-4, and LACgpg-5
samples [15]. As the KOH content increased, the (002) crystal plane showed a gradual
reduction in diffraction peak intensity. This suggests that the structure of LACs was etched
by KOH; this reduced its regularity, creating visible pores or faults and lowering the degree
of graphitization [16]. The Raman spectra degree was further studied to investigate the
graphitization of the LACggp.2, LACg0p-3, LACgo-4, and LACggp.5 samples. According to
Figure 2b, two peaks at 1330 and 1585 cm ™! appeared in all the Raman spectra, which were
ascribed to the defect-induced D-band and ideal graphite-derived G band, respectively.
The degree of irregular arrangement in the LACs was estimated using the Ip /I ratio,
which was calculated via Gaussian function fitting. The I /I values of LACggg-2, LACggo-3,
LACgpp-4, and LACgpg-5 were calculated to be 0.88, 0.90, 0.93, and 0.96, respectively. These
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results suggest that the degree of graphitization decreases as the amount of KOH activator
increases. The XRD patterns of LACg0p-4, LAC700.4, LACg00-4, and LACgg.4 (Figure 2c) all
showed relatively wide diffraction peaks, indicating that the samples possessed amorphous
structures [17]. The Raman spectra further confirmed this finding. With the increase in the
activation temperature, the ratio of Ip /I gradually increased, indicating that the degree
of graphitization decreased. This is mainly because the graphitization of carbon materials
occurs at temperatures above 1000 °C. When the activation temperature is 600900 °C and
the mass ratio of KOH to EHL is high, the activation of KOH plays a dominant role, leading
to an increase in the degree of disorder in the samples [18].
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Figure 2. XRD patterns (a) and Raman spectra (b) of LACggg.2, LACgpp-3, LACggg.4, and LACgqg.5;
XRD patterns (c) and Raman spectra (d) of LACgpp.4, LACy00.4, LACgg-4, and LACqgpg.4.

XPS spectra were selected to further determine the chemical composition and valence
states of LACgg.4. As shown in Figure 3a, the survey XPS spectrum of LACg.4 revealed
the presence of C and O, which were the major elements. Four sub-peaks at 284.7 eV,
285.6 eV, 286.5 eV, and 288.9 eV were fitted in the Cls spectrum, and these were attributed
to the sp?> C=C, sp® C-C, C-O, and C=0 bands, respectively [19]. In the high-resolution
O 1s spectrum, there were three characteristic peaks at 531.4, 533.3, and 534.9 eV, which
were attributed to C=0, C-O-C, and C=0-OH or water, respectively [20]. The presence of
the C=0 group promoted the wettability of the LACggo.4 surface, which could reduce the
charge impedance of the supercapacitor. The oxygen-containing functional groups could
also serve as the active sites to enhance the capacitive performance via a reversible redox
reaction [21].

N, adsorption—desorption analysis was used to further investigate the microstructures
of the LACs, as illustrated in Figure 4. All the LACs presented I-type isothermal curves and
H4-type hysteresis rings. The isothermal curve of LACgy., exhibited a significant increase
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in P/Py < 0.02, indicating the existence of a large number of micropores [21]. In addition to
the sharp rise in P/Pj < 0.01, a rising stage in the range of 0.02 < P/Py < 0.4 appeared for the
LACgg0-3, LACgp-4, and LACg.5 samples. As the KOH/EHL mass ratios increased, the
H4-type hysteresis ring became larger, indicating that the number of mesopores increased.
The slight rise in the range of 0.9 < P/P( < 1.0 reveals the presence of some macropores [22].
The N, adsorption—desorption isotherm of samples under different activation temperatures
exhibited similar characteristics (Figure 4c). In particular, the LACqgy.4 sample exhibited
a larger hysteresis loop and wider rising stage, suggesting an increased percentage of
mesopores. These findings show that the LACs had a hierarchical porous structure, and
the pore size distribution curves further confirmed these results (Figure 4b,d). All the
LACs exhibited pore size distributions in the range of 0.6-2 nm and 2-6 nm, implying the
existence of both micropores and mesopores.
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Figure 4. N, adsorption-desorption curves (a) and pore size distribution curves (b) of LACgg.,
LACgpp-3, LACgg-4, and LACgp.5; N, adsorption—desorption curves (c) and pore size distribution
curves (d) of LAC600_4, LAC700_4, LAC800_4, and LAC900_4.
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It was found that the KOH/EHL mass ratio strongly influences the microstructures
of LACs. A relatively low ratio of KOH/EHL (2:1) results in insufficient activation of
the carbon skeleton, which only occurred on the surface of LACgg., (as presented in the
SEM image). Along with the increase in the KOH/EHL mass ratio, the N, adsorption
capacity of LACggo.3 and LACg.4 gradually increased. The LACggp.4 sample exhibited
the highest surface area of 2285 m?/g. This is because the appropriate KOH activation
led to a reasonable pore size distribution, with a large number of micropores and some
mesopores [23]. However, the addition of excess KOH led to the collapse of the porous
structure, thereby decreasing the surface area and widening the pore size distribution of
LACggo.5. As illustrated in Figure 4c,d, the activation temperature is another factor that
significantly affects the activation procedure. KOH activation is difficult to achieve at a low
activation temperature of 600 °C, resulting in the low surface area observed in LACggg-4.
The N; adsorption capacity gradually increased as the activation temperature increased to
800 °C, implying that there was an increase in the surface area and number of micropores.
The pore size distribution range also extended due to the more intensive reaction between
the carbon skeleton and KOH at higher activation temperatures. However, strong KOH
etching occurred at a high activation temperature of 900 °C, leading to a decrease in the
number of micropores and an increase in the number of mesopores. In summary, the LACs
prepared from lignin possessed an interconnected porous structure with an abundance of
micropores and an appropriate number of mesopores and macropores. The dominating
micropores in the electrode material provide a high surface area and abundant active sites
for electron storage, while the mesopores and macropores enable fast transmission and
diffusion channels for electrolytes [24].

The electrochemical properties of the LACgpp2, LACgpp.3, LACgpg-4, and LACgp.5
samples were tested in a three-electrode system, as displayed in Figure 5. Under a scan rate
of 10 mV /s, all the CV curves of LACs showed a quasi-rectangular shape, indicating their
double-layer characteristics and capacity for a rapid electrode response [25]. Compared
with the other samples, LACgg.4 presented the largest integrated area, showing the best
capacitive performance. The GCD curves of LACg at 1 A/g were further examined, as
illustrated in Figure 5b. All the GCD curves presented an approximate isosceles trian-
gular shape, revealing the typical electric double-layer capacitance and reversibility of
the electrode materials. As the KOH/EHL ratio increased, the specific capacitance of the
LACs increased first and subsequently declined when the KOH/EHL ratio surpassed 3:1.
The specific capacitances of LACggo.2, LACggo-3, LACggp-4, and LACggg.5 are 168.8, 207.5,
291.3, and 246.3 F/g, respectively. The resistance of the prepared porous carbon electrodes
is characterized by the electrochemical impedance spectroscopy (EIS) measurement, as
illustrated in Figure 5c. The Nyquist plot curves of the four samples showed a semicircle
at high frequencies and a straight line at low frequencies, corresponding to the interfacial
charge-transfer resistance (Rt) and Warburg resistance (Z,,, respectively. The intercept of
the curve on the real axis in the high-frequency region corresponds to the equivalent series
resistance (Rs) [26]. The LACgy.4 sample exhibited the smallest Rs and Rt values of 0.42
and 0.53 (), demonstrating the superior charge transport properties. As discussed above,
the LACggo.» sample presented the smallest surface area, so it could not supply enough
active sites for ion storage. As the KOH usage increased, a large number of micropores
formed, which led to an increase in the surface area and specific capacitance. However,
excessive KOH usage causes the collapse of the structure, which leads to a decreased
specific capacitance. It can be concluded that the capacitive performance of lignin-based
activated carbon can be adjusted by varying the KOH/EHL ratio.
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Figure 6 shows the electrochemical performance of the LACgpp-4, LACy09-4, LACg00-4,
and LACy.4 samples under different activation temperatures (600-900 °C). It is known
that a rectangular CV curve indicates the typical capacitive behavior of electrode materials.
As shown in Figure 6a, the LACgy0.3 sample presented a quasi-rectangular CV curve.
However, the CV curves of other samples, especially LACgq.4, deviate from the rectangle.
In particular, the LACgg.4 electrode exhibits the highest current density and largest closed
area, implying the best supercapacitance performance. The GCD curves showed the
typical electrical double-layer capacitance according to the near-isosceles triangle shape
(Figure 6b) [27]. At a current density of 1 A/g, the highest specific capacitance, namely
291.3 F/g, was calculated for LACgyy.4; meanwhile, LAC¢p.4, LAC700.4, and LACggo.4
exhibited specific capacitances of 92.5, 209.3, and 230.0 F/g, respectively. The activation
temperature was also found to significantly influence the impedance (Figure 6c). The
trends in Rs and Rct were in the order of LAC800_4 < LAC900_4 < LAC700_4 < LAC600_4. The
LACgg0.4 sample exhibited the lowest Ry and Rt values and the largest slope in the low-
frequency region. At a low activation temperature of 600 °C, KOH was unable to activate
the sample effectively, which resulted in a small number of micropores and a low specific
capacitance [28]. However, a high activation temperature of 900 °C led to the over-etching
of the carbon skeleton, thereby resulting in a decrease in the specific surface area. In
addition, the enlarged micropores led to a decrease in the specific capacitance. Therefore,
a moderate activation temperature (T = 800 °C) needs to be used alongside the ideal
microporous carbon material, thereby maximizing the performance of supercapacitors.
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As the optimally prepared sample, the LACgg.4-based symmetrical supercapacitor
was tested in a two-electrode system to evaluate the capacitive performance practically.
Figure 7a shows the CV curves of the symmetric supercapacitor at different scan rates,
from 10 to 200 mV /s. All the CV curves demonstrated a near-ideal rectangular shape. The
CV curves showed no discernible distortion as the scanning rate increased, indicating a
superior double-layer capacitive performance [29]. Figure 7b shows the GCD curves of the
symmetric supercapacitor at different current densities. All the GCD curves demonstrated
a symmetrical triangle shape, implying that the capacitance of the symmetric supercapac-
itor was reversible. The LACg.4 electrode showed a specific capacitance of 186.8 F/g
at 0.5 A/g and 140 F/g at 20 A/g, and the capacitance retention was calculated to be
74.9%. Furthermore, the durability of the symmetric supercapacitor was examined by
performing 10,000 cycles at 20 A/g, with only a 3.9% reduction in the capacitance ob-
served; this suggests that the cycling stability was excellent (Figure 7c). The Ragone plots
(Figure 7d) showed that the corresponding energy density and power density of symmetric
supercapacitors are 6.5 Wh/kg and 125 W /kg, values that are superior to previous reports
(Table 1) [20,23,30-32].
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Figure 7. Electrochemical performance of the LACgg.4 electrode in a two-electrode system in 6 M
KOH: (a) CV curves at various scan rates. (b) GCD curves at various current densities. (c) Cycling
stability at 20 A/g for 10,000 cycles. (d) Ragone plots and comparison with other reported results.
Refs. [20,23,30-32].
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Table 1. Comparison of the electrochemical performance of reported biomass-derived carbon materi-

als.
. . SBET Capacitance Current Power Density ~ Energy Density
Raw Materials Activator (m2/g) Electrolyte (Flg) Density (A/g) (W/k) (Whikg) Ref.
Tea waste KOH 1354 6 M KOH 98 1 5870 2.7 [20]
Chitosan KOH 2787 6 M KOH 188 0.5 250.1 6.53 [23]
Sugarcane bagasse KOH 1260 1M H,SO4 225 1 3600 5 [30]
Banana peel KOH 2452 1 M Na,SOy4 138 0.5 2690 5.3 [31]
Gardenia KOH 1637 6 M KOH 153 0.5 246.9 5.2 [32]
enzymatic KOH 2285 6 M KOH 186 05 125 65 This
hydrolysis lignin work

3. Experimental Section
3.1. Materials

Enzymatic hydrolysis lignin (EHL) was obtained from Shandong Longlive Bio-
technology CO., Ltd., (Dezhou, China). The chemicals including KOH, HCl, and polyte-
trafluoroethylene were bought from Shanghai Macklin Biochemical Co., Ltd., (Shanghai,
China). Acetylene black was purchased from Shenzhen Kejingzhida Technology Co., Ltd.,
(Shezhen, China). Deionized water was used throughout the experiments.

3.2. Preparation of LACs

First, 30 g enzymatic hydrolysis lignin (EHL) was fully mixed with a certain amount
of KOH. The KOH/EHL mass ratios were R =2, 3, 4, and 5. The resulting samples were
loaded into nickel crucibles, and the nickel crucibles were coated with calcined coke to
provide an oxygen-free atmosphere. These were first heated at 550 °C for 2 h and then
raised to various activation temperatures T (T = 600, 700, 800, and 900 °C) for 3 h at a
heating rate of 5 degrees Celsius per minute. The obtained carbon samples were purified,
washed, and dried and named LAC800_2, LAC800_3, LAC800_4, LAC800_5, LAC600_4, LAC700_4,
and LACgg.4, respectively.

The material characterization and electrochemical measurements are described in
detail in the Supporting Information.

4. Conclusions

In summary, EHL-derived activated carbons were prepared using a facile one-step
KOH activation approach. The results indicated that the microstructure and capacitive
performance of the as-prepared LACs were significantly affected by the KOH/EHL ratio
and activation temperature. The optimized LACgyo.4 sample presented an interconnected
porous structure with a high surface area of 2285m?/g and an appropriate pore size dis-
tribution. When assembled into a symmetrical supercapacitor, the LACgy.4 electrode
exhibited a specific capacitance of 186.8 F/g at 0.5A/g. Furthermore, the LACgpp.4 sym-
metric supercapacitor showed excellent cycling stability, with only a 3.9% reduction in
capacitance observed when 10,000 cycles were performed at 20 A/g. The LACgpo.4 sym-
metric supercapacitor displayed a high energy density of 6.5 Wh/kg in 6 M aqueous KOH
when the power density was 125 W /kg.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules30010089/s1, Electrochemical measurements.
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Abstract: The catalyst is the pivotal component in CO; electroreduction systems for converting CO,
into valuable products. Carbon-based single-atom materials (CSAMs) have emerged as promising
catalyst candidates due to their low cost and high atomic utilization efficiency. The rational design of
the morphology and microstructure of such materials is desirable but poses a challenge. Here, we
employed different Mg(OH), templates to guide the fabrication of two kinds of amorphous nitrogen-
doped carbon nanosheet-supported Fe single atoms (FeSNC) with rough and flat surface structures.
In comparison to flat FeSNC with saturated FeNy sites, the rough FeSNC (R-FeSNC) exhibited
unsaturated FeNy_y sites and contracted Fe-N bond length. The featured structure endowed R-
FeSNC with superior capacity of catalyzing CO, reduction reaction, achieving an exceptional CO
selectivity with Faradaic efficiency of 93% at a potential of —0.66 V vs. RHE. This study offers valuable
insights into the design of CSAMs and provides a perspective for gaining a deeper understanding of
their activity origins.

Keywords: single atom; CO, electroreduction; unsaturated coordination; amorphous; rough surface

1. Introduction

The electrocatalytic CO, reduction reaction (CRR) presents a promising approach
to addressing global energy and environmental challenges by converting CO; to high-
valuable chemicals [1-3]. Among various products, carbon monoxide (CO) stands out as a
pivotal feedstock for the synthesis of multi-carbon chemicals [4-6]. Recently, substantial
research efforts have been dedicated to developing cost-effective and high-selectivity
catalysts for CO,-to-CO conversion [7-9]. Carbon-based single-atom materials (CSAMs)
with distinct structure models have drawn extensive attention for impressive performance
and low costs, showing advantages over other common catalysts, e.g., noble metals or
molecular materials [10-12]. The construction and optimization of such catalysts through
morphology control and microstructure modulation represent a promising yet challenging
area of exploration.

In terms of morphology control, typical strategies involve the construction of three-
dimensional (3D) or two-dimensional (2D) structures, the introduction of pores on the
surface, and the augmentation of surface rugosity and curvature [13-18]. For instance, the
construction of a three-dimensional hierarchical Fe-N-C structure can effectively enhance

Molecules 2024, 29, 5561. https:/ /doi.org/10.3390/molecules29235561 70 https://www.mdpi.com/journal /molecules
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mass transfer, facilitating the conversion of CO, molecules at single-atom sites [19]. More-
over, the curved carbon surface can provide abundant anchoring sites for single atoms and
simultaneously tune their electronic structures, thereby optimizing electrocatalysis reaction
energetics [20].

Apart from morphology control, the regulation of microstructures is also of great
importance, primarily referring to the regulation on coordination environments of single-
atom sites, which encompasses heteroatom doping and defect engineering, etc. [21-25].
The doping of nonmetallic elements (such as O, N, S and P) and the creation of defect
sites can effectively modulate the coordination environment and electronic states of metal
single atoms, which are closely correlated with their catalytic performance. For example,
Zhang et al. designed an asymmetric atomic interface of CuN3O/C which could reduce
the Gibbs free energy of the CO* desorption step [26]. Zhao et al. created N-defects around
Ni sites which can induce a stable pyridinic N dominant Ni-N;, unsaturated coordination
structure with enhanced kinetics toward the CO;-to-CO conversion [27]. In addition,
achieving favorable lattice strain through precise control of atomic coordination is also
an effective strategy to enhance the electrocatalytic process [28]. For example, the strain
regulation of atomically dispersed NiNy active sites in helical carbon could facilitate the
generation of *COOH and suppress hydrogen evolution reaction (HER) [29]. On this basis,
it is meaningful to develop effective synthetic strategies for modulating the structures of
CSAMs and unravel their structure—activity relationships.

Herein, we fabricated flocculent and lamellar Mg(OH);, templates to direct the syn-
thesis of FeSNC catalysts with rough and flat structures, respectively. Rough FeSNC
(R-FeSNC) is featured with unsaturated FeNy_y sites and contracted Fe-N bond lengths,
which exhibited a considerable CO Faradaic efficiency (FEco) of 93% at —0.66 V vs. RHE
and was superior to flat FeSNC (F-FeSNC). Our work provides an efficient strategy to tune
the structure and catalytic property of CSAMs.

2. Results and Discussion
2.1. Material Characterization

The synthetic scheme is illustrated in Figure 1A. Initially, flocculent and lamellar
Mg(OH), templates are prepared in ethanol and aqueous solutions, respectively
(Figures S1 and S2), which are subsequently blended with carboxymethyl chitosan, metal
salts (ferrous acetate) and N-source (urea). After freeze-drying and grinding, the mixture
underwent calcination. Subsequently, hydrochloric acid etching is employed to remove the
templates, resulting in the final products. R-FeSNC and F-FeSNC can be obtained in syn-
thesis procedures involving flocculent and lamellar Mg(OH), templates, respectively. The
X-Ray Diffraction (XRD) patterns in Figure S3 demonstrate the amorphous state of R-FeSNC
and F-FeSNC since no sharp Bragg reflection peak is observed. The transmission electron
microscopy (TEM) and scanning electron microscope (SEM) images of R-FeSNC show its
two-dimensional structure with a rough surface (Figures 1B and S4). Atomically resolved
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging reveals the presence of isolated bright dots dispersed on the rough surface of the
carbon sheet without metal clusters or particles, which correspond to monatomic Fe sites
(Figure 1C). The corresponding energy-dispersive spectroscopy (EDS) elemental mapping
images (Figure 1D) demonstrated the uniform distribution of C, N, and Cu on a R-FeSNC
nanosheet. In comparison, F-FeSNC exhibits a tawo-dimensional structure with a relatively
flat surface (Figures 1E and S5). The relevant HAADF-STEM image also verifies its single-
atom distribution state (Figure 1F). The EDS mappings also show homogenous distribution
of C, N, and Fe atoms for F-FeSNC in Figure 1G. According to the inductively coupled
plasma optical emission spectrometry, the Fe contents of R-FeSNC and F-FeSNC were
determined to be 1.3 and 1.0 wt%, respectively. The primary reason for the formation of
different morphologies of R-FeSNC and F-FeSNC is attributed to the variation in the mor-
phology of Mg(OH), templates. Flocculent Mg(OH),, characterized by abundant edge sites
and irregular surface undulations, significantly influences the carbon structure formation
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during the crosslinking and carbonization process when used as a hard template [30-32].
This resulted in the final carbon material inheriting some structural characteristics of the
template. Consequently, after the template is removed, the R-FeSNC exhibits roughened
features. In contrast, the surface of lamellar Mg(OH); is relatively smooth and even, and
the F-FeSNC obtained using it as a template correspondingly exhibits a flat surface.

Flocculent Mg(OH), A

Y g -
A ReaTe c.O\“N ST HCl
D o ; N -
_— = Few q %% 5;:: *: Annealing > > Etching
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Figure 1. Synthesis and morphology characterization of R-FeSNC and F-FeSNC. (A) Schematic
illustration of the synthetic route for R-FeSNC and F-FeSNC. (B) TEM and (C) HAADF-STEM
images of R-FeSNC; the yellow circles mark single metal atoms. (D) Relevant EDS mapping images.
(E) TEM and (F) HAADF-STEM images of F-FeSNC; the yellow circles mark single metal atoms.
(G) Corresponding EDS mapping images.

The chemical state and coordination of R-FeSNC and F-FeSNC were investigated
by X-ray absorption spectroscopy (XAS). The Fe K-edge XANES spectra of R-FeSNC and
F-FeSNC exhibit nearly identical absorption edge positions, suggesting that the oxidation
states of Fe in both catalysts are approximate. R-FeSNC shows a more dominated pre-peak
at 7114 eV than that of F-FeSNC, indicative of its worse coordination symmetry. The Fe K-
edge Fourier-transformed extended X-ray absorption fine structure (FI-EXAFS) spectra of
R-FeSNC and F-FeSNC exhibit the characteristic peaks of the Fe-N bond at about 1.4 A, and
no Fe-Fe bond (2.1 A) can be found [33,34]. This result further corroborates the single-atom
dispersion of Fe, which is consistent with the HAADF-STEM results. However, the Fe-N
peak of R-FeSNC is lower and left-shifted in comparison with F-FeSNC, suggesting their
differential coordination environment. This fact can also be proven by EXAFS fitting and
wavelet-transform contour plots (Figures 2C—F and S6 and Table S1). The Fe-N coordination
numbers for R-FeSNC and F-FeSNC were determined to be approximately 3.5 and 4,

72



Molecules 2024, 29, 5561

respectively, while relevant mean bond lengths were estimated to be 1.99 A and 2.01 A,
respectively. Apparently, R-FeSNC exhibits an unsaturated coordination configuration of
FeN,_y and shorter Fe-N bond length.
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Figure 2. XAS characterization of R-FeSNC and F-FeSNC. (A) The normalized Fe K-edge XANES
and (B) FT-EXAFS spectra of R-FeSNC and F-FeSNC, and the notation "*0.3" appended to "Fe foil"
denotes that the peak intensity of the Fe K-edge EXAFS spectrum for the Fe foil has been multiplied
by a factor of 0.3. The fitting results of EXAFS spectra for (C) R-FeSNC and (D) F-FeSNC. The wavelet
transforms of (E) R-FeSNC and (F) F-FeSNC.

The electron and coordination state of R-FeSNC was further studied by X-ray photo-
electron spectroscopy (XPS). The peaks at 712.7 eV, 726.1 eV and 719.2 eV are attributed to
Fe®*, suggesting that the supported Fe single atoms are trivalent [35]. To identify the type
of nitrogen, peak decomposition analysis was conducted on N1s (Figure 3B), revealing
peaks at 398.8 eV, 399.6 eV, 400.6 eV, and 401.2 eV corresponding to pyridinic nitrogen,
Fe-N bonds, pyrrolic nitrogen, and graphitic nitrogen, respectively [36].
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Figure 3. XPS studies of R-FeSNC. (A) Fe 2p and (B) N1s XPS spectra of R-FeSNC.

2.2. Electrocatalytic Performance

The CRR performance tests of R-FeSNC and F-FeSNC were carried out in a flow cell.
The CRR electrocatalytic activity was confirmed by performing linear sweep voltammetry
(LSV), feeding CO; or Ar. The larger current density of R-FeSNC with CO, feeding suggests
its intrinsic catalytic capacity. The linear sweep voltammetry (LSV) result in Figure 4A
demonstrates that the R-FeSNC electrode exhibited a higher total current density in the
potential range from —0.46 V to —1.06 V, vs. RHE compared with F-FeSNC, suggesting its
superior electrocatalytic activity.

73



Molecules 2024, 29, 5561

100
A B Py
_ « F-FeSNC
§ 304 & 18.6 mF cm?
<
£ -
Z 601 £ 60
]
c
5 o
= 904 [
g — R-FeSNC 40+
E — F-FeSNC
R-FeSNC Fc
3-1201 — RFeSNCiin Ar > i oisd e
20 ./ : o
S
-150 T T T T T 0.0 T T T T T T
-0 -08 06 04 -02 0.0 1.1 10 09 08 -07 -06 -05 -04 20 40 60 80 100 120
Potential (V vs. RHE) Potential (V vs. RHE) Scan rate (mV's™)
D 15 Total current density
* R-FeSNC W Al i o B X 5 AR S
« F-FeSNC
124
E9 T '
§ et 780" % "
£ . 1S .
Ne K 4 .
> R, CPE, CPE, s .
3] &= ey .% -
0 I Rer Ran ‘ ‘
0 5 10 15 20 25 30 35 el 4 6 10
Z'lohm Time (h)

Figure 4. Electrocatalytic performance. (A) LSV curves of R-FeSNC and F-FeSNC with CO, and
Ar feeding. (B) The CO FEs of R-FeSNC and F-FeSNC at different potentials. (C) Cgq fitting curves.
(D) EIS data and equivalent circuit diagram fitting. (E) Stability test of R-FeSNC at a potential of
—0.66 V vs. RHE.

The selectivity of two electrocatalysts was evaluated using FE analysis. It is found
that the FEco of R-FeSNC and F-FeSNC is potential-dependent and exhibited a volcano
trend (Figure 4B). R-FeSNC achieved an optimal FEco of 93% at —0.66 V vs. RHE with
a total current density of 60 mA cm~2, which is apparently advantageous over F-FeSNC
with FEco of 66% and current density of 45 mA cm~2 at same potential. Accordingly, the
partial CO current density of R-FeSNC is calculated to be 56 mA cm~2, which is nearly
double that of F-FeSNC~29 mA cm 2. This result demonstrated the superior selectivity
and activity of R-FeSNC for CRR. The CO,RR performance of R-FeSNC is comparable to
state-of-the-art electrocatalysts (Table S2).

The electrocatalytic active surface areas (ECSAs) of two catalysts were evaluated by
assessing their double-layer capacitances, which were represented by the linear slopes
obtained from plotting the differences in charging current densities against the scan rates
(Figures 4C and S7). R-FeSNC demonstrates a linear slope value of 18.6 mF cm 2 3-times
higher than that of F-FeSNC (5.8 mF cm~2). These strongly suggest that the rough surface
endows R-FeSNC with a larger ECSA and more accessible active sites than F-FeSNC.
Brunauere-Emmette—Teller (BET) adsorption and desorption curves and specific surface
areas of R-FeSNC and F-FeSNC are provided in Figure S8. Accordingly, the specific surface
area of R-FeSNC is 1120.846 m? /g, which is larger than that of F-FeSNC (873.867 m?/g).
Electrochemical impedance spectroscopy (EIS) and relevant equivalent circuit diagram
fittings were executed to investigate the charge transfer kinetics of two catalysts for CRR.
As shown in Figure 4D, R-FeSNC exhibits a smaller circle radius and lower charge transfer
resistance (Rct) of 17.6 () than F-FeSNC (19.2 () [37,38]. The electrocatalytic stability of R-
FeSNC was determined by chronoamperometric measurements under a constant potential
of —0.66 V vs. RHE as displayed in Figure 4E. R-FeSNC demonstrated good stability over
11 h electrolysis with almost unchanged total current density and slightly decreased FEco,
which remained above 85%.

In order to explore the mechanism, the reaction intermediates generated over the two
catalysts during CRR were monitored by in situ electrochemical attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopy (Figure 5A,B). The peaks at ~2040
and ~1370 cm~! can be assigned to linear-adsorbed *CO and *COOH species, respectively,
which are key intermediates for electrochemical CO;-to-CO transformation [39,40]. As
applied potential increased, a more intense *COOH peak was observed for R-FeSNC than
F-FeSNC, suggesting its facilitation of the process of CO, (g) + H* + e~ — *COOH. After that,
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*COOH would cause protons and electrons to form *CO (*COOH + H* + e~ — *CO + H,0)
followed by *CO desorption (*CO — CO (g)). In addition, R-FeSNC exhibited less distinct
*CO peaks than F-FeSNC, demonstrating that CO was easily desorbed from its surface.
Meanwhile, R-FeSNC showed more obvious and differentiated peaks at 1660 and 1635 cm—!
which originate from the stretching of absorbed H,O and HCO3™ molecules [41]. The
existence of H,O and HCO3;~ molecules could contribute to the formation of H* via the
dissociation processes (HCO3~ — H* + CO32~ and H,O — H* + OH ), thereby facilitating
the formation of *COOH and *CO. Thus, the CO,-to-CO electroreduction process should
be more favorable on R-FeSNC than F-FeSNC.
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Figure 5. In situ ATR-FTIR spectra of (A) R-FeSNC and (B) F-FeSNC recorded at different applied
potentials for CRR in a CO;-saturated 0.5 M KHCOj3 solution. *CO and *COOH are adsorbed
intermediates in the carbon dioxide reduction process.

As aforementioned, R-FeSNC exhibits higher activity and selectivity for the elec-
trocatalytic reduction of CO, to CO, which is presumably closely related to its unique
structural characteristics. Firstly, its rough surface can prevent the stacking of carbon
nanosheets, thereby enhancing the solid-liquid contact area and consequently increasing
the ECSA [42,43]. Secondly, the pits or channels on the rough surface can create specific
localized environments, which may provide favorable conditions for the adsorption of
H,0 and HCOj5", as evidenced by in situ ATR-FTIR. Thirdly, the amorphous rough surface,
featuring abundant edges and dramatic structural fluctuations, can affect the coordination
number and form of anchored Fe single atoms and N, leading to the formation of unsat-
urated FeN,_, sites and shorter Fe-N bonds [44]. The unsaturated atomic coordination
configuration and shortened bond distance can induce polarized charge distributions and
an up-shifted total density of states towards the Fermi level which are conductive to sta-
bilizing the key intermediate, i.e., *COOH, and accelerate charge transfers [45-47]. The
characteristic microstructures should be conducive to optimizing the electronic and spatial
structure of the active sites, thereby facilitating the kinetics of multi-step reactions.

3. Materials and Methods
3.1. Materials

All chemicals and reagents were analytical reagents (ARs). Ethanol (EtOH, C,HsOH)
was obtained from Tianjin Okaibo Chemical Co., Ltd. (Tianjin, China). Potassium hydroxide
(KOH) was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). Magnesium nitrate tetrahydrate (>99.98% metals basis), carboxymethyl chitosan,
and iron nitrate 9-hydrate (>99.9% metals basis) were obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China).

3.2. Catalyst Preparation

As is typical, 2.2 g of magnesium nitrate tetrahydrate was dissolved into 100 mL of
ethanol and stirred for 0.5 h. After that, 1 g of NaOH was dissolved into 10 mL of water and
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then injected into the above solution immediately. The precipitate was centrifuged, washed,
and dried overnight. Finally, flocculent Mg(OH), was obtained. The lamellar Mg(OH);
was fabricated just by changing ethanol for dissolving magnesium nitrate tetrahydrate
into water.

The rough R-FeSNC and F-FeSNC were fabricated for structure and performance
comparison. For synthesis of R-FeSNC, 0.5 g of flocculent Mg(OH), and 6.2 mg of FeCl;
were dispersed into 30 mL of water by sonication for 0.5 h. After that, 0.5 g of carboxymethy]l
chitosan was dissolved into above suspension, which was then freeze-dried. R-FeSNC was
synthesized by annealing the above-obtained powder at 900 °C for 1 h in an Ar atmosphere
and acid pickling to remove templates. F-FeSNC can be synthesized following the above
steps, except for changing flocculent Mg(OH), to lamellar Mg(OH),.

3.3. Catalyst Characterization

X-ray diffraction (XRD, Rigaku SmartLab SE, Rigaku, Tokyo, Japan) was used to
confirm crystal properties. X-ray photoelectron spectroscopy (XPS) was tested on the
thermal ESCALAB 250xi spectrometer (Thermo Fisher, Waltham, MA, USA) and the peak
binding energy of Cls 284.8 eV was used for calibration of all peaks. The microstructure of
the catalyst was characterized by transmission electron microscopy (TEM, TALOS F200S,
Thermo Fisher, Waltham, MA, USA) with an energy dispersive spectrometer (EDS). XAS
spectra were obtained from the Beijing Synchrotron Radiation Facility at 1IW1B (Beijing
Electron-Positron Collider II, China). Fe foil was measured for energy calibration. BET
surface area was measured with Quantachrome, Autosorb-iQ. The in situ electrochemical
attenuated total reflectance Fourier transform infrared (ATR-FTIR, Shimadzu IRTracer-100,
Kyoto, Japan) was carried out to obtain the chemical bonds or functional information of
different materials.

3.4. Preparation of Gas Diffusion Electrodes (GDEs)

Carbon paper (Sinero YLS-30T) with a microporous layer was purchased from the
Sinero Store (Suzhou Sinero Technology, Suzhou, China). 20 mg of catalysts (R-FeSNC and
F-FeSNC) were dispersed in 4 mL ethanol with addition of 80 uL of 5 wt% Nafion solution.
The ink was placed into the ultrasonic machine for one hour to ensure uniform dispersion.
After that, the prepared ink was evenly sprayed on a GDE (3 cm X 8 cm) through the spray
gun, and the weight of the sprayed catalyst was determined by the weight difference in
GDE before and after airbrushing. The loading of catalyst was controlled at 0.3 mg cm 2.

The GDEs were cut to 1 cm x 3 cm and dried in a vacuum overnight at 60°C before using.

4. Conclusions

In summary, we manipulated the morphology of amorphous N-doped carbon-supported,
isolated Fe atoms using diverse Mg(OH), templates. Flocculent and lamellar Mg(OH),
templates lead to R-FeSNC and F-FeSNC, respectively. The R-FeSNC features a rough
surface and unsaturated FeNy_y sites. In CRR electrocatalysis, R-FeSNC demonstrated
satisfactory selectivity and activity with an FEco of 93% at a current density of 60 mA
cm ™2, superior to F-FeSNC with an FEcg of 73% and a current density of 45 mA cm~2. The
enhanced performance of R-FeSNC can be attributed to well-designed morphology and
microstructure that can increase ECSA, create specific localized environments and optimize
active sites. This work paves the way to building highly efficient and selective CO,RR
catalysts by modulating the morphology and microstructure of CSAMs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules29235561/s1. Figure S1: The SEM images of
flocculent Mg(OH),. Figure S2: The SEM images of lamellar Mg(OH),. Figure S3: The XRD patterns
of R-FeSNC and F-FeSNC. Figure S4: The SEM image of R-FeSNC. Figure S5: The SEM image of
F-FeSNC. Figure S6: EXAFS curves-fitting results of Fe K-edge of Fe foil. Figure S7: CV curves of (A)
R-FeSNC and (B) F-FeSNC at varied scan rates (20, 40, 60, 80, 100 and 120 mV s-1). Figure S8: BET
adsorption and desorption curves and surface area of (A) R-FeSNC and (B) F-FeSNC. Table S1: EXAFS
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fitting parameters extracted from the Fe K-edge. Table S2: Performance comparison of R-FeSNC with
some advanced catalysts. References [7-9,48-54] are cited in the supplementary materials.
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Abstract: A Pb-containing PtAu nanoflower electrocatalyst was deposited on the cathode via galvanic
replacement reaction in a double-cabin galvanic cell (DCGC) with a Cu plate as the anode, a multi-
walled carbon nanotube (MWCNT) modified glassy carbon electrode (GCE) as the cathode, 0.1 M
HCIO, aqueous solution as the anolyte, and Pb?*-containing Pt** salt and Au®* salt mixed aqueous
solution as the catholyte, respectively, and the electrocatalytic performance of the modified electrode
toward methanol oxidation in the alkaline medium was investigated. Electrochemical studies reveal
that the stripping of bulk Cu can induce underpotential deposition (UPD) of Pb on Pt during the
galvanic replacement reaction, which affects the morphology and composition of Pb-containing
PtAu nanoparticles. Under the optimal experimental conditions, a Pb-PtAu; /MWCNTs/GCE
shows the highest activity and the best stability toward electrocatalytic oxidation of methanol
in the alkaline medium, and the Pt active area-normalized specific electrocatalytic activity of Pb-
Pt3Au; /MWCNTs/GCE is as high as 59.8 mA cmp; 2. We believe that the method presented here of
depositing highly active noble metal nanostructures by galvanic replacement reaction in a DCGC
device is expected to be widely applied in the preparation of nanomaterials for their study in fuel
cells and electrocatalysis.

Keywords: double-cabin galvanic cell; underpotential deposition; Pb-containing PtAu nanoflower;
electrocatalytical oxidation of methanol

1. Introduction

Direct methanol fuel cells (DMFCs) have attracted great interest as a renewable energy
supply due to their advantages of low operating temperature, easy operation, and high
energy density [1]. Currently, Pt, as a commonly used methanol electrocatalyst, is widely
used in DMFC research, but Pt is expensive, scarce, and easily deactivated by CO,q4s inter-
mediates generated by methanol electrooxidation, which limits its commercial application
in DMFCs [2]. Therefore, the key to the development of DMFCs is to develop efficient,
low-cost, and anti-poisoning methanol electrocatalysts. Bi (or tri)-component Pt-based
electrocatalysts formed by Pt with other transition metals or noble metals can effectively
reduce the Pt content and improve the activity and anti-poisoning ability of Pt. So far,
various Pt-based multi-component electrocatalysts have been studied, such as Pt-Mn [3],
Pt-Fe [4], Pt-Co [5], Pt-Ru [6], Pt-Ni [7], Pt-Cu [8], Pt-Pd [9], Pt-Ag [10], Pt-Mo [11], and
PtRuFe [12]. These multi-component Pt-based electrocatalysts can significantly improve
the electrocatalytic activity and stability of Pt through electronic effects and bifunctional
effects between components.
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As a common noble metal, Au exhibits good chemical stability and weak catalytic
activity in its bulk state, but nanosized Au particles show excellent electrocatalytic perfor-
mance for small molecules [13,14]. The bi-component PtAu electrocatalyst can effectively
enhance the anti-poisoning capability and catalytic activity of Pt due to the synergistic
effect between Pt and Au components [15]. Currently, people use various methods to
prepare PtAu electrocatalysts with different morphologies and compositions. For example,
Zhang et al. prepared nanoporous PtAu electrocatalysts via dealloying and found that they
could efficiently electrocatalyze the oxidation of methanol under acidic conditions [16].
Luo et al. synthesized PtAu nanoparticles supported on carbon via colloidal synthesis
and observed that the bifunctional effect of Au could enhance the electrocatalytic activity
of Pt toward methanol under alkaline conditions [17]. In addition, doping the PtAu elec-
trocatalyst with other base metals (such as Cu and Pb) can further enhance the catalytic
performance of the PtAu-based tri-component electrocatalyst. For instance, Wang et al.
synthesized Au-Cu-X (X = Pt, Pd, Ag) ternary metal nanorods using Au-Cu nanorods as
a galvanic cell displacement template, and the synthesized nanorods were found to be
highly effective in the reduction of 4-nitrophenol [18]. To date, extensive studies have been
conducted on the preparation of PtAu electrocatalysts; previous synthesis methods also
have disadvantages such as high cost, complex operations, and environmental pollution.
The galvanic cell method, due to its low energy consumption, simplicity, and low cost,
is a typical green preparation technology. For example, Yoshii et al. synthesized Pd-Co
bimetallic nanocatalysts supported on C using Co nanoparticles supported on C as a dis-
placement template and found that they had high catalytic activity and selectivity for the
hydrogenation of styrene [19]. In the previous galvanic cell method for the synthesis of
Pt-based electrocatalysts, the anode and cathode reactions of the galvanic cell occurred
in the same solution. Both reactions at the anode and cathode of the galvanic cell may
affect the composition of the deposited Pt-based electrocatalyst. In some cases, further
purification of the product is inevitably required, which adds complexity to the process and
increases production costs, both of which are undesirable. The use of a double-cabin gal-
vanic cell (DCGC) with separate anode and cathode compartments allows for the one-step
deposition of clean, multi-component Pt-based electrocatalysts at the cathode, simplifying
the operational steps. To our knowledge, there are rarely reports on the direct preparation
of high-activity PtAu-based tri-component nanoelectrocatalyst-modified electrodes at the
cathode using the DCGC setup.

In this work, using a high-purity Cu plate as the anode and a glassy carbon electrode
(GCE) modified with multiwalled carbon nanotubes (MWCNTSs) as the cathode in the
DCGC device, a Pb-containing PtAu nanoflower electrocatalyst was deposited at the
cathode through galvanic replacement, and the electrocatalytic performance of the resulting
modified electrode toward methanol electrooxidation in an alkaline environment was
investigated. Electrochemical studies show that the dissolution of bulk Cu during the
galvanic reaction can induce underpotential deposition (UPD) of Pb on the Pt surface,
leading to the deposition of Pb-containing PtAu nanoflower electrocatalysts on MWCNTs.
Pb-containing PtAu nanoflower electrocatalysts exhibit excellent activity toward methanol
electrocatalytic oxidation and have a potential application value in DMFCs.

2. Results and Discussion
2.1. Fabrication and Characterization of Pb-Containing PtAu Nanoparticles

Figure 1 shows the discharging current (i.¢)) and the potential of a MWCNT/GCE
cathode (Ecathode) during the depositing of Pb-Pt;Au; and Pt3Au; on its surface. When
the anode and cathode are not connected, the electrochemical potential (ECP) of the Cu
plate is approximately 0.008 V in 0.1 M HClOy solution (anode part), while the ECP of the
MWCNT /GCE surface in the mixed solution of noble metal salts is about 0.78 V (cathode
part). Therefore, after connecting the anode and cathode of the DCGC device with a Cu
wire, the ECP difference between the anode and cathode drives the galvanic replacement
reaction, leading to the dissolution of bulk Cu (Cup,x) at the anode and the deposition of
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noble metal nanoparticles on the surface of the MWCNTs/GCE at the cathode. During the
deposition of PtzAu; from 3.0 mM H,PtClg + 1.0 mM HAuCly + 0.1 M HCIOy catholyte
(without the presence of Pb(ClOy),; Figure 1 b), the steady-state potential and i. of
MWCNTs/GCE are 0.097 V and 52 pA, respectively. However, during the deposition of Pb-
Pt3Au; from 3.0 mM H,PtClg + 1.0 mM HAuCly + 5.0 mM Pb(ClQO,), + 0.1 M HCIO4 (with
the presence of Pb(ClOy),; Figure 1 a), the steady-state potential and i..;; of MWCNTs/GCE
increase to 0.121 V and 62 pA, respectively. The response for the deposition of Pb-PtzAuj is
larger than that for the deposition of Pt3Auy, which perhaps suggests that the addition of
Pb(ClOy); to the catholyte facilitates the deposition of Pt and Au.
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Figure 1. Simultaneous responses of ice; and E ,ihode in the DCGC with a Cu plate as the anode,
0.1 M HClOj as the anolyte (stationary), and the MWCNTs/GCE as the cathode, while the catholyte
(stationary) was 3.0 mM H,PtClg + 1.0 mM HAuCly + 5.0 mM Pb(CIOy4), + 0.1 M HCIO4 aqueous
solution (a), for the deposition of Pb-Pt3Au;) and 3.0 mM H,PtClg + 1.0 mM HAuCly + 0.1 M HCIO4
aqueous solution (b), for deposition of Ptz Auy), respectively. Short-circuit discharging of the DCGC
(connecting the anode and cathode by a conducting Cu wire) was from 30 to 270 s.

Figure 2 shows the SEM images of the obtained Pt3Au; /MWCNTs/GCE and Pb-
Pt Au; /MWCNTs/GCE. For PtsAu; /MWCNTs/GCE (Figure 2A,B), a large number of
spherical nanoparticles with diameters of 40-240 nm are distributed on the surface of
MWCNTs. However, in Pb-Pts Au; /MWCNTs/GCE (Figure 2C,D), flower-like nanoparti-
cles grow on the surface of MWCNTs, with diameters ranging from 110 to 450 nm, and the
density of nanoparticles on the surface of Pb-Pts Au; /MWCNTs/GCE is also lower than
that of PtsAu; /MWCNTs/GCE. EDS characterization (Figure 3) also proved that Pt and
Au have been deposited on the surface of MWCNTs/GCE, and the atomic percentages of
Pt and Au for Ptz Auj nanoparticles were determined to be 53.9% and 46.1% (Figure 3A),
respectively, which was unproportional to that of the catholyte solution (mole concentra-
tion ratio for crppicig:crauciy = 3:1). Due to the higher ECP of Au versus that of Pt, the
reaction kinetics for reducing AuCly~ is anticipated to be significantly faster than that
for reducing PtCls?~, thus leading to the deposition of more Au in Pt Au; nanoparticles
even at a high Pt/ Au mole ratio in the catholyte. For Pb-Pt; Au; /MWCNTs/GCE, there
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Intensity

are a small number of Pb atoms present in the obtained PtAu nanoparticles (Figure 3B),
and the atomic percentages of Pt, Au, and Pb were determined to be 50.0%, 42.9%, and
7.1%, respectively, which indicated the occurrence of cathodic deposition of Pb from the
Pb(ClOy);-containing catholyte during the GRR deposition of Pb-Pt3Au; nanoparticles,
despite the higher activity of bulk lead (Pby,yx) compared to Cuyyjx (anode here). The above
results indicate that when Pb(ClOy), is added to the catholyte, the co-deposition of Pb on
the cathode can influence the morphology and composition of PtAu nanoparticles, leading
to the formation of Pb-containing PtAu nanoflower particles. Indeed, previous studies
have also reported that the addition of transition metal ions (such as Cu?*) can control the
crystal structure and morphology for synthesizing noble metal nanostructures [20].

Figure 2. SEM of Pt3Au; /MWCNTs/GCE (A,B) and Pb-Pt; Au; /MWCNTs/GCE (C,D).

Intensity

2 A g g

1 2 3 ¢ 5 6 7 1 2
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Figure 3. EDS spectra of Pt Au; /MWCNTs/GCE (A) and Pb-Pt; Au; /MWCNTs/GCE (B), respectively.

Moreover, Figure S1 shows the X-ray diffraction (XRD) patterns of the as-synthesized
Pt3Au; and Pb-Pt3Au; thin film sample on MWCNTs. The peaks at 37.1° and 42.4° are
assigned to Au(111) and Pt(111), respectively, according to JCPDS 04-0784 of pure Pt and
JCPDS 04-0802 of pure Au, and the peaks at 73.3° and 76.4° may correspond to (311) and
(222) planes. In our case, no XRD peaks of Pb are observed on Pb-Pt3Au; that may be
the Pb of UPD is too small to produce an X-ray diffraction signal. X-ray photoelectron
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spectroscopy (XPS) was applied to characterize the Pt Au; and Pb-Pt3Auy thin film sample
also (as shown in Figure S2). The two 4f binding states of zero valence, at 84.4 (4f5,,) and
87.5 eV (4f; ;) for Au® and at 71.2 (4f5 s2) and 74.5 eV (4f; ;) for Pt%, were observed on both
Pt3Au; and Pb-Pt3Auy, respectively. Moreover, Pb may exist as Pb?* in Pb-Pt3Au;, with
the peak of Pb?* 4f;, and 4fs,, appearing at 139.6 eV and 144.6 eV, respectively, which
is a large shift compared to pure Pb’, indicating the electronic interaction between PtAu
and Pb.

2.2. Electrochemical Study of the Mechanism of Pb Co-Deposition at the Cathode During the GRR
Process in the DCGC Device

It is significant and intriguing to study the mechanism of Pb co-deposition at the
cathode when depositing Pt and Au in the DCGC device with a Cu plate as the anode.
Given that the ECP of Pby,i is lower than that of Cuy,y, the dissolution of Cuyy,y, inducing
the deposition of Pby, during the GRR for depositing Pb-Pt; Au; nanoparticles at the
cathode, is thermodynamically impossible. Here, we studied the electrochemical deposition
behavior of Pb on Pt or Au surfaces in cyclic voltammetry (CV) experiments. Figure 4 shows
the CV curves for electroplated Pt-modified Au (Ptp,/Au; as shown in Figure S3) and bare
Au electrodes in a solution containing 3.0 mM Pb(ClOy4); + 0.1 M HCIOy. For Ptpj,/Au,
during the negative-going scan, the UPD of Pb on the Pt surface starts at 0.55 V [21]. The
UPD of Pb on the Pt surface (Pb%ypp) significantly impedes the adsorption/desorption
behavior of H on the Pt surface between 0 and —0.28 V. The UPD of Pb terminates at
—0.45 V, where the bulk deposition of Pb (Pb’,) begins. For the bare Au electrode,
during the negative-going scan, the UPD of Pb on Au starts at 0.06 V, and two distinct pairs
of oxidation-reduction peaks appear at 0.01/—0.01 V and —0.23/—0.25 V, corresponding
to the UPD behavior of Pb on the Au surface [22]. The UPD of Pb terminates at —0.45V,
where the bulk deposition of Pb occurs, and the dissolution peak of bulk Pb appears
at —0.35 V. The CV experiments indicate that the deposition/dissolution potentials of
Pb%pp are higher than those of Pb% ., i.e., the ECP of Pb%* /Pbupp is higher than that
of Pb?* /Pb¥, 1, suggesting the thermodynamic possibility of the bulk dissolution of an
active metal inducing the UPD of its ions (or other ions) on a relatively less active metal
surface (such as Pt or Au).
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Figure 4. Cyclic voltammograms of Ptpla/ Au (A) and bare Au (B) in 3.0 mM Pb(ClO4), + 0.1 M
HCIO, aqueous solution, respectively. Scan rate: 20 mV s~ 1.

In the DCGC device with a Cu plate as the anode, during the GRR for depositing
Pb-Pt3Auy, the steady-state potential of the MWCNTs/GCE is 0.121 V, which falls within
the potential range for the UPD of Pb on the Pt surface (0.55~—0.45 V) but is higher than
the potential range for the UPD of Pb on the Au surface (0.06~—0.45 V). This indicates that
during the deposition of Pb-Pt3Auy, Pb can undergo UPD on the Pt surface but not on the
Au surface. Hence, the bulk dissolution of Cu at the anode can induce the UPD of Pb on Pt
at the cathode in the DCGC device. The UPD effect of Pb on the Pt surface influences the
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growth process of PtAu nanoparticles, leading to the deposition of nanoflower structures
on the MWCNT surface. Simultaneously, a small number of Pb%upp atoms are embedded
within the PtAu nanoparticles, forming a Pb-containing PtAu nanoflower structure.

2.3. Electrocatalytical Oxidation of Methanol on Pb-Containing PtAu Nanoparticles in
Alkaline Solution

Figure 5 shows the cyclic voltammograms (CVs) of Pb-PtsAu; /MWCNTs/GCE,
Pt3Au; /MWCNTs/GCE, and Pb-Pt/MWCNTs/GCE ina 1.0 M KOH (Figure 5A) and 1.0 M
CH3OH + 1.0 M KOH solution (Figure 5B,C). For Pb-Pt; Au; /MWCNTs/GCE (Figure 5A),
the adsorption/desorption peaks of hydrogen on the Pt surface appear between —0.65 V
and —1.0 V. The redox peaks at —0.13 V and —0.38 V correspond to the formation and
reduction of Pt oxide [23]. Additionally, the redox peaks at 0.3 V and 0.03 V are attributed
to the formation and reduction of Au oxide, which is consistent with the redox peaks of
Au on the surface of Pb-Au/MWCNTs/GCE (inset of Figure 5A). The electrochemical
characteristic peaks on the surfaces of Pt Au; /MWCNTs/GCE and Pb-Pt/MWCNTs/GCE
are similar to those of Pb-Ptz Au; /MWCNTs/GCE.
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Figure 5. Cyclic voltammograms of Pb-Pt; Au; /MWCNTs/GCE (a), Pt Au; /MWCNTs/GCE (b),
and Pb-Pt/MWCNTs/GCE (c) in 1.0 M KOH aqueous solution (A) and 1.0 M CH3OH + 1.0 M KOH
aqueous solution (B,C), respectively. Currents in plans (A—-C) are normalized to geometric area
(A,B) and Pt active area (C), respectively. The inset in plan (A) is the CV of Pb-Au/MWCNTs/GCE in
1.0 M KOH aqueous solution. Scan rate: 50 mV s~ 1.

For the electrocatalytic oxidation of methanol (Figure 5B), during the forward scan, the ini-
tial oxidation potential of methanol on the surface of Pb-Pt Au; /MWCNTs/GCE is —0.64 V,
which is shifted negatively by 30 mV and 130 mV compared to PtsAu; /MWCNTs/GCE
(—0.61 V) and Pb-Pt/MWCNTs/GCE (—0.51 V), respectively. The peak current for the oxi-
dation of methanol on the surface of Pb-Pt3Au; /MWCNTs/GCE is 270 mA cm 2, which
is 2.62 times and 5.0 times higher than that of Pt Au; /MWCNTs/GCE (103 mA cm™?)
and Pb-Pt/MWCNTs/GCE (54 mA cm~?2), respectively. Furthermore, we compared the
electrochemical active area specific activity of Pt (mA cmp;2), as shown in Figure 5C. The
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peak current for the oxidation of methanol on the surface of Pb-PtAu; /MWCNTs/GCE is
59.8 mA cmp; 2, which is 2.48 times and 7.29 times higher than that of Pt Au; /MWCNTs/GCE
(24.1 mA cmp;~2) and Pb-Pt/MWCNTs/GCE (8.2 mA cmp;~2), respectively.

The above results indicate that Pb-Pt Au; /MWCNTs/GCE exhibits excellent electro-
catalytic performance toward methanol, primarily due to the following reasons: (1) com-
pared to the spherical structure of Pt3 Au; nanoparticles, the Pb-Pts Au; nanoflower particles
have more surface defect sites and a higher number of exposed unsaturated Pt atoms, which
enhance their catalytic activity [24]; (2) both the bifunctional effect between Pt and Au
atoms [17] and the electronic effect between Pt and Pb atoms [25] contribute to enhancing
the catalytic performance of the Pb-Pt;Au; ternary metal catalyst.

Since the catalytic performance of noble metal electrocatalysts is related to their
morphology, particle size, and composition [26], the modified electrodes with different
Pt and Au contents were prepared by changing the concentration ratio of H,PtCls and
HAuCly in the catholyte, and the electrocatalytic performance of the obtained modified
electrodes for methanol was studied, as shown in Figure 6. Increasing the concentration
of HAuCly in the catholyte results in an increase in the Au content on the electrode
surface, accompanied by a decrease in Pt content, as evidenced by the increased oxidation-
reduction peak of Au and the decreased oxidation-reduction peak of Pt (Figure 6A). The
peak current density of methanol electrocatalytic oxidation also increases with the increased
concentration of HAuCly, reaching a maximum value of 270 mA cm 2 at cropiCls: CHAUCH =
3:1 (Pb-Pt3Au; /MWCNTs/GCE,; Figure 6B), and then decreases with the increased HAuCly
concentration. The electrochemical active area specific activity of Pt (Figure 6C) also reaches
a maximum value of 59.8 mA cmp; 2 on Pb-Pt3Au; /MWCNTs/GCE. As the Au content on
the electrode surface increases, the synergistic effect between Pt and Au atoms gradually
intensifies. The activity of Pt atoms reaches its maximum at a ratio of cyppicis: craucis = 3:1.
As the Au content on the electrode surface continues to increase, the Pt content gradually
decreases, as evidenced by the reduced oxidation-reduction peak of Pt observed in the
above electrochemical characterization. The probability of Pt atoms being surrounded
by Au atoms increases, and some Pt atoms may be separated by Au atoms, reducing
the number of adjacent Pt atoms, which may hinder the adsorption and dissociation of
methanol on the Pt surface and lead to a decrease in the activity of Pt atoms [27]. It has also
been reported that methanol can only undergo electrooxidation on a surface with at least
three adjacent Pt atoms [28].

The electrochemical stability of electrocatalysts is an important indicator for practical
applications. We also used a potentiostatic method to evaluate the stability of different
modified electrodes in catalyzing the oxidation of methanol in 1.0 M CH30H + 1.0 M
KOH solution at —0.25 V, as shown in Figure 7. The Pb-PtsAu; /MWCNTs/GCE ex-
hibited the slowest rate of catalytic current decay, with a catalytic current of 8.19 mA
cmp; 2 at 1800 s, which is significantly higher than that of Pb-Pt/MWCNTs/GCE (0.10 mA
cmpt ~2), Pb-Pts Auz/MWCNTs/GCE (0.83 mA cmp;~2), Pb-Pts Aus/MWCNTs/GCE (0.23
mA cmp;?), and Pb-PtzAu;/MWCNTs/GCE (0.11 mA cmp;—2). This indicates that the
Pb-Pt3Au; nanoelectrocatalyst can effectively remove toxic products such as CO, 4 that are
generated during the electrooxidation of methanol, maintaining the catalytic activity and
electrochemical stability.
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Figure 6. Cyclic voltammograms of Pb-Pt3 Aug5/MWCNTs/GCE (a), Pb-Pt3Au; /MWCNTs/GCE
(b), Pb-Pt3Aus/MWCNTs/GCE (c), Pb-Pt3Aus/MWCNTs/GCE (d), and Pb-Ptz Auy /MWCNTs/GCE
(e) in 1.0 M KOH aqueous solution (A) and 1.0 M CH3OH + 1.0 M KOH aqueous solution (B,C), re-
spectively. Currents in plans (A—-C) are normalized to geometric area (A,B) and Pt active area
(C), respectively. Scan rate: 50 mV s~
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Figure 7. The i-t curves at —0.25 V of Pb-Pt3Aug 5/ MWCNTs/GCE (a), Pb-Pt3Au; /MWCNTs/GCE
(b), Pt3Auy /MWCNTs/GCE (c), Pb-Pt/MWCNTs/GCE (d) (A) and Pb-Pt3Aus/MWCNTs/GCE (e),
Pb-Pt3Aus /MWCNTs/GCE (f), and Pb-Pt Auy/MWCNTs/GCE (g) (B) in 1.0 M CH30H + 1.0 M
KOH aqueous solution, respectively. Currents are normalized to Pt active area.

3. Materials and Methods
3.1. Instrumentation and Reagents

All electrochemical experiments were conducted on an Autolab PGSTAT 30 electro-
chemical workstation (Eco Chemie BV, Utrecht, The Netherlands) using a conventional
three-electrode system. The working electrodes were either a glassy carbon electrode (GCE)
with a diameter of 3 mm or a gold electrode (0.29 cm?). The reference electrode was a
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saturated calomel electrode (SCE) equipped with a salt bridge, and the counter electrode
was a carbon rod. All potentials were referenced to the SCE. The JEOL JSM-1230 high-
resolution field-emission scanning electron microscope (SEM, Akishima, Japan) and the
accompanying energy-dispersive X-ray spectroscopy (EDS) were used for morphological
characterization and elemental composition analysis, respectively. X-ray diffraction (XRD)
pattern was collected on a D8 Discover X-ray diffractometer (Bruker Co., Billerica, MA,
USA). X-ray photoelectron spectroscopy (XPS) spectra were taken using an ESCA Escalab
220i XL (Thermo Fisher Scientific, Waltham, MA, USA) with a monochromated Al Kot X-ray
source (1486.6 eV).

For the experiments conducted in the DCGC, when no external load was applied, the
discharge current (i) of the galvanic cell was monitored using the ECN module of the
Autolab PGSTAT 30 electrochemical workstation [29] (Metrohm, Herisau, Switzerland).
The accuracy of this setup was verified using a calibrated 1.5 V dry cell (error within 1 mV)
under a 100 k() load; the dry cell voltage measured by the ECN setup was 1.501 V, with an
icer] Of 15.01 pA, strictly adhering to Ohm’s Law. The potentials of the anode and cathode in
the galvanic cell setup were dynamically monitored using a high-impedance (R > 102 ()
voltmeter, which was modified from a pH meter (Leici, Shanghai, China). All experiments
were conducted at room temperature (26 + 2 °C).

N,N-Dimethylformamide (DMF), HAuCly, H,PtCls, and methanol were purchased
from Tianjin Chemical Reagent Station (Tianjin, China). Pb(ClO4), and high-purity Cu
plate (99.999%) were purchased from Alfa Aesar company (Tianjin, China). Multiwalled
carbon nanotubes (MWCNTs; 60 nm outer diameter and 40 nm inner diameter on average)
were purchased from Chengdu Organic Chemicals Co. Ltd. (Chengdu, China) and purified
in concentrated acids before use. Other reagents were of analytical grade. All solutions
were prepared using Milli-Q ultrapure water (Millipore, Burlington, MA, USA, >18 M cm).

3.2. Deposition of Pb-Containing PtAu Nanoparticles on MWCNTs/GCE in the DCGC Device

The GCE was sequentially polished with 1.0 um and 0.05 pm alumina slurry on a
chamois leather until a mirror-like finish was achieved. After each polishing step, the
surface contaminants were washed off, and the electrode was cleaned in an ultrasonic
water bath for 3 min each time; this process was repeated three times. Finally, the electrode
was ultrasonically cleaned sequentially with 1:1 ethanol, 1:1 HNOj3, and distilled water. It
was then subjected to cyclic voltammetry (CV) scans in 0.2 M HCIOy solution (0 to 1.5V,
30 mV s~ 1) until reproducible voltammetric responses were observed. The resulting GCE
was further subjected to CV scans in 2.0 mM K4Fe(CN)4 + 0.1 M NaySO;4 solution (—0.1
to 0.5V, 50 mV s7!). A peak-to-peak potential width of ca. 70 mV indicated that the
electrode surface was clean. A 1 mg mL~! dispersion of MWCNTs in DMF was prepared
and sonicated for 15 min. Then, 5 puL of the MWCNT dispersion was cast onto the GCE
and air-dried to form the MWCNTs/GCE.

For the deposition of Pb-containing PtAu nanoparticles on MWCNTs/GCE in a DCGC
device based on the GRR principle, a Cu plate served as the anode, the anolyte was 0.1 M
HClOy4 aqueous solution, MWCNTs/GCE served as the cathode, and the catholyte was
3.0 mM HPtClg + 1.0 mM HAuCly + 5.0 mM Pb(ClOy4), + 0.1 M HCIO4 aqueous solution.
The catholyte and anolyte were connected using a homemade U-shaped glass tube salt
bridge filled with saturated KCI solution. Scheme 1 shows the schematic diagram of the
total experimental setup, similar to that of a previous report [30]. After switching on
the DCGC, the ECN and voltmeter were used to monitor the i and the potential of
MWCNTs/GCE (vs SCE), respectively. The total discharging time in the DCGC was 240 s.
The resulting modified electrode was denoted as Pb-Pt; Au; /MWCNTs/GCE. Varying the
concentration ratio of HyPtCls and HAuCly in the catholyte can obtain modified electrodes
with different Pt and Au content.
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Scheme 1. Schematic diagram of the total experimental setup. GCE: glassy carbon electrode. IE:
indicator electrode.

For comparative studies, we also prepared other modified electrodes in a similar pro-
cedure, and the abbreviation of the modified electrodes and the corresponding composition
of catholytes are listed in Table 1.

Table 1. Abbreviation and the corresponding metal salt composition of catholyte for preparing the
modified electrodes.

Abbreviation of Modified Electrodes The Metal Salt Composition of Catholyte
Pb-Pt/MWCNTs/GCE 3.0 mM H,PtClg + 5.0 mM Pb(ClOy4), + 0.1 M HCIO4
Pb-Pt3Augs5/MWCNTs/GCE 5.0 mM Pb(ClIOy4), + 3.0 mM H,PtClg + 0.5 mM HAuCly + 0.1 M HCIO4
Pb-Pt3Au; /MWCNTs/GCE 5.0 mM Pb(ClOy); + 3.0 mM H,PtCls + 1.0 mM HAuCly + 0.1 M HCIO4
Pb-Pt3Auz/MWCNTs/GCE 5.0 mM Pb(ClOy4), + 3.0 mM H,PtClg + 3.0 mM HAuCly + 0.1 M HCIO4
Pb-Pt3 Aus /MWCNTs/GCE 5.0 mM Pb(ClIOy4), + 3.0 mM H,PtClg + 5.0 mM HAuCly + 0.1 M HCIO4
Ptz Au; /MWCNTs/GCE 3.0 mM HpPtClg + 1.0 mM HAuCly + 0.1 M HCIO4
Pb-Au/MWCNTs/GCE 3.0 mM HAuCly + 5.0 mM Pb(ClOy);, + 0.1 M HCIO4

3.3. CV Experiment to Study the Electrochemical Deposition Behavior of Pb on Pt and Au Surfaces

The pretreatment process of the gold electrode was as follows. To remove contaminants
from the electrode surface, the gold electrode was first cleaned with H,SO4 + HyO, (v/v,
3:1) solution for 3 min and then subjected to CV scanning in 0.2 M HClOy solution (0~1.5V,
30 mV s~ ') until a reproducible voltammetric response was achieved. The resulting gold
electrode was then subjected to CV scans in 2.0 mM K4Fe(CN)g + 0.1 M NapSOy4 solution
(—0.1t0 0.5V,50 mV s~1). A peak-to-peak potential width of ca. 70 mV indicated that the
electrode had been properly cleaned.

The gold electrode was placed in a 3.0 mM HpPtClg + 0.1 M HCIOy solution and
electroplated at a constant potential of 0 V for 300 s to obtain a Pt-modified Au electrode
(Ptpla/ Au). The obtained Pt,),/ Au electrode was placed in 0.1 M HpSOy4 for CV character-
ization (—0.3-1.5 V, 50 mV s~!). After Pt plating, a reduction peak of Pt oxide appeared
at 0.35 V, and the adsorption/desorption peak of H on the Pt surface appeared at 0-0.28
V. The reduction peak of Au oxide at 0.85 V nearly disappeared, indicating that the Au
electrode surface was fully covered with Pt (Figure S3). Then, using Pt,,|,/ Au as the work-
ing electrode, the electrochemical deposition behavior of Pb on the Pt,|, / Au surface was
investigated by the CV method in 3.0 mM Pb(ClOy4); + 0.1 M HCIOy solution. Similarly,
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a bare gold electrode was used as the working electrode to study the electrochemical
deposition behavior of Pb on the gold electrode surface.

3.4. Electrochemical Characterization of the Modified Electrodes and Electrocatalytic Oxidation
of Methanol

The modified electrode was subjected to CV characterization in 1.0 M KOH (—1.0
to 0.5V, 50 mV s~ ). The electrocatalytic oxidation of methanol was conducted in 1.0 M
CH30H + 1.0 M KOH solution (—1.0 to 0.5 V, 50 mV s~!). The stability of the modified
electrode toward methanol electrocatalytic oxidation was evaluated using a potentiostatic
method in 1.0 M CH3;OH + 1.0 M KOH solution at a potential of —0.25 V for 1800 s. The
electrochemical active area of Pt was calculated from the hydrogen adsorption peak in
1.0 M KOH solution, using a conversion factor of 210 pC cm~2 [21]. All solutions were
deoxygenated with high-purity nitrogen for at least 10 min.

4. Conclusions

In summary, a Pb-containing PtAu nanoflower electrocatalyst was deposited on the
MWCNT/GCE cathode in a DCGC device. The electrochemical experimental results
demonstrate that the bulk dissolution of Cu at the anode can induce the UPD of Pb on Pt at
the cathode during the GRR process in the DCGC device. The UPD effect of Pb influenced
the growth process of PtAu nanoparticles, leading to the formation of Pb-containing PtAu
nanoflower structures. Under the optimal experimental conditions, the prepared Pb-
Pt3Aul/MWCNTs/GCE showed the highest activity and stability for the electrocatalytic
oxidation of methanol in an alkaline environment. The method of depositing high-activity
electrocatalysts via GRR in the DCGC device is expected to have broad application value
in electrocatalysis and fuel cell research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29235492 /s1. Figure S1. XRD patterns of the as-
synthesized Pt3Au; and Pb-Pt3Au; sample. Figure S2. XPS spectra of the Au (4f), Pt 4f (a) and Pb 4f
(b) regions for the as-synthesized Ptz Au; and Pb-Pt;Au; sample. Figure S3. CV curves at Pt,),/Au
and bare Au electrodes in 0.1 M H,SO, aqueous solution. Scan rate: 50 mV s L
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Abstract: Faced with the increasing volume of retired lithium-ion batteries (LIBs), recycling and
reusing the spent graphite (SG) is of great significance for resource sustainability. Here, a facile method
for transforming the SG into a carbon framework as well as loading Fe;O3 to form a composite anode
with a sandwich structure is proposed. Taking advantage of the fact that the layer spacing of the spent
graphite naturally expands, impurities and intercalants are eliminated through microwave thermal
shock to produce microwave-puffed graphite (MPG) with a distinct three-dimensional structure.
Based on the mechanism of microwave-induced gasification intercalation, a Fe;O3-MPG intercalation
compound (Fe;O3-MPGIC) anode material was constructed by introducing iron precursors between
the framework layers and subsequently converting them into Fe; O3 through annealing. The Fe,Os-
MPGIC anode exhibits a high reversible capacity of 1000.6 mAh g~! at 200 mA g~! after 100 cycles
and a good cycling stability of 504.4 mAh g~! at 2000 mA g~ after 500 cycles. This work can provide
a reference for the feasible recycling of SG and development of high-performance anode materials
for LIBs.

Keywords: lithium-ion batteries; spent graphite; transition metal oxides; graphite intercalation
compounds; composite anode

1. Introduction

As efficient energy storage devices in the burgeoning renewable energy sector, lithium-
ion batteries (LIBs), have become the main power source for electric vehicles and hybrid
electric vehicles, contributing significantly to the reduction in CO, emissions. However, the
expansion of LIBs manufacturing is accompanied by a growing demand for raw materials
and a subsequent increase in retired batteries due to their limited lifespan. It is estimated
that at least 650 GWh of LIBs will be scrapped in 2025 [1]. Improper disposal of spent
batteries presents potential hazards such as explosions and pollutant emissions, and results
in the squandering of valuable raw materials. Consequently, the recycling of spent batteries
is imperative to safeguard the environment and ensure the sustainability of resources.

The recycling of cathode materials has received considerable attention due to their
high metal content [2,3]. However, anode materials (e.g., graphite, hard carbon) are often
overlooked or simply used as reducing agents [4]. Graphite, the most commonly used
anode material, constitutes approximately 20% of the total mass of LIBs. Proper recycling
of graphite is crucial for alleviating the graphite resource shortage and reducing the energy
and costs associated with graphite mining and production.

Compared with natural graphite, spent graphite (SG) includes various metal and
organic impurities that need to be removed. While SG can be regenerated through acid
leaching [5] and pyrometallurgy [6] for reuse as anode material, this process is not attractive
due to its chemical and energy consumption [7]. More importantly, the inherent low
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capacity of graphite cannot meet the demand for high-energy-density LIBs, and high-
capacity anodes such as silicon [8] and metal oxides [9] have become the main focus
of research.

Ferric oxide (Fe;Os3), as one of the most promising alternatives to graphite anodes,
offers advantages such as wide availability, low cost, high theoretical reversible specific
capacity, and good safety. However, they suffer from volume expansion and low con-
ductivity throughout the cycling process, which markedly affect cycling stability and rate
performance. Compounding with carbon materials is one of the most common methods
for enhancing Fe; O3 anodes. Guo et al. [10] synthesized uniform «-Fe, O3 nanoparticles
with a narrow gap (~1.4 nm), which were immobilized on CNTs through N-doped carbon
(x-FepO3/CNTs-NC). Chen et al. [11] chose to embed Fe;O3 nanoparticles within the shells
of hollow, highly graphitized carbon fibers, which are coated by N-doped graphitized car-
bon (GF-FeO@NGC). Numerous studies have demonstrated the favorable specific capacity
and cycling stability of these composite electrodes, highlighting their promising potential
for practical applications.

The interlayer space of graphite presents a novel option for loading Fe,O3. Notably, the
repeated insertion of Li* causes an expansion in the layer spacing of SG, weakening the Van
der Waals force between layers, which makes the intercalation easier. Moreover, due to the
excellent microwave absorbing and conductive properties of graphite, the efficient coupling
of microwave radiation with graphite facilitates the rapid removal of impurities and
intercalants. Microwave radiation on SG induces a Joule heat-discharge—plasma coupled
effect, resulting in rapid heating characterized by thermal shock. This causes the impurities
and intercalants to be quickly released, leading to further expansion of the layer spacing
and forming microwave-puffed graphite (MPG). Fe,O3-MPG intercalation compound
(FepO3-MPGIC) can be fabricated by integrating Fe,O3 into the layers of MPG, which
can significantly improve the electrical conductivity of Fe;O3 and mitigate issues arising
from volume expansion [12], such as inadequate mechanical stability and detachment of
copper foil.

However, the strong agglomeration tendency and thermal stability of Fe,O3 particles
present challenges when attempting to embed it directly into graphite layers. The potential
of graphite frameworks can be fully realized by embedding appropriate precursors into
graphite interlayers and subsequently facilitating their growth into Fe,Os particles. The
embedding of metal chlorides, especially FeCls, into graphite interlayers as precursors has
attracted considerable interest [12-14]. Notably, the graphite framework can be rapidly
intercalated with FeCls to form GICs since the microwave-induced Joule heat can enhance
the internal energy of gaseous reactant molecules and strengthen the kinetics of intercalation
reaction [15].

In this paper, a microwave-assisted method for recovering spent graphite to construct
a high-performance Fe;O3-MPGIC anode with a sandwich structure is proposed. The
method utilizes microwave-induced thermal shock to instantaneously release interlayer
impurities and intercalating agents, leading to an increase in interlayer spacing and the
formation of a three-dimensional framework. FeCl; infiltrates the interlayer of the MPG
through microwave-induced gasification intercalation and is converted in situ to Fe,Os
particles during heat treatment. The Fe,O3-MPGIC with a sandwich structure not only
maintains the stability and electrical conductivity of graphite but also exhibits enhanced
electrochemical properties. This innovative approach offers an efficient way to process
spent graphite and fabricate anodes for high-capacity lithium storage.

2. Results and Discussion
2.1. Characterization

The microstructure of the samples was clearly visualized using SEM. As illustrated
in Figure 1a, the SG exhibits clumping due to the presence of residual polymer binders.
The surface of the SG is characterized by numerous aggregated particles, predominantly
composed of residual binders, derived products of SEI, and decomposition products of
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the electrolyte [16,17]. MPG exhibits an obvious layered structure and expanded layer
spacing in Figure 1b, which is attributed to the instant release of impurities and intercalants
in the interlayer by microwave thermal shock. As shown in Figure 1c, the FeCl3-MPGIC
formed by microwave irradiation after mixing MPG with FeCls has a larger layer spacing
which is the result of the diffusion of iron chlorides, such as [FeCl4] ™, into the interlayer. In
addition, numerous small particles are uniformly distributed in the interlayer of the MPG
framework, which are the iron chlorides deposited on the MPG framework after cooling.
After heat treatment, these iron chlorides gradually convert to Fe;O3 and agglomerate into
particles that are larger in size compared to the iron chlorides.

CKa1_2 OKa1 Fe Ka1

Figure 1. SEM of (a) SG, (b) MPG, (c) FeCl3-MPGIC, and (d) Fe;O3-MPGIC as well as (e) EDS of
Fep,O3-MPGIC.

The significant increase in particle size of Fe,O3 causes a further expansion of the layer
spacing of MPG, so that the Fe,O3-MPGIC exhibits a distinct sandwich structure, as shown
in Figure 1d. Fe,Oj3 particles in Fe;O3-MPGIC are widely and uniformly distributed within
the interlayers of the MPG framework, which can restrict the volume expansion of Fe;O3
particles during the lithiation process, thereby ensuring the stability of the interface between
Fe, O3 particles and the electrolyte. In addition, a large number of pores were etched by
Fe3* on the MPG framework during the heat treatment. The enhanced pore structure
facilitates the infiltration and permeation of the electrolyte and promotes charge transfer
on the Fe,O3 particles in the MPG. Figure 1le presents an energy dispersive spectroscopy
(EDS) elemental map that vividly illustrates the distribution of carbon (C), oxygen (O), and
iron (Fe) across the sample. The uniform dispersion of these elements is indicative of the
Fe, O3 particles being homogeneously integrated within the MPG framework., confirming
the successful creation of Fe,O3-MPGIC composite materials.

TEM was conducted for the in-depth research on the pore structure and surface defects
in Fe,O3-MPGIC. As depicted in Figure 2, the Fe;O3-MPGIC structure is characterized by
uniformly sized Fe; O3 particles that are firmly anchored to graphite sheets. This obser-
vation suggests that ferric chloride, during the intercalation process, is evenly dispersed
within the interlayers of FeCl3-MPGIC and subsequently aggregates and converts into
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Fe,O5 particles upon heat treatment, resulting in a consistent particle distribution. In
addition, visible surface defects (Figure 2a) and pore structure (Figure 2b) can be observed
on the graphite sheet. The TEM results further demonstrate that the MPG framework
is strongly etched by Fe* during the thermal treatment, resulting in the formation of
abundant pore structures and surface defects. This will help increase the contact between
the Fe;O3-MPGIC electrode and the electrolyte, thereby improving the Li ions and electrons
transport efficiency.

(a) (b)
Figure 2. TEM of (a) defects and (b) pore structure of Fe,O3-MPGIC.

The crystal structure of the obtained samples was studied through XRD. In general,
GICs with a layer of intercalators every n layers of graphite are called stage-n GICs. Ac-
cording to the diffraction peaks, it can be concluded that FeCl; has been embedded into the
graphite layers after microwave irradiation, and the FeCl3-MPGIC exhibits a typical GIC
structure. As shown in Figure 3a, obvious diffraction peaks are observed at 9.18°, 18.6°,
28.24°, and 50.58° in the FeCl3-MPGIC sample, corresponding to the stage-1 intercalation
structure of FeCl; with graphite [18]. And the diffraction peaks at 14.1° and 21° corre-
spond to stage-2, while the diffraction peak at 16.9° corresponds to the stage-3 intercalation
structures [19].

In addition, the effect of microwave irradiation on the sample structure was analyzed
by comparing the XRD patterns of samples obtained at different irradiation times. Com-
pared to FeCl3-MPGIC irradiated for 3 min, the diffraction peaks located at 9.18°, 14.1°,
and 18.6° are more pronounced in samples irradiated for more than 5 min. This indicates
that after 5 min of irradiation, the samples obtained have a higher degree of intercalation
structure. For the FeCl3-MPGIC irradiated for 7 min, the intensity of the diffraction peak
located at 14.1° diminishes, which may be attributed to the high temperature caused by
prolonged irradiation inhibiting the kinetics of FeCls intercalation into the graphite layers,
thus inhibiting the formation of second-order intercalation structures. Therefore, 5 min of
irradiation achieves the optimal intercalation structure of FeCl3-MPGIC with the shortest
irradiation time and minimum energy consumption.

Further analysis was conducted on the crystal structure of Fe;O3-MPGIC to reveal
the effect of the mass ratio between FeCl; and MPG. As illustrated in Figure 3b, the Fe;Os-
MPGIC samples exhibit obvious diffraction peaks at 24.15°, 33.16°, 35.63°, 40.86°, 49.46°,
54.07°, 62.44°, and 64°, respectively, corresponding to the (012), (104), (110), (11 3),
(024),(116),and (2 1 4) crystal planes of Fe;O3, which are consistent with the standard
diffraction peaks in PDF # 87-1166. This indicates that the iron chloride such as [FeCly] ™
in the interlayer of FeCl3-MPGIC can be converted to Fe,Os after heat treatment. The
intensities of the Fe,O3 characteristic peaks in the XRD pattern of Fe,O3-MPGIC increased
with the rise in the proportion of ferric chloride. This increase demonstrated that Fe,Os-
MPGIC with various loadings was synthesized by mixing MPG with ferric chloride in
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different ratios. In addition, compared to the diffraction peak of FeCl3-MPGIC, Fe,Os-
MPGIC has almost no corresponding peaks of intercalation structure, which is mainly
attributed to the significant increase in layer spacing caused by the aggregation of iron
chloride and the growth of Fe,O3; during the conversion process, destroying the original

form of crystal planes.
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Figure 3. XRD patterns of (a) FeCl3-MPGIC and (b) Fe,O3-MPGIC, and BET results (c,d) of Fe;O3,
FeCl3-MPGIC and Fe, O3-MPGIC.

Ny-adsorption desorption testing was performed to characterize the changes in the
pore structure of Fe,O3-MPGIC and further investigate its surface characteristics. Figure 3c
shows the isothermal curves of Fe, O3, FeCl3-MPGIC and Fe,O3-MPGIC. Fe,O3-MPGIC has
a higher adsorption capacity compared to Fe,O3 and FeCl3-MPGIC (0.1 < P/Pj < 0.3). This
can be attributed to the expansion of the layer spacing of the MPG framework during the
formation of Fe,Oj3 particles and the pore structure etched by Fe** during thermal treatment.
The increased adsorption capacity also results in an increase in the specific surface area. As
depicted in Table 1, the specific surface area of Fe,O3-MPGIC has been increased due to
the growth and accumulation of Fe;O3 particle, coupled with the additional expansion of
the MPG interlayers during the synthesis process. In addition, the changes in the specific
surface area of Fe;O3-MPGIC under different material ratios are further analyzed. With an
increase in the mass ratio of FeCls, the specific surface area of Fe,O3-MPGIC significantly
decreases. This is primarily due to the increased presence of Fe?*, which enhances the
etching effect on the MPG framework surface during thermal treatment. Therefore, Fe,Os3-
MPGIC-6.0, with a lower specific surface area, exhibits a more abundant pore structure and
more prominent surface defects.

The pore size distribution of the Fe,O3-MPGIC surface is analyzed to further study
its pore structure. As depicted in Figure 3d, the pore structure of Fe,O3-MPGIC remains
relatively consistent at small pore sizes (<3 nm) in comparison to FeCl3-MPGIC. However,
the amount of pore structure increases significantly for pores larger than 7 nm, particularly
for pores larger than 20 nm, which is the predominant form of the Fe;O3-MPGIC pore
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structure. This suggests that the inclusion of Fe,O3-MPGIC enriches the pore structure
of the samples, resulting in a broader distribution of pore sizes in the composite material.
Rich mesopores (2~50 nm) and the larger surface area can provide ion transport channels,
and reduce diffusion resistance [20]. Therefore, Fe,O3-MPGIC demonstrates the potential
as a lithium storage material due to its excellent structural characteristics.

Table 1. Specific surface area of samples.

Samples Specific Surface Area (m? g=1)
F6203 17.408
MPG 13.267
FeCl3-MPGIC-6.0 17.335
Fe;O3-MPGIC-5.0 29.435
Fe;O3-MPGIC-5.5 24.067
Fe;O3-MPGIC-6.0 22.017

The Fe;O3-MPGIC not only has a rich pore structure but also exhibits various defects.
The Raman spectrum is utilized to investigate the defects and characteristics of the carbon
structure in Fe;O3-MPGIC. As shown in Figure 4, Fe;O3-MPGIC and FeCl3-MPGIC display
distinct peaks at 1360 and 1590 cm !, which corresponds to the D and G bands, respectively,
characterizing the carbon structure of the material. The crystallinity of the carbon materials
in the samples can be compared by calculating the ID/IG values, which correspond to
the disordered carbon structure (D band) and the graphitized carbon structure (G band).
The Ip/Ig value of FeCl3-MPGIC is 0.17, indicating a high degree of graphitization and
minimal structural defects in the carbon structure of the material. The Ip/Ig values of the
Fe,O3-MPGIC increase gradually with the increase in mass ratio, reaching 0.32, 0.65, and
0.82, respectively. This indicates that the etching effect of Fe** on the MPG framework
becomes more pronounced as the volume of FeCls increases. It indicates that the structural
defects of Fe,O3-MPGIC significantly increase with the increase in mass ratio, which aligns
with the presence of various defects observed in the microstructure of Fe;O3-MPGIC in the
SEM results.
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Figure 4. Raman spectra of FeCl3-MPGIC and Fe,O3-MPGIC.

Moreover, Fe,O3-MPGIC exhibits significant peaks at 215, 275, 390, and 590 cm™ 1,
which correspond to the Fe-O bonds in the Fe,O3 structure [21]. As the mass ratio increases,
the peak intensity also rises. On one hand, the increase in Fe,O3 content leads to an
enhancement of the vibration signal of the Fe-O bond, On the other hand, the Fe;O3-MPGIC
framework contains numerous structural defects, which expose more Fe;O3 particles
and result in more significant molecular signals. However, few peaks are observed at
200~600 cm~! in FeCl3-MPGIC, mainly due to the substantial amount of FeCl; within the
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crystal structure of MPG, which is concealed by the complete graphite layer. As for Fe,Os-
MPGIC, the increased structural disorder means the formation of numerous structural
defects in the composite material. The presence of structural defects exposes more Fe;O3
particles and facilitates the infiltration of electrolyte. Therefore, Fe,O3-MPGIC exposes
more active sites for Li* reactions, additionally increasing the lithium storage capacity of
the Fe,O3-MPGIC electrode.

XPS was performed to further study the elemental composition and chemical proper-
ties of Fe;O3-MPGIC. As depicted in Figure 5a, the XPS survey spectrum of FeCl3-MPGIC
reveals the presence of notable amounts of C, Cl, and Fe elements, confirming the pres-
ence of iron chlorides such as [FeCl4]™ in the MPG framework. The presence of a small
amount of the O element is attributed to the sample’s affinity for atmospheric oxygen
and moisture. The Fe,O3-MPGIC clearly contains C, O, and Fe elements, with almost no
characteristic peaks of the Cl element, indicating that almost all iron chlorides are converted
to Fe; O3 after thermal treatment. Furthermore, the more defined O 1s peak observed in
the Fe;03-MPGIC spectrum provides compelling evidence that Fe3* ions, having released
their chloride components, have combined with oxygen to form the Fe,O3 phase.
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Figure 5. XPS spectra: (a) survey of FeCl3-MPGIC and Fe,O3-MPGIC, (b) CI 2p of FeCl3-MPGIC,
(c) O 1s and (d) Fe 2p of Fe,O3-MPGIC.

Further analysis of the spectra of each element verifies the form of existence of the
corresponding components. As shown in Figure 5b, there are two obvious fitting peaks in
the CI 2p map of FeCl3-MPGIC at 198.5 eV and 200.3 eV, which can be identified as Cl 2p3 /»
and ClI 2py /, of chlorides, respectively. It indicates that the iron chlorides embedded in the
MPG framework maintain a binding energy close to the crystalline state [14]. An in-depth
analysis of the Ols spectrum of Fe,O3-MPGIC depicted in Figure 5c is conducted in order
to verify the presence of Fe,Os. The fitted peaks located at 530.2, 531.9, and 533.4 eV
correspond to the presence of three distinct chemical structures of O?~, C-O, and C=0,
respectively [22,23]. The significant O?~ fitting peak suggests the extensive binding forms
of Fe3* and O?~, indicating the presence of Fe,Os.
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As depicted in Figure 5d, the Fe 2p spectrum of Fe;O3-MPGIC exhibits two distinct
peaks at711.3 eV and 724.5 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, respectively, which
proves that an iron state exists in the form of trivalent Fe>*. Additionally, two satellite peaks
are observed at 719.5 eV and 732.7 eV, confirming the widespread presence of Fe; O3 [10].
Therefore, through XPS analysis, it was found that the iron chlorides in FeCl3-MPGIC are
widely present in the interlayer of the MPG framework. After thermal treatment, almost all
the iron chlorides in the interlayer are converted into Fe;O3, thus constructing a sandwich
structure of Fe,O3-MPGIC.

2.2. Electrochemical Performance

The electrochemical performance of the FeCl3-MPGIC and Fe,O3-MPGIC electrodes
for LIBs was evaluated by assembling coin-type half cells. The cyclic voltammetry (CV)
tests were initially conducted at a scan rate of 0.1 mV s~! within the voltage range of
0.01~3.0 V. Figure 6a shows the CV curve of FeCl3-MPGIC electrode, with prominent peaks
observed at 1.19, 0.45, and 0.01 V during the cathodic scanning of the first cycle. Among
them, the first two peaks correspond to a multi-step lithiation process in which Li* are
intercalated into the graphite interlayer and react with iron chlorides such as [FeCly]™
within the interlayer. This process is highly irreversible, resulting in the cathodic peaks
shifting from 1.19 V and 0.45 V to 1.39 V and 0.71 V, respectively, in subsequent cycles [14].
The cathodic peak located at 0.01 V corresponds to the process of embedding Li* into the
graphite layer to form LiCg, indicating that the MPG framework can contribute additional
capacity for lithium storage. During the anode scanning phase, the peak located at 0.27 V
corresponds to the decomposition of LiCs embedded in the interlayer and the removal of
Li*. Subsequently, the reverse process of lithium intercalation occurs at 1.52 V and 2.39 V,
corresponding to 1.19 V and 0.45 V, respectively. After the highly irreversible reaction
of lithium intercalation during the first cycle, the anodic scanning stage exhibits good
reversibility. The analysis of the current intensity in the CV curve indicates that the FeCls-
MPGIC electrode, which contains iron chlorides in the interlayer, has a lithium storage
capacity comparable to that of the MPG framework.

After thermal treatment, the iron chlorides in the interlayer transformed into Fe,Oj3, re-
sulting in significant variations in their capacity for lithium storage. As shown in Figure 6b,
the CV curve of the Fe;O3-MPGIC electrode exhibits notable changes in both peak voltage
and peak current. The cathodic peak corresponding to the reaction between Fe,O3 and Li*
to form Fe' is located at 0.64 V, which is significantly different from the lithium storage
potential of iron chlorides. During the anodic scan, the peak located at 1.69 V corresponds
to the oxidation process of Fe' converting to Fe**. Similar to the FeCl3-MPGIC electrode,
the MPG framework also contributes a portion of lithium storage capacity to Fe,O3-MPGIC,
as indicated by the peaks located at 0.01 V and 0.19 V in the CV curve. Comparing the CV
curves of FeCl3-MPGIC and Fe,O3-MPGIC, it is evident that the Fe,O3-MPGIC electrode
exhibits a higher peak current. This suggests that Fe,Os plays a significant role in the
lithium storage capacity of the composite electrode, indicating that Fe;O3 dominates the
overall lithium storage capacity.

The cycling performance of Fe;O3-MPGIC electrodes was evaluated through galvano-
static charge/discharge testing at a current density of 200 mA g~!. As depicted in Figure 6c,
the Fe,O3-MPGIC electrode exhibited superior cycling performance and lithium storage
capacity compared to the FeCl3-MPGIC electrode. With an increase in the mass ratio, the
reversible capacity of the electrode significantly improved, indicating that a higher mass
results in a larger volume of iron chlorides in the interlayer, thereby allowing more Fe;O3
particles to be loaded into the interlayer of the MPG framework after thermal treatment.
Specifically, the initial discharge capacity of Fe,O3-MPGIC-6.0 is 1265.6 mAh g~!, with
an initial coulombic efficiency is 76.2%. The significant irreversibility is mainly attributed
to the irreversible loss of active Li* caused by the formation of SEI. The capacity of the
electrode slowly increases during the cycling process, indicating that the electrode be-
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comes more thoroughly wetted in the electrolyte and is further activated as the cycling
continues [24].
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Figure 6. CV curves of (a) FeCl3-MPGIC and (b) Fe;O3-MPGIC, (c) cycling performance at
200 mA g~ !, (d) rate performance, and (e) long-cycle performance at 2000 mA g~ .

After 100 cycles, the Fe,O3-MPGIC-6.0 electrode maintains a high reversible capacity
of 1000.6 mAh g1, significantly surpassing the 578.3 mAh g~ capacity of FeCl3-MPGIC,
which demonstrates the excellent lithium storage capacity and cycling stability of the Fe;O3-
MPGIC-6.0 electrode. The outstanding cycling performance is primarily attributed to the
excellent electrical conductivity provided by the MPG framework and the mitigated volume
expansion of Fe,O3 through the sandwich structure. In addition, the MPG framework
etched by Fe3* possesses a rich pore structure and surface defects, which can promote the
electrolyte infiltration and Li* diffusion. Therefore, the sandwich structure of the Fe,Os-
MPGIC electrode improves electron and Li* transport, enhancing the electrical contact and
resulting in higher reversible capacity and excellent cycling stability.

Furthermore, the rate performance of the electrodes was compared within the current
density range of 100 mA g~! to 2000 mA g~!. As shown in Figure 6d, Fe;03-MPGIC-
6.0 exhibits excellent rate performance, maintaining high reversible capacities of 1007.7,
1031.2, 915.9, 833, and 673.5 mAh g’1 at 100, 200, 500, 1000, and 2000 mA g’l, respec-
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tively. The outstanding rate performance is not only 4-5 times higher than the capacity
of FeCl3-MPGIC electrode at high current densities, but also up to 10 times higher than
that of commercial graphite (62.5 mAh g~ ! at 2000 mA g~ !). When the current density
returns to 100 mA g, the capacity of Fe;03-MPGIC-6.0 recovers to 1034 mAh g1, signifi-
cantly higher than the capacity of FeCl3-MPGIC electrodes (440 mAh g~!) and commercial
graphite (369 mAh g~ 1).

Notably, the excellent rate performance of Fe;O3-MPGIC-6.0 draws support from
the sandwich structure constructed by the MPG framework to provide reliable mechan-
ical strength for the electrode, so as to ensure that excellent structural stability can be
maintained under repeated lithiation and de-lithiation, especially at high current densities.
Furthermore, the etching of Fe** on the MPG framework during the thermal treatment
greatly enriches the pore structure and surface defects of the electrode, providing a shorter
diffusion path for Li* and ensuring efficient charge transfer at high rates. As a result, the
electrode exhibits a high reversible capacity, even at high current density. In addition,
the excellent rate performance may also be contributed by the pseudo-capacitance on the
electrode surface, which can promote rapid electrochemical reactions on the electrode
surface [25].

Considering the excellent cycling and rate performance of the Fe;O3-MPGIC electrode,
the long-term cycling performance of the electrode was further tested at a current density
of 2000 mA g~! to study the cycling stability. As shown in Figure 6e, at 2000 mA g~!,
FepO3-MPGIC-6.0 still exhibited excellent cycling stability after 500 cycles, maintaining
a high reversible capacity of 504.4 mAh g~!, and the coulombic efficiency remains close
to 100% throughout the cycling period. In contrast, the FeCl3-MPGIC electrode exhib-
ited a reversible capacity of only 173.1 mAh g~!. This demonstrates that the sandwich
structure can effectively alleviate the volume expansion of Fe;O3 particles, thus ensur-
ing the structural stability of the electrode. The rich pore structure and surface defects
on the MPG framework also enhance the diffusion of Li* and facilitate charge transfer,
allowing the electrode to maintain a high reversible capacity while exhibiting excellent
cycling stability. However, the long cycle performance curve of Fe,O3-MPGIC-6.0 shows
a decreasing and then an increasing trend. Upon careful comparison, a similar trend is
observed for FepO3-MPGIC-5.5. This phenomenon may be attributed to the increased
loading of Fe,O3, which stresses the structural stability of the MPG framework during
high rate cycling without activation. While increased loads enhances specific capacity,
it may simultaneously diminish the strength of composite materials [26]. Remarkably,
as the charge/discharge cycling continues, the material appears to gradually adapt to
this structural change, thereby recovering some of its electrochemical properties. This
adaptation is corroborated in Figure 7, where the MPG framework still confines most of
the Fe, O3 particles even after 400 cycles at 2000 mA g~ 1.

Figure 7. SEM of the anode (a) after 150 cycles and (b) after 400 cycles at 2000 mA g~

EIS was conducted to analyze the electrochemical kinetic behavior of Fe,O3-MPGIC
electrode. As shown in Figure 8a, the spectrum mainly includes a semicircle at medium
and high frequency and a linear track at low frequency. The intercept between the line
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and the horizontal axis in the high-frequency region corresponds to the electrolyte related
impedance (Rg), the semicircle diameter corresponds to the charge transfer impedance
(Rct), and the linear trajectory in the low-frequency region corresponds to the Weber
impedance (Zw), which can reflect the diffusion ability of Li* of the electrode [27]. Z-view
software is employed to fit and analyze the curves. A solution resistance (Rg), charge
transfer resistance (Rct), and Weber impedance (Wp) constitute the equivalent circuit
together which is connected in parallel with a constant phase element (CPE). Table 2 shows
the fitted Rs and Rct values. The Rg of Fe;O3-MPGIC is basically the same, indicating that
the impedance of the electrode to the electrolyte is basically the same. The Rct value of the
electrode shows a trend of increasing and then decreasing with the increase in mass ratio.
The increase in Rct may be attributed to the aggregation of Fe,O3 particles which disrupts
the layered structure of the MPG framework, thereby weakening the efficiency of charge
transfer. The subsequent decrease in impedance is caused by the increase in pore structure
and surface defects on the MPG framework, which facilitate the infiltration of electrolyte
and enhance the charge transfer. The above results indicate that the rich pore structure and
surface defects play an important role in reducing the internal resistance of batteries and
promoting charge transfer.
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Figure 8. (a) EIS spectra and (b) the linear relation between Z' and w12 of FeCl3-MPGIC and
Fe,O3-MPGIC.

Table 2. Rg and Rct of Fe;O3-MPGIC electrode.

Samples Rg Rer
Fe,O3-MPGIC-5.0 1.626 300
Fe,O3-MPGIC-5.5 1.764 4423
Fe,O3-MPGIC-6.0 1.749 246.3

Furthermore, the following equation is used to fit the curve in the low-frequency
region to characterize the Li* diffusion ability of the electrode:

D = R’T?/2A*n*F*C%0? 1)

Z' = Rs+ Rer +ow /2 @)

where R is the gas constant, T represents the Kelvin temperature, usually taken as 298 K, A
indicates the surface area of the electrode, 1 is the number of charge transfers during the
redox process, F denotes the Faraday constant, C depicts the concentration of lithium ions,
and ¢ symbolizes the Weber coefficient. By fitting the linear relationship between Z' and
w12 (w is the angular frequency), the value of ¢ can be obtained [28].

The value of ¢? is inversely proportional to the diffusion coefficient D, where lower
values o corresponding to a larger Li* diffusion coefficient, reflecting a stronger Li* dif-
fusion ability. As shown in Figure 8b, similar to the impedance results fitting from the
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medium and high frequency, the Li* diffusion ability of Fe,O3-MPGIC electrode also first
decreases and then increases. This is mainly attributed to the increase in the mass ratio
weakening the promotion of graphite on Li* diffusion, resulting in a reduced Li* diffusion
ability. As the mass ratio increases, the etching effect of Fe** on the MPG framework is
enhanced. The rich pore structure and surface defects promote electrolyte infiltration,
which shortens the transfer path of Li* and enhances its diffusion ability. The EIS results
indicate that the impedance of the Fe;O3-MPGIC electrode is generally at a lower level
due to the excellent conductivity provided by the MPG framework. Moreover, the rich
pore structure and surface defects on MPG facilitate the infiltration of electrolytes, further
enhancing the diffusion of Li* and charge transfer efficiency.

In order to study the pseudo-capacitance effect of Fe,O3-MPGIC-6.0 electrode, CV
tests were conducted at scan rates ranging from 0.1 to 2.0 mV s~!. Figure 9a shows the CV
curves of the electrodes at 0.1, 0.2, 0.5, 1.0, and 2.0 mV s~ 1. The relationship between peak
current (i) and scanning rate (v) follows the equation

i=av® 3)

where i and v refer to the peak current and scanning rate, respectively, and a and b are
constants. The value of b, determined by the linear fitting slope of log v-log I, ranges
from 0.5 to 1.0, where 0.5 indicates the battery process controlled by diffusion effect
and 1.0 represents the capacitive process controlled by surface effect [29]. As shown in
Figure 9b, the b values of the cathode peak (A) and anode peak (B) of Fe;O3-MPGIC-6.0 are
0.77 and 0.86, respectively, indicating that the reaction current is an interaction between
battery process and capacitive process. This suggests that the Fe,O3-MPGIC-6.0 electrode is
affected by the pseudo-capacitance effect during the cycling process. Based on the following
equation, the contribution of pseudo-capacitance is further quantitatively analyzed:

i=kwo +ko!/? 4)

where ki, ky are the constant [30]. The reaction current is divided into pseudo-capacitance
contribution (k1v) and diffusion process contribution (k2v'/2), where the value of k; can be
calculated through the linear relationship between iv~!/2 and v'/2. As shown in Figure 9c,
when the scanning rate is 1.0 mV s, the pseudo-capacitance contribution of the Fe,Os-
MPGIC-6.0 electrode is 75.2%. As the scanning rate increased from 0.1 to 2 mV s~ (Figure 9d),
the pseudo-capacitance contribution of Fe,O3-MPGIC-6.0 electrode increased from 65.4%
to 91.9%. This indicates that the pseudo-capacitance effect has a significant contribution
to the lithium storage capacity, especially promoting the storage process of Li* during
high-rate cycling. Combined with the excellent rate performance of Fe,O3-MPGIC-6.0
electrode, the sandwich structure provides structural stability while realizing enhanced
charge transfer, and the remarkable pseudo-capacitance effect also effectively enhanced the
lithium storage capacity of the electrode at a high current density.

Compared with the relevant studies on graphite-based Fe,O3 composite electrodes
(Figure 10), the composite electrode in this study demonstrates superior rate capability
while achieving a higher specific capacity. In summary, the obvious enhancement in
the Li storage and cycling performance of Fe,O3-MPGIC electrodes can be attributed
to the following reasons. (1) In Fe;O3-MPGIC electrodes, the MPG framework serves
as a conductive network to accelerate electron transport, and the expanded interlayer
spacing shortens the diffusion path of Li*, improving charge transfer on the composite
electrode, thereby ensuring high reversible capacity and excellent rate performance of the
electrode. (2) Owing to the support and restriction provided by the MPG framework on
Fe, O3 particles, the volume expansion of Fe,O3 particles during the cycle can be alleviated,
while ensuring the structural stability of the electrode. (3) The etching of the MPG by Fe3*
during thermal treatment significantly enriches the surface defects and pores of Fe,;Os-
MPGIC electrode. This leads to a shorter diffusion path for Li*, faster charge transfer,
and an increase in lithium storage sites within the electrode, resulting in higher reversible
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capacity and excellent cycling performance. (4) The sandwich structure exhibits significant
pseudo-capacitance, which ensures efficient charge transfer between electrodes even at
high current densities, thereby improving the rate performance of Fe,O3-MPGIC electrodes.
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Figure 9. (a) CV curves of Fe;O3-MPGIC at scan rates ranging from 0.1 to 2.0 mV s~ 1. (b) The
fitted linear relationship between log i and log v. (c) Pseudo-capacitance contribution at a scan rate
of 1.0 mV s~1. (d) The ratio of pseudo-capacitance contribution of the Fe;03-MPGIC electrode at
various scan rates.
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3. Materials and Methods
3.1. Materials

Spent lithium-ion batteries were obtained from Shandong Jiuli Electronic Technology
Co., Ltd., Zaozhuang, China. Potassium persulfate (K;S,0Og) was obtained from Shanghai
McLean Biochemical Co., Ltd., Shanghai, China. Phosphoric acid (H3PO,) was obtained
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Iron trichloride (FeCl3) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China.

3.2. Acquisition of SG

The spent lithium batteries must be fully discharged prior to manual disassembly to
prevent safety hazards. The disassembled cathode material was recycled and used for other
research, while the anode material was immersed in a 1 mol L~! KOH solution to separate
it from the copper foil. Subsequently, the anode powder was rinsed with acid and ample
deionized water to neutralize the pH and eliminate surface impurities. After drying and
sieving, the SG was obtained with the copper foil nearly intact.

3.3. Preparation of MPG Framework

The synthesis of MPG has been implemented in previous work [39]. Firstly, microwave
treatment was utilized to quickly and effectively remove residual impurities from the SG.
The SG was placed in a customized industrial microwave oven and treated for 15 s per
15 s interval at a power of 1000 W for 5 min. Subsequently, oxidative intercalation of the
SG after removing impurities was conducted under the synergistic effect of K,5,0g and
H3POy4. After centrifugation, washing, and drying, the successfully intercalated SG was
obtained and then treated for 5 min using the microwave process mentioned earlier. Due
to the rapid decomposition and vaporization of the intercalant between graphite layers at
high temperatures, part of the interlayer spacing of the SG was expanded, thus successfully
obtaining an MPG framework with a clear and complete sandwich structure.

3.4. Preparation of Fe;O3-MPGIC

Due to the deliquescence of FeCls in the air atmosphere, the sample preparation
process needs to be carried out in a glove box filled with argon gas. Firstly, the MPG
framework and FeClz were mixed by grinding them together in a mass ratio of 1:5.0, 1:5.5,
and 1:6.0 in the glove box. Subsequently, the mixture is loaded into a custom quartz reactor.
The quartz reactor was placed in a microwave oven and purged with Ar gas at a flow rate
of 200 mL min~! to ensure an anhydrous and inert atmosphere.

Intermittent microwave irradiation was used for the preparation of FeCl3-MPGIC.
The detailed procedure is as follows. Firstly, the quartz reactor was irradiated at 900 W for
30 s, followed by intermittent irradiation (on: 9 s, off: 21 s) at 900 W for 3 to 7 min. Severe
discharge phenomena can be observed in the reactor during this process. FeClz was excited
into a gaseous mixture of Cl, and ferric chloride, migrating toward the interlayer of the
MPG framework. Intermittent irradiation can supply enough energy for the migration
through excitation and discharge, while also preventing the direct decomposition of FeCl3
due to excessively high temperatures. Secondly, the FeCl3-MPGIC was obtained after
multiple washings, vacuum filtration, and overnight drying. Lastly, Fe;O3-MPGIC was
obtained by heating FeCl3-MPGIC to 550 °C at a rate of 5 °C min~! and then holding it for
3 h in a muffle furnace, wherein the iron chloride embedded in the interlayer was in situ
converted into Fe;,O3. According to the difference in mass ratio, the obtained samples were
recorded as Fe,O3-MPGIC-5.0, Fe,O3-MPGIC-5.5, and Fe,O3-MPGIC-6.0. The mechanism
of synthesizing Fe,O3-MPGIC is primarily illustrated in Figure 11.
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Figure 11. Schematic of synthesizing Fe,O3-MPGIC.

3.5. Characterization and Electrochemical Test

The morphology observation and microstructure measurements of as-prepared sam-
ples were carried out using scanning electron microscopy (SEM; SUPRA™S55, ZEISS,
Oberkochen, Germany) and transmission electron microscope (TEM; FEITalos F200x, FEI
Company, Hillsboro, OR, USA). Moreover, the crystal structure was examined by X-ray
diffraction (XRD; AERIS, PANalytical B.V., Almelo, The Netherlands) using Cu-K radiation,
with 20 values ranging from 8 to 70°. Furthermore, the carbon structure was investigated
using Raman spectroscopy (HORIBA LabRAM HR Evolution, HORIBA Scientific, Paris,
France) and the laser wavelength used in this experiment is 532 nm. X-ray photoelectron
spectroscopy (XPS; Thermo Scientific K-Alpha, Thermo Fisher Scientific, Waltham, MA,
USA) was employed to further analyze the chemical characteristics. In addition, the surface
area and pore distribution of the sample were modeled by the N, adsorption—desorption
isotherm (Quanta Chrome Instruments Co., Ltd., Boyertown, PA, USA).

The electrochemical properties of the samples were analyzed by testing assembled
CR2025 half-cells. At first, the active substance, super P carbon and sodium carboxymethyl
cellulose (CMC) were mixed and ground in the mass ratio of 7:2:1 with deionized water as
solvent. Then, the working electrode sheet was uniformly coated on the copper foil and
vacuum dried at 60 °C for 12 h. The slurry thickness of the obtained electrode sheet was
approximately 20 um, and the mass loading of the active substance was calculated to be
about 1.0 to 1.2 mg cm~2. When assembling the battery, the lithium metal sheet was used
as the counter electrode, and the polyethylene porous composite film (Celgard 2400) was
placed between it and the working electrode as the diaphragm. The electrolyte contained
1.0 mol L~! LiPFq in a solution of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1 Vol%). The entire assembly process should be completed in a glove box under high
purity Ar atmosphere (water and oxygen values not exceeding 0.1 ppm).

The galvanostatic charge/discharge performance test from 0.01 to 3 V at room tem-
perature were performed on a LAND battery testing system (CT3001A, Wuhan Lanhe,
Wuhan, China). Moreover, cyclic voltammetry (CV) was conducted on an electrochemical
workstation (CHI 660e, Shanghai Chenhua, Shanghai, China), in which the test voltage
was in the range of 0.01~3 V (versus Li/Li*), and the scan rate ranged from 0.1 mV g1
to 2 mV s~L. In addition, electrochemical impedance spectroscopy (EIS) was carried out
on the CHI 660e electrochemical workstation with a voltage amplitude of 10 mV and a
frequency range of 100 kHz to 0.01 Hz. Z-view software (Zview2, Scribner Associates, Inc.,
Southern Pines, NC, USA) is employed to fit and analyze the curves.

4. Conclusions

This work not only develops green, economic, and high-performance anodes for LIBs,
which have shown great potential in promoting the practical applications, but also provides
a valuable reference for the resource disposal of SG, which is of great significance in the
resource closed-loop management in the LIB industry. Fe;O3-MPGIC anode leverages the
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high theoretical specific capacity of Fe;O3; while maintaining the high electrical conductiv-
ity and structural stability of graphite. Additionally, the etching effect enriches the graphite
layers with a porous structure, which provides more lithium-ion transport channels, en-
hancing the long cycles and rate performance of Fe,O3-MPGIC. In electrochemical tests,
Fe,03-MPGIC delivered a high reversible capacity of 1000.6 mAh g~! at 200 mA g~ ! after
100 cycles and exhibited excellent rate performance, retaining a capacity of 673 mAh g~!
when the current density was increased to 2000 mA g~!. It also presented obvious cy-
cling stability, maintaining a capacity of 504.4 mAh g~! at 2000 mA g~ ! after 500 cycles.
However, while increased Fe,O3 content can enhance the capacity, it may concurrently
introduce challenges that could compromise the electrode’s long-term stability. Achieving
an optimal balance between the mass fraction of Fe,O3 and the preservation of structural
stability stands as a pivotal issue that must be addressed in the development of future
electrodes of this category.
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Abstract: We reported a highly efficient electrochemical immunosensor utilizing chitosan—graphene
nanosheets (CS-GNs) nanocomposites for the detection of aflatoxin By (AFB;) in corn samples. The
CS-GNs nanocomposites, serving as a modifying layer, provide a significant specific surface area
and biocompatibility, thereby enhancing both the electron transfer rate and the efficiency of antibody
immobilization. The electrochemical characterization was conducted utilizing both differential pulse
voltammetry (DPV) and electrochemical impedance spectroscopy (EIS). Moreover, the antibody
concentration, pH, antibody immobilization time, and immunoreaction time, were optimized. The
results showed that the current change (AI) before and after the immunoreaction demonstrated a
strong linear relationship (R?> = 0.990) with the AFB; concentration, as well as good specificity and
stability. The linear range extended from 0.05 to 25 ng/mL, with a detection limit of 0.021 ng/mL
(S/N = 3). The immunosensor exhibited a recovery rate ranging from 97.3% to 101.4% in corn
samples, showing a promising performance using an efficient method, and indicating a remarkable
prospect for the detection of fungal toxins in grains.

Keywords: electrochemical immunosensor; aflatoxin By; chitosan; graphene nanosheets; nanocomposites

1. Introduction

Aflatoxin is a highly toxic furanocoumarin derivative produced by Aspergillus flavus
and Aspergillus parasiticus. It is frequently encountered in moldy grains such as rice,
soybeans, and peanuts [1]. Aflatoxin By (AFBy) is known for its extreme toxicity and is
widely acknowledged as one of the most potent carcinogens to date [2]. The permissible
levels of aflatoxin By in various food items that are highly prone to contamination are
stipulated by the Chinese food hygiene standards. For corn, peanuts, and peanut oil, the
permitted level of aflatoxin By is set at <20 ug/kg [3]. The regulation of the levels of AFB;
in grain, peanuts, and their products has been established by the European Union and
other nations. For peanuts intended for immediate consumption, the permissible level of
AFB; must not exceed 2 png/kg. Additionally, for import purposes, peanuts utilized as food
ingredients must not exceed an AFB; content of 8 ng/kg [4].

Several techniques have been reported for the detection and analysis of AFB;, includ-
ing high-performance liquid chromatography (HPLC) [5], enzyme-linked immunosorbent
assay (ELISA) [6], and thin-layer chromatography (TLC) [7]. Although these aforemen-
tioned methods offer high sensitivity and accuracy, they also come with distinct limitations.
These methods necessitate experimenters to possess proficient operational skills, as well
as expensive equipment, materials, and intricate sample preparation procedures [8]. In
addition to the aforementioned methods, in recent years, emerging techniques such as
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electrochemistry [9], fluorescence [10], chemiluminescence [11], optical fibers [12], and
surface plasmon resonance (SPR) [13] have also been employed for the detection of AFB;
concentration.

Researchers have demonstrated significant interest in electrochemical immunosensors
as a promising technology for detecting AFB; in food. Their attractiveness stems from their
ability to provide high sensitivity, cost-effectiveness, and rapid response times. In recent
years, carbon nanomaterials have emerged as a prominent focus of research due to their
exceptional characteristics of high specific surface area [14] and excellent conductivity [15].
These properties render them widely applicable in the electrochemical detection of AFB,,
leading to significant improvements in both the accuracy and efficiency of the detection
process. Shi et al. magnetically stirred a dispersion of PVD, ascorbic acid, and COOH-GO
at 90 °C for 10 min. Subsequently, they mixed the dispersion with a HAuCl4 solution for
3 h. Through this procedure, they obtained Au-COOH-GO nanocomposites to fabricate
electrochemical immunosensors for AFB; detection [16]. Srivastava et al. synthesized
graphene oxide (GO) using the modified Hummers method. Initially, graphite powder was
pre-oxidized by reacting it with a mixture of H,SOy, K25,0s, and P,Os for 4 h at 80 °C.
Subsequently, it was stirred in H,SO4 /H3POy, followed by the addition of KMnO4, and the
mixture was stirred for 15 h at 50 °C to obtain GO. The synthesized GO was then utilized
in the fabricate electrochemical immunosensors for detecting AFB; [17]. Bhardwaj et al.
synthesized GO also using the modified Hummers method and subsequently subjected
the resulting GO to hydrothermal treatment at 200 °C for 10 h to obtain GQDs. The
GQDs were synthesized to fabricate electrochemical immunosensors for the detection of
AFB; [18]. Although the electrochemical methods developed above demonstrate good
performance in detecting AFBj, the fabrication process of the nanocomposites is intricate
and the preparation efficiency is relatively low.

In conclusion, the application of graphene and its modified materials in electrochemi-
cal immunosensors has provided a new approach for the detection of AFB;. These studies
have laid the foundation for the development of more sensitive and highly selective meth-
ods for detecting AFB;, holding significant importance in the field of food safety [19,20].
Additionally, graphene has significant advantages due to its large specific surface area and
high conductivity for electrochemical biosensors. However, it is naturally hydrophobic
and tends to aggregate in hydrophilic solvents [21]. Due to its excellent film-forming
properties and effective dispersion effect, chitosan has emerged as a popular dispersant for
graphene [22]. Furthermore, chitosan exhibits excellent biocompatibility and the ability to
immobilize various functional groups, rendering it a desirable substrate for the immobi-
lization of biosensors [23]. In this work, CS-GNs nanocomposites were synthesized and
immobilized on glass carbon electrodes (GCE). Chitosan, known for its biocompatibility,
was utilized to immobilize the AFB; antibody, thereby enhancing the specificity of the
sensor. Through this approach, a straightforward, effective, and exceptionally precise
electrochemical immunosensor was constructed and utilized for the detection of AFB;
concentration in actual corn samples.

2. Results and Discussion
2.1. Characterization of C5-GNs Nanocomposites

Raman spectroscopy is a powerful tool for characterizing the structure and properties
of graphene [24]. We conducted an analysis of GN samples using the Raman spectroscopy
technique. As shown in Figure 1, three main peaks are observed, namely the G band, 2D
band, and D band. The G band is located at approximately 1579 cm~!, representing the E2g
vibrational mode within the GNs lattice, corresponding to the in-plane vibrations between
carbon atoms. The 2D band is located at around 2717 cm ™!, representing the double
resonance mode between the layers of GNs. The D band is situated at approximately 1355
cm ™!, indicating structural distortions caused by defects and impurities within GNs. It is
notable that the intensity of the D band is relatively weak, suggesting that the GNs sample
exhibits high crystallinity and fewer defects.
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Figure 1. Raman spectra of GNs.

The morphology of the CS-GNs was characterized using SEM and EDS. To study
the SEM of CS-GNs nanocomposites, a droplet of CS-GN dispersion was applied onto
tin foil for scanning. The SEM image of Figure 2a shows the size dimensions of the GNs
around 10 um. The SEM image in Figure 2b illustrates the structure of the GNs. The image
clearly showed the structure of the overlapped graphene sheets, with visible layer edges
and folds. The SEM image in Figure 2c shows the dispersion of GNs. It is evident that the
graphene was uniformly distributed in the chitosan solution, indicating that graphene is
relatively well dispersed in chitosan, with a homogeneous morphology and a substantial
biocompatible membrane surface area.

Furthermore, the EDS patterns of CS-GNs nanocomposites are depicted in Figure 2d.
From the patterns, it is evident that the main elements detected include C, O, and Al
elements. Among them, the weight percentage of element C was 80.90%, with an atomic
percentage of 88.06%; the weight percentage of the element O was 8.05% and the atomic
percentage was 6.58%; and the weight percentage of element Al was 11.05% and the atomic
percentage was 5.35%. Since tin foil was utilized as the substrate for the SEM inspection of
CS-GNs nanocomposites, and the predominant element in tin foil paper is aluminum, a
significant peak of aluminum is observed in the EDS pattern. These results showed that
the CS-GNs nanocomposites were successfully prepared.

The FTIR spectra of the GN dispersion solution, CS solution, and CS-GNs nanocom-
posites are shown in Figure 3. It can be observed that there are more oxygen-containing
functional groups in the GNs dispersion. The vibrational bands observed around 3158 cm ™!
correspond to the —OH stretching vibration peak. The stretching vibration peak of the
skeleton C=C is at 1389 cm~!. The stretching vibration peak at 1672 cm~! corresponds to
C=0, and the stretching vibration peak of the epoxy bond C-O-C is at 1095 cm L. In the
CS solution, the N-H stretching vibrations originating from amino and —NH, groups are
observed at 3452 cm~!. The peak at 1638 cm ™! corresponds to the stretching vibration of
the C=0 group in acetylated amino units. Additionally, the peaks observed at 1152 cm ™!
and 1015 cm ™! are attributed to the stretching vibrations of the C¢—~OH primary alcohol
group and the C3—-OH secondary alcohol group in CS, respectively. The FTIR spectra of
CS-GNs is generally similar to that of the dispersed GNs and the CS solution, with no new
characteristic peaks observed. This indicates that there is no chemical reaction between
GNs and CS. The peak observed at 3431 cm~! in the CS-GNs spectrum is attributed to the
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interaction between the —OH groups of GNs and the —NH, groups of CS. Compared to
the FTIR spectra of GNs and CS, the intensities of the characteristic peaks in the CS-GNs
spectrum are enhanced, indicating the formation of hydrogen bond interactions between
GNs and CS.
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Figure 2. SEM images (a—c) of CS-GNs nanocomposites at different magnifications. EDS patterns
(d) of CS-GNs nanocomposites.

Due to its structural characteristics, CS-GNs exhibit a relatively high specific surface
area. Firstly, graphene nanosheets, as a component of CS-GNs, possess a two-dimensional
structure and a monolayer arrangement of carbon atoms, resulting in a significantly large
specific surface area [25]. This characteristic endows graphene nanosheets with excellent
performance in adsorption, catalysis, and other fields. Secondly, chitosan is a polysac-
charide polymer containing abundant hydroxyl functional groups, enabling it to interact
favorably with graphene nanosheets at the molecular level [26]. Through the composite of
chitosan with graphene, a greater surface area of nanocomposite materials can be achieved.
The advantage of this composite structure not only increases its specific surface area but
also enhances its performance in applications such as adsorption, catalysis, sensing, and
others, making it a material with promising and wide-ranging application prospects [27].
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Figure 3. FTIR spectra of GNs, CS, and CS-GNs.

2.2. Characterization of the Immunosensor

To examine the characteristics of the immunosensor interface, experiments were
conducted using CV and EIS methods. The base solution consisted of 0.2 M PBS con-
taining 5.0 mM Kj3[Fe(CN)g] and 0.1 M KCl. Figure 4 shows the CV and EIS scan the
results of different modified electrodes: bare CS-GNs/GCE (curve a), anti-AFB; /CS-
GNs/GCE (curve b), BSA/anti-AFB; /CS-GNs/GCE (curve c), and AFB;/BSA /anti-
AFB1/CS-GNs/GCE (curve d).

300 300

a —&—a Ca
— —o—b

200 [~ ¢ 250 -—a—¢ R

d d CT Z\\'
100 - 200 |

Q

0 / // —[ﬁ 150 |- /
~l V i M
200 | N/ s0 b -
-300 L L L 0 F AR

0.2 0.0 0.2 0.4 0.6 0 100 200 300 400 500
Potential/V 7'/
(a) (b)

Figure 4. CV (a) and EIS (b) on CS-GNs/GCE (curve a), anti-AFB; /CS-GNs/GCE (curve b), BSA /anti-
AFB; /CS-GNs/GCE (curve c), AFB; /BSA/anti-AFB; /CS-GNs/GCE (curve d) in 0.2 M pH =7.2
PBS containing 5.0 mM K3[Fe(CN)¢] and 0.1 M KCl. The concentration of AFB; is 15 ng/mL.
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CV scans were performed on the modified electrodes at a rate of 25 mV /S between
—0.2 and 0.6 V. In Figure 4a, two separate peaks are displayed by the CS-GNs/GCE with
a AEp (Epa — Epc) value of 163 mV. The current values for I, and I, are 232.7 pA and
—248.3 uA, respectively. After the incubation of the antibodies on CS-GNs/GCE, the AE,
value exhibited an increase to 168 mV, while the I,,; and I, values displayed a decrease
to 206.4 pA and —218.9 pA, respectively. Furthermore, the obstruction of active sites
by antibodies caused a hindrance to the electron transfer between [Fe(CN)6]’~ and the
electrode. After BSA was immobilized on the electrode surface, the peak current decreased
even further. The AE, value increased to 185 mV, and the I, and Iy, values decreased to
166.7 pA and —185.4 nA, respectively. The results indicated that the active sites responsible
for nonspecific adsorption were successfully obstructed [28]. When the immunosensor
was incubated with AFB; (15 ng/mL), a clear reduction in peak current was detected.
The AE, value increased to 198 mV, and the I, and I values decreased to 144.7 nA and
—163.4 uA, respectively. The results indicated that the immunoreaction occurred, and the
AFBj captured on the electrode surface hindered the reaction of [Fe(CN)6]*~, indicating
the successful formation of the immune complex on the electrode surface [29].

EIS was also a powerful tool for characterizing the step-by-step manufacturing process
of the electrode [30]. The electron transfer resistance (Rc1) was analyzed by fitting the
diameter of the semicircle using the Randles equivalent circuit (inset in Figure 4b). The
Nyquist plot presents the Rcr behavior of an electrode. A semicircle diameter forms at
the higher frequency region, indicating an electron-limiting process. Meanwhile, the low
frequency region exhibits a diffusion-controlled process [31]. As depicted in Figure 4b,
the diameter of the semicircle observed in the CS-GNs/GCE was significantly smaller
compared to the others, indicating a large electrode surface area and superior conductivity.
The Rc7 value of CS-GNs/GCE was measured at 66.72 (). Following the incubation of
antibodies on the CS-GNs/GCE, the Rcr value increased to 129.2 (), surpassing that of the
CS-GNs/GCE. This may be attributed to the blocking of electron transfer by the antibodies.
After BSA was immobilized on the electrode surface, the semicircular domain increased,
and the Rc7 value was found to increase up to 197.2 Q). This indicates that the active
sites causing nonspecific adsorption were successfully blocked by BSA. Finally, the AFB;
(15 ng/mL) was immobilized on the electrode, a significant increase in the semicircular
domain was observed, and the R¢r value increased to 320.1 Q). This result suggested
that the immune complex effectively formed on the electrode surface, thereby impeding
the electron transfer. As expected, EIS was utilized to assess the precise state of the
immunosensor during each stage of assembly. The results indicate that the immunosensor
was successfully fabricated. Consequently, data derived from both CV and EIS showed
that the successful fabrication of the immunosensor.

2.3. Optimization of Experimental Conditions

To examine the immunosensor’s optimum sensing capabilities, we investigated the im-
pacts of various factors on its performance. These factors included the concentration of the im-
mobilized antibody, pH levels, incubation duration of the antibody, and immunoreaction time.

The performance of the sensor is highly dependent on the concentration of antibodies
immobilized on the electrode surface, as they create binding sites for antigens. We con-
ducted an experiment to investigate the impact of different antibody concentrations (25,
50, 100, 150, and 200 ug/mL) on detecting AFB; at a concentration of 15 ng/mL using the
immunosensor. Figure 5a illustrates the change in peak current (Al) before and after the
immunoreaction. It is observed that Al increases until reaching 150 ug/mL, after which it
begins to decrease. This may be attributed to antibodies’ saturation at this concentration,
consistent with the findings in the existing literature [32]. Consequently, 150 ng/mL was
determined as the optimal antibody concentration.
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Figure 5. Effects of antibody concentration (a), pH (b), antibody immobilization time (c), and
immunoreaction time (d) on peak current change of immunosensor. The concentration of antigen is
15 ng/mL.

The pH value of the base solution was a crucial parameter, potentially resulting in
protein denaturalization or the instability of the immunosensor [33]. Figure 5b illustrates
that the peak current change (AI) gradually increased with the pH value of the base solution
increased, reaching its peak at 7.0. This happens because extreme acidity or alkalinity can
damage the immobilized protein, especially under alkaline conditions [34]. As a result, the
pH value of the base solution was adjusted to 7.0 for further investigation.

The performance of the sensor can be affected by the duration of antibody immobiliza-
tion. As depicted in Figure 5c, the change in peak current (Al) exhibited a gradual increase
with prolonged antibody immobilization time until it reached a plateau at 50 min. This
could be attributed to the antibody reaching its saturation point in terms of activity [35].
Therefore, based on the experiment, 50 min was determined as the optimal duration.

The duration of the immunoreaction between the antigen and antibody significantly
affects the performance of the sensor. As depicted in Figure 5d, there was a gradual increase
in the peak current change (Al), increasing the immunoreaction time, which eventually
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leveled off at 40 min. This outcome suggests that the immunoreaction between the antigen
and antibody reached saturation after 40 min. Thus, 40 min was identified as the optimal
duration for the immunoreaction between the antigen and antibody.

2.4. Analytical Performance

Under the optimal conditions, the performance of the prepared immunosensor was
evaluated for various concentrations of AFB; using the DPV technique.

As depicted in Figure 6a, the DPV peak currents exhibited a notable decrease with
an increasing AFB; concentration within the range of 0-25 ng/mL. This decrease can be
attributed to the heightened hindrance of the immunocomplex to electron transfer. As
depicted in Figure 6b, the current change (AI) before and after immunization displayed a
linear relationship with AFB; concentrations from 0.05 ng/mL to 25 ng/mL, with a low
detection limit of 0.021 ng/mL (S/N = 3). The limit of detection (LOD) was determined
using the regression curve parameters, LOD = 3-5;,/s, where “S;,” represents the ard
deviation of the blank sample and “s” represents the slope [36].The calibrated regression
equation is:

Al = 0.822-C 4 6.504,

with a correlation coefficient of 0.99. The proposed immunosensor was compared with
other reported AFB; immunosensors reported in the literature. The acceptable linear range
and detection limit of the proposed immunosensor are described in Table 1, indicating its
excellent performance for AFB; detection. The outstanding electrochemical performance
of the proposed immunosensor stemmed from the large surface area and exceptional
conductivity of CS-GNs nanocomposites.
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Figure 6. Immunosensor response to DPV at different concentrations of AFB; (a). Al calibration
curves of the immunosensor for different concentrations of AFB; (b).

The LOD of the developed immunosensor surpassed that of most reported electro-
chemical methods for the detection of AFB;. The LOD of the immunosensor was compara-
ble to that achieved by Li et al. [37], which developed a biosensor based on aptamers for
AFB; detection. However, the biosensor developed by Li et al. [37] had a complex structure,
was costly, and cumbersome to prepare.
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Table 1. Comparison of the proposed immunosensor and other sensors.

Immunosensors Linear Range (ng/mL) Detection Limit (ng/mL) References
AFB; /Fc-apt/MCH/cDNA/AuNPs/THI-

1GO/GCE 0.05-20 0.016 [37]

AFB; /BSA/anti-AFB; / AuNPs/Zn/Ni-ZIF-8-
800@Graphene/GCE 0-18-100 018 [38]
AFB; /BSA/anti-AFB; / Au@PEI@CNFs/GCE 0.05-25 0.027 [39]
AFB; /BSA /anti-AFB; / Au-COOH-GO/GCE 0.05-25 0.05 [16]
AFB1/MCH/pept/porous/AuNPs/GCE 10-20,000 0.94 [40]

AFB; /BSA /anti-AFB; /CS-GNs/GCE 0.05-25 0.021 This work

2.5. Reproducibility, Stability, and Selectivity

In order to investigate the reproducibility of the immunosensor, five electrodes were
tested to detect 15 ng/mL AFB; under the same conditions. The results are depicted in
Figure 7a, the relative standard deviation (RSD) of the AFB; measurements for the five sen-
sors is 2.4%, which proved that the proposed immunosensor has excellent reproducibility.
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Figure 7. Amperometric change response of the immunosensor to 5 different electrodes treated in
the same way (a); the time stability study of the immunosensor (b); and the current change responses
of the immunosensor to AFB;, AFB,, AFB; + AFB,, AFG,, AFB; + AFG; (¢).

The stability of the immunosensor was assessed by detecting the electrochemical
response after the immunosensors were stored at 4 °C for 2, 6, 10, and 14 days. As
depicted in Figure 7b, after 14 days of storage, the electrochemical response retained 94.42%
of the initial current for 5 ng/mL AFB;, which indicated the significant stability of the
Immunosensor.

The specificity of the prepared immunosensor was also crucial for assessing its per-
formance. The specificity was evaluated using interfering substances, which consisted
of 15 ng/mL of AFB; and AFG;. As observed in Figure 7c, the peak current change (AI)
before and after immunization with pure interfering substances exhibited no noticeable
variation. The observed peak current change (AI) before and after immunization with the
mixture solution showed similarity to that of the 15 ng/mL AFB; standard solution. All the
above observations demonstrate that the immunosensor exhibited a commendable level of
specificity.

2.6. Detection of AFB1 in Corn Samples

In order to assess the precision of the immunosensor, spiked recoveries were measured
in pretreated samples of corn. The standard addition method was employed to assess
the application of the proposed immunosensor in corn samples. AFB1 was added to the
corn samples at spiked concentrations of 5 ng/mL, 10 ng/mL, and 15 ng/mL, respectively.
As shown in Table 2, the range of the recovery was from 97.3 to 101.4%. These results
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demonstrated the practicality of the immunosensor in effectively analyzing the target AFB1
concentrations in real samples.

Table 2. Recovery for different concentrations of AFB; spiked in corn samples.

Added AFB, .

Samples (ng/mL) Found AFB; (ng/mL) Recovery (%)
1 5.00 4.86 97.3
2 10.00 10.14 101.4
3 15.00 14.64 97.6

3. Materials and Methods
3.1. Materials and Apparatus

The graphene nanosheets (2 nm, with a diameter of 2~3 pm) were purchased from
Nanjing Xianfeng Nanomaterials Technology Co., Ltd., located in Nanjing, China. Chi-
tosan was obtained from China National Pharmaceutical Group Chemical Reagent Co.,
Ltd. (Shanghai, China). Aflatoxin B; (AFB,), aflatoxin B, (AFB,), and aflatoxin Gy (AFG)
standard solution (in acetonitrile, 10 ug/mL) were sourced from Beijing ZhongkeErhuan
Technology Co., Ltd. (Beijing, China). The anti-Aflatoxin B; antibody was provided by
Shanghai Sangong Biological Engineering Co., Ltd. (Shanghai, China). Bovine serum albu-
min (BSA) and 1-ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC.HCI)
were obtained from Hefei Genial Biotech Co., Ltd. (Hefei, China). N-hydroxysuccinimide
(NHS), N,N-dimethylformamide (DMF), and phosphate-buffered saline (PBS) at a pH range
of 7.2-7.4 were procured from Shanghai Titan Technology Co., Ltd. (Shanghai, China),
for experimental use. P-aminobenzoic acid (PABA) was acquired from Hefei Qiansheng
Biological Technology Co., Ltd. (Hefei, China).

The electrochemical characterization tests, including differential pulse voltammetry
(DPV), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS), were
performed using the CHI-760E electrochemical workstation from Shanghai Chenhua Instru-
ment Co., Ltd. (Shanghai, China). The electrochemical experiment utilized a conventional
three-electrode system, comprising a saturated KCl Ag/AgCl electrode as the reference
electrode, a platinum wire (Pt) electrode as the counter electrode, and a glass carbon elec-
trode (GCE) as the working electrode. The scanning electron microscope (SEM) images
were captured using the Sigma 300 hot-field scanning electron microscope (Carl Zeiss,
Oberkochen, Germany).

3.2. Methods
3.2.1. Preparation of CS-GNs Nanocomposites

The powder of 5 mg chitosan was dissolved in 5 mL of 1.0% (v/v) acetic acid and stirred
with a magnetic stirrer for 1 h. After complete dispersion, the solution was stored at 4 °C for
later use. Then, 5 mg of graphene nanosheets was dissolved in 5 mL of anhydrous ethanol
and sonicated for 10 h. The supernatant was discarded after centrifugation in a centrifuge
at 9000 rpm for 15 min. Then, 5 mL of DMF was added and sonicated for more than 2 h
until completely dispersed. Subsequently, 5 mL of the prepared graphene dispersion was
taken and mixed with 5 mL of prepared CS solution, followed by ultrasonication for 2 h
to obtain a uniform CS-GNs dispersion. The CS-GNs dispersion was stored at 4 °C for
further use.

3.2.2. Fabrication of the Immunosensor

Before modification, the GCE was treated by a typical purification method. Initially,
the bare GCE was polished with a polishing powder containing 0.05 um Al,O3 particles
until achieving a highly reflective, mirror-like surface. Secondly, the electrode was cleaned
5 min in ethanol and distilled water, and then dried at room temperature. To activate
the GCE, the dried electrode was subjected to cyclic voltammetry scanning (—0.3-1.5V,
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50mV/s) in a 0.5 M H,SO4 solution for 15 cycles. Subsequently, the GCE was cleaned
by ultrasonication in distilled water for 10 min and rinsed thoroughly with abundant
distilled water.

After being dried at room temperature, the cleaned GCE was subjected to CV scanning
(—=1.5~1.0V,50 mV/s) in 5 mM p-aminobenzoic acid (PABA) solution for 15 cycles, followed
by rinsing with distilled water and dried at room temperature. Finally, 10 uL of CS-GNs
nanocomposites dispersion was carefully dropped onto the surface of the GCE.

Before immobilizing the antibodies, the surface of CS-GNs/GCE was initially activated
using EDC: NHS coupling chemistry. Here, EDC (0.4 M) served as a coupling agent, while
NHS (0.1 M) acted as an activator for the covalent immobilization of biomolecules [41].

After the activation, CS-GNs/GCE was thoroughly washed with PBS. Subsequently,
10 pL of 150 pg/mL anti-AFB; was carefully dropped onto the surface of the CS-GNs/GCE
and then incubated at 37 °C for 50 min. Following that, the fabricated electrode was rinsed
with PBS to remove the physically adsorbed antibodies. Subsequently, the electrode was
incubated in 10 pL 3% BSA solution at 37 °C for 1 h, in order to block any unreacted active
sites on the surface. Afterwards, the electrode was thoroughly rinsed with PBS once more,
resulting in the successful fabrication of the AFB1 electrochemical immunosensor using
CS-GNs/GCE, which was then stored at 4 °C for further use. Thereafter, the electrode
was dropped with 10 puL of AFB; solution with diverse concentrations and incubated at
37 °C for 40 min. The physically adsorbed AFB; antigen molecules were washed away
by PBS, and then electrochemically tested by the DPV method in the base solution (5 mM
K3[Fe(CN)g] + 0.1 M KC1 + 0.2 M PBS). The DPV peak current change (Al) before and
after the immunoreaction served as the basis for quantifying the AFB; concentration in
the samples. Figure 8 shows the preparation of CS-GNs nanocomposites and outlines the
process for preparing the electrochemical immunosensor.
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Figure 8. Schematic diagrams for the preparation of CS-GN nanohybrids and the electrochemical
immunosensor.
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3.2.3. Preparation of Spiked Samples

The spiked sample was prepared using a previously established method [42]. The
unaffected corn samples were crushed and ground into powder, weighed 30 mg in a
centrifuge tube, added to 30 mL of acetonitrile/water (8:2 v/v) solution, ultrasonicated
for 4 h until completely dispersed, and then centrifuged at 9000 r/min for 15 min. The
resulting supernatant collected and diluted multiple concentrations with PBS, and the
samples were subsequently spiked with varying concentrations of AFB; (5.0, 10.0, 15.0
ng/mL), before being stored at 4 °C until use.

4. Conclusions

In this work, we designed an electrochemical immunosensor based on chitosan
graphene nanosheets (CS-GNs) for the detection of AFB; concentration in corn samples.
The CS-GNs nanocomposites exhibited a large specific surface area, excellent biocompati-
bility, and high electrochemical activity. These properties facilitate the immobilization of
antibodies and enhance the rate of electron transfer. The obtained CS-GNs nanocomposites
were surface characterized using SEM. The optimization of antibody concentration, pH, an-
tibody incubation time, and immunoreaction time was based on the DPV method. With the
best conditions, the change in DPV peak currents before and after immunization was linear
over the concentration range of 0.05-25 ng/mL AFB;, with a detection limit of 0.021 ng/mL
(S/N = 3). The developed immunosensor exhibited favorable reproducibility, stability,
and specificity for detecting the concentration of AFB; in corn samples. Additionally, the
recovery of AFB; detection in corn samples ranged from 97.3% to 101.4%. The results show
that the developed AFB; immunosensor possesses the advantages of simplicity, sensitivity,
and high selectivity. This makes it a valuable reference for the detection and analysis of
other biomolecules.
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Abstract: A bifunctional electrocatalyst with high efficiency and low costs for overall water splitting
is critical to achieving a green hydrogen economy and coping with the energy crisis. However, devel-
oping robust electrocatalysts still faces huge challenges, owing to unsatisfactory electron transfer and
inherent activity. Herein, NiFe LDH/NiS, / VS, heterojunctions have been designed as freestanding bi-
functional electrocatalysts to split water, exhibiting enhanced electron transfer and abundant catalytic
sites. The optimum NiFe LDH/NiS, /VS; electrocatalyst exhibits a small overpotential of 380 mV at
10 mA cm~2 for overall water splitting and superior electrocatalytic performance in both hydrogen
and oxygen evolution reactions (HER/OER). Specifically, the electrocatalyst requires overpotentials
of 76 and 286 mV at 10 mA cm 2 for HER and OER, respectively, in alkaline electrolytes, which
originate from the synergistic interaction among the facilitated electron transfer and increasingly
exposed active sites due to the modulation of interfaces and construction of heterojunctions.

Keywords: vanadium disulfide; nickel disulfide; layered double hydroxide; interfacial regulation;
electrocatalytic overall water splitting; hydrogen/oxygen evolution reaction

1. Introduction

Electrocatalytic overall water splitting, as a promising green hydrogen (ideal zero-
carbon energy carrier)-producing strategy, has attracted more attention for developing
carbon-neutral alternatives [1-3]. However, electrocatalytic water-splitting activity is
severely limited, owing to the sluggish catalytic kinetics for OER and HER [4-7]. Electro-
catalysts of excellent efficiency are essential to reducing the overpotential by lowering the
activation energy of water splitting [8,9]. At present, although IrO,, RuO, and Pt-based
materials have been employed as highly effective electrocatalysts for OER and HER, re-
spectively, their scarcity and high price have hampered their industrialized application
on a large scale [10,11]. The preparation of cost-effective bifunctional electrocatalysts with
superior activity for OER and HER is crucial to promoting the practical applications and
industrialized development of overall electrocatalytic water splitting.

Non-noble transition metal sulfides (TMSs) have presented themselves as appealing
catalysts for both HER and OER on the basis of their favorable electrocatalytic activity and
electrical conductivity [12,13]. Recently, vanadium disulfide (VS;) has attracted consid-
erable attention as a candidate electrocatalyst, owing to its intrinsic catalytic properties,
which exhibit weak van der Waals interlayer interactions and an interlayer spacing of
5.76 A [14]. In particular, benefiting from its metallic conductivity and electrocatalytic
active sites both on the surface and at the active edge, the 1T phase VS, has been widely
employed as an electrocatalyst for HER and OER [15]. Nevertheless, previous research
reveals that individual TMSs exhibit insufficient active sites due to their strong van der
Waals forces [16]. Massive efforts have been directed at constructing multi-component
nanomaterial, which has been expected to improve its electrocatalytic activity by providing
an abundance of active sites [17,18]. Ru cluster-modified VS, can achieve a current density
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of 50 mA cm~2 at an overpotential of 245 mV, and this can be attributed to the optimization
of intermediate adsorption/desorption through the interactions between Ru and VS, and
the sufficient catalytic sites afforded by electro-oxidized of Ru species [19]. Benefiting from
induced-layer electron transfer between NiCo,S4 and ReS, interfaces, the NiCo0,54/ReS;
nanocomposite showed excellent HER properties in both acidic and alkaline conditions [20].
The Co0S;-ReS; heterojunction exhibited improved electrocatalytic activity for HER and
OER, which can be accounted for by the rich catalytic sites on the edge and the optimized
catalytic kinetics of the interfacial modulation of ReS; via modifying CoS; [21]. Therefore,
constructing binary transition metal sulfide-based electrocatalysts is beneficial to creating
abundant catalytic active sites.

Interfacial regulation has been regarded as a powerful method to adjust electronic
structure and catalytic kinetics to significantly enhance electrocatalysis [22-26]. NiFe lay-
ered double hydroxides (LDHs) have been widely investigated for OER because they can
convert into y-NiOOH by surface reconstruction, which has been proven to be the actual ac-
tive sites [27,28]. Nevertheless, NiFe LDH exhibits limited electrocatalytic activity for OER
due to weak conductivity and insufficient active sites [29]. Constructing heterostructures
has been employed to improve its intrinsic catalytic activity by facilitating electron transfer
kinetics and promoting the conversion of NiFe LDH into y-NiOOH active species [30].
Urchin-like CogSg@NiFe layered double-hydroxide heterostructured hollow spheres have
been designed to enhance the electrocatalytic OER process by improving electrical conduc-
tivity and reducing the reaction energy barrier, requiring a smaller overpotential of 220 mV
at 10 mA cm~2 [31]. By virtue of the abundant Ni3S,-NiFe LDH interfaces, this catalyst is
regarded as one of the most productive non-precious metal-based OER catalysts [32]. Fur-
thermore, the in-situ growth of heterogeneous structure electrocatalysts using a binder-free
method can provide intimate contact between multi-components and electrodes, which can
induce facilitated electron transfer [33,34]. Electrodeposition is a useful technique to rapidly
fabricate multi-component nanomaterials through an in-situ growth process [35,36].

Inspired by the above-mentioned facts, a heterogeneous structure-based binary metal
sulfide-modified carbon cloth (NiS; /VS;) has been constructed via a one-step hydrothermal
process. Subsequently, an active OER electrocatalyst, NiFe LDH, was integrated into the
surface of NiS,/VS, (NiFe LDH/NiS,/VS,) using a facile electrochemical deposition
method, which was simultaneously exploited as a bifunctional electrocatalyst for both
HER and OER. This designed heterostructure of NiFe LDH/NiS,/VS; nanosheets exhibits
interfacial charge transfer from NiS; to VS, and promotes electron transfer during the
electrocatalytic process. Moreover, the formed porous nanoflower-like structure is favorable
for exposing more active sites and facilitating bubble releasing, all of which can promote the
electrocatalytic performance for overall water splitting. As a bifunctional electrocatalyst,
the obtained NiFe LDH/NiS,/VS; can deliver a current density of 10 mA cm~2 at an
overpotential of 76 and 286 mV severally for HER and OER, together with excellent
electrocatalytic stability. Furthermore, the solar-driven electrocatalytic overall splitting
system constructed by NiFe LDH/NiS,/VS, demonstrated that it has good potential for
practical applications.

2. Results and Discussion
2.1. Characterization of Samples

The synthetic pathway of NiFe LDH/NiS; /VS; is schematically illustrated in Scheme 1,
in which VS, was in-situ deposited on the surface of carbon cloth (decorated as VS, /CC)
by a facile hydrothermal method. Similarly, the NiS, /VS, decorated CC was constructed
by the above-mentioned method with the addition of NiSO4-6H,O. Subsequently, the NiFe
LDH was modified onto the surface of NiS,/VS, via a simple electrodeposition method,
resulting in NiFe LDH/NiS, /VS;.
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Scheme 1. Schematic illustration of the preparation process of NiFe LDH/NiS, /VS;.

The phase and composition of pure VSy, NiS; /VS; and NiFe LDH/NiS,/VS, were
measured by XRD. As shown in Figure Sla, the diffraction peaks located at 26 values of
15.2, 35.64, 45.07, 47.06 and 57.02° can be ascribed to the (001), (011), (012), (003) and (110)
lattice planes of VS, (JCPDS No. 89-1640) [37,38]. The additional peaks at 31.58, 38.76,
53.43, 58.50 and 60.91° appeared when NiS, was modified on the surface of VS;, which
can be indexed to the (200), (211), (311), (230) and (321) plane of NiS, (JCPDS No. 11-0099),
respectively [39—41]. Compared with the XRD pattern of NiS,/VS;, the characteristic
diffraction peaks at 11.26 and 35.28° appeared after the electrodeposition of NiFe LDH,
which can be assigned to the (003) and (006) planes of NiFe LDH species (JCPDS No.
51-0463) [42,43]. The above-mentioned results suggest the co-existence of VS,, NiS, and
NiFe LDH in NiFe LDH/NiS, /VS;.

The morphology of the electrocatalysts was studied using SEM and TEM. As shown in
Figure la, the pure VS, exhibits a nanoflower-like structure, which is distinguished from the
NiS; / VS, by a nanosheet morphology (Figure 1b). By contrast, the NiFe LDH/NiS,/VS,
has a thin nanosheets structure (Figure 1c), which was beneficial for exposing more active
sites. Furthermore, the TEM image (Figure 1d) reveals that NiFe LDH/NiS, /VS, exhibits a
nanosheet structure. An interplanar spacing of 2.0, 2.3 and 1.9 A is shown in the HRTEM
image (Figure 1e) and can be identified as the (012) plane of VS, (220) plane of NiS, and
(018) plane of NiFe LDH, respectively [44-46]. As illustrated in Figure 1f, the selected
area electron diffraction (SAED) reveals that the (012) plane of NiFe LDH, (012) plane of
VS, and (321) plane of NiS; appeared in the NiFe LDH/NiS;/VS, sample, suggesting the
successful construction of the NiFe LDH/NiS, / VS, electrode [44,47,48]. The EDS-mapping
measurement (Figure 2) was employed to investigate the element distribution of NiFe
LDH/NIiS, /VS;, revealing an evenly distribution of V, S, Ni, Fe and O elements in the NiFe
LDH/NIiS, /VS;.

To investigate the superficial element composition and the chemical state of the respec-
tive elements of the as-prepared electrocatalysts, X-ray photoelectron spectroscopy (XPS)
characterization was utilized for the VS;, NiS,/VS; and NiFe LDH/NiS, /VS,. Compared
with the XPS survey spectra of the VS, (Figure S1b), an obvious signal of the Ni element
appears in the survey spectra of the NiS,/VS, and NiFe LDH/NiS,/VS, samples. The
XPS survey of NiFe LDH/NiS, /VS; reveals the co-existence of Ni, Fe, V, O and S elements,
which corresponds to the result of the EDS-mapping images. As revealed in Figure 3a, the
high-resolution XPS spectrum of V for VS, contains typical characteristic peaks at 514.12
and 521.62 eV, which can be related to the V2 2p3,, and V?* 2py /5, respectively [49,50].
Additionally, there are two dominant peaks at 516.87 and 524.10 eV that can be indexed to
the V4* 2p3/» and V4 2p; /,, respectively [49-51]. By contrast, the V4* 2p; /, peak around
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517.49 eV and V** 2p, , around 524.72 eV of NiS,/VS, display a positive shift, demon-
strating the electronic interaction between NiS; and VS,. Similarly, the V 2p XPS pattern of
NiFe LDH/NiS, / VS, exhibits the two characteristic peaks at 517.61 and 524.86 eV, which
can be ascribed to the V4* 2ps3/ and Vit 2pq /2, respectively [49-51]. Consequently, this in-
dicates that the valence state of V does not change after the electrodeposition of NiFe LDH,
while an obvious positive shift occurs for V4* 2p3 , and V4* 2py , in NiFe LDH/NiS,/VS,
compared with NiS,/VS, and VS,. In the S 2p XPS survey of VS,, NiS,/VS, and NiFe
LDH/NiS;, / VS, (Figure 3b), the peaks at 162.2 and 163.4 eV can be fitted to the s* 2p3/2
and S* 2py /o, respectively [50,52]. Moreover, the peak at 168.5 eV in the S 2p XPS of NiFe
LDH/NiS;/VS; can be attributed to the S-O bond, owing to slight oxidization [38].

NiS,(321)
-7 VS, (012)™

LD 012)
O

Figure 1. SEM images of (a) VS;, (b) 1:5 NiS,/VS, and (c) 350 s NiFe LDH/NiS;/VS,. (d) TEM,
(e) HRTEM image and (f) SAED pattern of 350 s NiFe LDH/NiS, /VS;.

500 nm

Figure 2. (a) High-angle annular dark-field scanning transmission electron microscopy (HAADEF-
STEM) image of NiFe LDH/NiS;/VS, and the corresponding elemental mapping of (b) V, (c) S,
(d) Ni, (e) Fe and (f) O in NiFe LDH/NiS, /VS,.

128



Molecules 2024, 29, 951

(a) (b) S-0
y ™, s 2py, s* 2py,
5 NiFe LDH/NiS,/VS,
o .
;5 : = S 2py, S 2y,
3 7
= S NiS,/VS, .
E ST 2py, Asz— 21
: VS,
528 526 524 522 520 518 516 514 172 170 168 166 164 162 160
Binding Energy / eV Bindig Energy / eV
(¢) (d)
Ni2p,; - :3+ 1,
3 3 :
< «
§ % o Fe™ 2p3))
-E ,E Sat. 7
NiFe LDH
82';5 8550 855 8&0 865 860 855 7;;5 7_;,() 7&5 750 7i5 7i0
Binding Energy / eV Binding Energy / eV

Figure 3. (a) High-resolution XPS spectra of (a) V 2p, (b) S 2p, (c) Ni 2p and (d) Fe 2p of the prepared
VS,, NiS, /VS; and NiFe LDH/NiS, /VS;.

As revealed in Figure 3c, the high-resolution Ni 2p XPS survey of NiS, / VS, reveals
a negative shift compared with NiS,, further suggesting the strong interfacial electronic
interaction of NiS, and VS,. In detail, the Ni 2p XPS of NiS, displays a peak at 857.23 eV
with a satellite peak of 862.45 eV and a peak at 874.44 eV with a satellite peak of 881.11 eV,
belonging to the Ni 2p3,, and Ni 2py /» of Ni?*, respectively [53-55]. In comparison, the
characteristic peaks of Ni 2p3,, and Ni 2pq,, of NiS;/VS, shift to 856.83 and 874.30 eV,
respectively. For further exploring the potential effects of the introduction of NiFe LDH,
the high-resolution Fe 2p XPS of NiFe LDH and NiFe LDH/NiS;/VS, was measured. As
revealed in Figure 3d, the peaks of Fe** 2p;, and Fe* 2p; / in the NiFe LDH/NiS,/VS,
are separately located at 712.33 and 725.84 eV, which reveals a negative shift of Fe 2p XPS
compared with the peaks of Fe?* 2ps3, (713.10 eV) and Fe3* 2p; /, (726.5eV) in the NiFe

LDH [55-57].

2.2. Electrocatalytic Oxygen Evolution Reaction Performance

The electrocatalytic OER performance of the prepared products (VS;, NiS,/VS,, NiFe
LDH and NiFe LDH/NiS, /VS;) was evaluated in 1.0 M KOH with a typical three-electrode
system. As shown in Figure 4a,b, the VS, shows poor electrocatalytic performance for OER,
which exhibits a high overpotential of 540 mV to reach a current density of 10 mA cm~2,
suggesting that the VS, is inactive for electrocatalytic OER. Obviously, the NiS,/VS,

heterogeneous structure exhibits enhanced electrocatalytic activity for OER, revealing that

129



Molecules 2024, 29, 951

the formed multi-phase interface is a key factor in boosting the electrocatalytic activity of
OER. Figure S2a shows the electrocatalytic OER activity of the VS,-based electrocatalysts
with different additive ratios of NiSOy, in which the 1:5 NiS, /VS, (denoted as NiS, /VS,)
exhibits an optimal electrocatalytic activity with an overpotential of 386 mV at 10 mA
cm~2. Additionally, the electrodeposition time of NiFe LDH was optimized, ranging
from 0 to 400 s. Figure S2b reveals that the 350 s NiFe LDH/NiS,/VS; exhibits superior
electrocatalytic activity when the electrodeposition time of NiFe LDH is 350 s, which
has been denoted as NiFe LDH/NiS;/VS,. The NiFe LDH/NiS,/VS, exhibits better
electrocatalytic performance for OER compared with VS,, NiS, /VS; and NiFe LDH, which
provides a lower overpotential of 286 mV to deliver a current density of 10 mA cm 2.
Additionally, the LSV curves of NiFe LDH/NiS,/VS, and NiFe LDH show small peaks
around 1.35 V, which can be interpreted as the redox reactions of the Ni species. These
results imply that the formed heterogeneous structure and NiFe LDH decoration are
beneficial to improving the electrocatalytic performance of OER.
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Figure 4. Electrochemical OER performance of the as-prepared VS,, NiS,/VS,, NiFe LDH and NiFe
LDH/NiS, /VS; samples: (a) polarization curves, (b) the corresponding overpotential to deliver a
current density of 10 and 50 mA em~2 in 1.0 M KOH, (c) the Tafel plots and (d) the EIS spectra.

Moreover, the electrocatalytic kinetics of as-prepared catalysts were evaluated by
measuring Tafel plots. As shown in Figure 4c, the NiFe LDH/NiS,/VS, exhibits a smaller
Tafel slope of 99 mV dec~! than NiFe LDH (167 mV dec™!), NiS,/VS, (221 mV dec™!) and
VS, (442 mV dec™ 1), suggesting the facilitated catalytic kinetics of NiFe LDH/NiS,/VS,
for OER. The electrochemical impedance spectroscopy (EIS) measurement was utilized to
evaluate the charge transfer properties. As Figure 4d depicts, the NiFe LDH/NiS,/VS;
exhibits the smallest charge transfer resistance (R.t) among the as-prepared electrocatalysts,
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()
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indicating that the lower resistance and accelerated electron transfer can be achieved by
constructing a heterogeneous structure and decorating NiFe LDH.

The electrochemically active surface area (ECSA) of the as-prepared electrocatalysts
was evaluated by calculating the Cj; according to the CV curves at various scan rates. As
displayed in Figure 5a, the NiFe LDH/NiS, / VS, exhibits a much larger C; of 3.38 mF cm 2
than NiFe LDH (2.55 mF cm~2), NiS, /VS, (1.41 mF cm™2) and VS, (0.43 mF cm™2), which
can be attributed to the formed heterogeneous structure and the NiFe LDH decoration.
Accordingly, the NiFe LDH/NiS, /VS, exhibits an ECSA of 84.80 cm?, which is higher
than that of NiFe LDH (63.75 cm?), NiS,/VS;, (35.25 cm?) and VS, (10.75 cm?) (Figure
S5a). The current density was normalized by the ECSA to evaluate the specific activity. As
observed in Figure S5b and Figure 5c, the NiFe LDH/NiS; /VS; exhibits intrinsic activity
compared to the others, suggesting that the formed heterogeneous structure and modulated
electronic structure are favorable to enhancing electrocatalytic activity. Additionally, the
electrocatalytic stability of NiFe LDH/NiS;/VS, was evaluated by i-t curves in 1.0 M
KOH. In Figure 5b, we can observe that the NiFe LDH/NiS; / VS, can maintain its superior
electrocatalytic activity over 24 h, demonstrating that the prepared NiFe LDH/NiS, /VS;
can sustain long-term electrolysis without obvious attenuation. Furthermore, an XPS
measurement of the NiFe LDH/NiS,/VS, was employed after the stability test to inves-
tigate the structural stability. As observed in Figure S6, the NiFe LDH/NiS;/VS; can
maintain its initial chemical composition and chemical state after a long-term stability test.
The thin nanosheet structure also can be observed (Figure S7) after long-term stability,
demonstrating the structural stability of NiFe LDH/NiS,/VS,.
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Figure 5. (a) The Cy; of the as-prepared VS,, NiS;, /VS;, NiFe LDH and NiFe LDH/NiS, /VS, samples
and (b) the long-term stability of NiFe LDH/NiS, /VS, under the potential of 0.5 V (vs. SCE).

2.3. Electrocatalytic Hydrogen Evolution Reaction and Overall Water-Splitting Performance

To investigate its potential for efficient overall water splitting, the electrocatalytic
performance of the NiFe LDH/NiS,/VS, for HER was evaluated in 1.0 M KOH. Fig-
ure 6a,b shows that the NiFe LDH/NiS; /VS, electrocatalyst exhibits excellent electro-
catalytic activity, acquiring a smaller overpotential of 76 mV to deliver a current den-
sity of 10 mA cm~2, which is greatly superior to that of the VS, (546 mV), NiS,/VS,
(270 mV) and NiFe LDH (122 mV). The corresponding Tafel plots are illustrated in Fig-
ure 6¢c. The NiFe LDH/NiS,/VS, has a smaller Tafel slope of 79 mV dec™! than VS,
(202 mV dec™ 1), NiS,/VS, (175 mV dec™!) and NiFe LDH (145 mV dec™!). Moreover, the
NiFe LDH/NiS, /VS; exhibits remarkable stability during 24 h electrochemical measure-
ment and maintains its electrocatalytic activity for HER (Figure 6d).

Electrocatalytic overall water splitting was measured by a two-electrode system com-
posed of NiFe LDH/NiS;/VS; in 1.0 M KOH. As shown in Figure 7a, the constructed
overall water-splitting system is able to deliver a current density of 10 mA cm~2 at 1.61V,
confirming its potential to drive the overall water splitting. Furthermore, a commercial
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(a)

j/mA em™

solar cell under 2.0 V was employed to explore its solar-drive overall water-splitting perfor-
mance. As shown in Figure 7b, a number of microbubbles of Hy and O, gas at the cathode
and anode, respectively, evolved, which clearly demonstrates the superior electrocatalytic

activity of the NiFe LDH/NiS;/VS,. Furthermore, the corresponding Video S1 recorded
this dynamic state.
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Figure 6. Electrochemical HER performance of the as-prepared VS,, NiS, /VS,, NiFe LDH and NiFe
LDH/NiS,/VS; samples: (a) polarization curves, (b) the corresponding overpotential to deliver a
current density of 10 and 50 mA cm~2 in 1.0 M KOH, (c) the Tafel plots and (d) the long-term stability
text of NiFe LDH/NiS, /VS, under the potential of —1.2 V (vs. SCE).
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Figure 7. (a) The LSV curves of LDH/NiS; /VS; (+, —) device for overall water splitting, (b) image of
the solar-driven water-splitting system in 1.0 M KOH electrolyte.

132



Molecules 2024, 29, 951

3. Experimental Section
3.1. Materials

Ammonium metavanadate (NH4 VO3, AR, Tianjin Damao Chemical Reagent Factory,
Tianjin, China), thioacetamide (CH3CSNH;, Aladdin Industrial Corporation, Shanghai,
China), nickel sulfate hexahydrate (NiSO4-6H>0O, AR, Zhongxin Fine Chemical Co., Ltd.,
Jinan, China), (FeSO4-7H0, AR, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
ammonium hydroxide (NH4OH, AR, Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China),
and carbon cloth (CC, SCI Materials Hub, Taiwan, China) were employed as substrates
for the in-situ formation of VS, and NiS, /VS; on its surface via hydrothermal synthesis.
Potassium hydroxide (KOH, Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China),
nitric acid (HNOj3, AR, Chengdu Kelong Chemical, Chengdu, China), and ethyl alcohol
(CoHgO, AR, Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China) were obtained to pretreat
CC. Deionized water was prepared in our laboratory. All chemicals mentioned were utilized
as received without further purification.

3.2. Pretreatment of Carbon Cloth (CC) Substrate

Carbon cloth (CC) with a geometric area of 2 x 4 cm? was sonicated in an ultrasonic
bath with deionized water and ethanol (C,H50H) severally for 15 min to clean its surface
thoroughly. Then, the hydrophilic surface was obtained via pretreatment in concentrated
HNOj at 100 °C for 2 h. Finally, the CC surface was fully rinsed with deionized water to
remove residual HNOj3, and the pretreated CC was obtained.

3.3. Preparation of 1:5 NiS,/V'S,

A typical procedure to synthesize 1:5 NiS, / VS, was performed as follows: 1 mmol
NH4VO; was added to a weak alkaline solution produced by 25 mL deionized water
and 2 mL NH4OH while stirring constantly. At the same time, 10 mmol CH3CSNH; and
0.2 mmol NiSOy4-6H,O were dispersed in 10 mL deionized water with stirring. The above
two solutions were blended and stirred vigorously at room temperature for 1 h. The
mixture solution and prepared CC (2 x 4 cm?) were sealed and maintained at 160 °C for
24 h in a 50 mL Teflon-lined autoclave. The sample was cooled to an ambient temperature
naturally after the reaction. Then, the prepared sample was rinsed several times with
absolute ethanol and deionized water, respectively. Finally, it was dried at 60 °C for 6 h,
and the 1:5 NiS, / VS, was obtained.

For investigating the effect of NiS; on electrocatalytic HER and OER activities, VS,,
1:10 NiSp /VS,, 1:7.5 NiS, /VS;, and 1:2 NiS, / VS, were synthesized by a similar method
with 1:5 NiS; / VS, in terms of finely varying the additive amount of NiSO4-6H,O. More
specifically, 0 mmol, 0.1 mmol, 0.133 mmol, and 0.5 mmol NiSO4-6H,O were added into
the precursor solution for preparing VS,, 1:10 NiS,/VS;, 1:7.5 NiS;/VS, and
1:2 NiS, /VS,, individually.

3.4. Preparation of 350 s NiFe LDH/NiS,/VS;

The hydrothermal synthetic method for 1:5 NiS, / VS is based on the above-mentioned
method. NiFe LDH was grown through an electrodeposition method on the surface of
1:5 NiS, /VS,. Then, 0.025 M NiSO4 and 0.0125 M FeSO, solutions were homogeneously
mixed in a three-electrode system with saturated calomel electrode (SCE), NiS, /VS,, and Pt
plate as the reference, working, and counter electrode, respectively. The electrodeposition
process was operated at a constant voltage of -1.0 V (vs. SCE) at room temperature with
different electrodeposition times (250 s, 300 s, 350 s and 400 s), and the corresponding
samples were denoted 250 s NiFe LDH/NiS; /VS,, 300 s NiFe LDH/NiS; /VS;, 350 s NiFe
LDH/NiS,/VS, and 400 s NiFe LDH/NiS; /VS;, respectively. Finally, these as-obtained
catalytic electrodes were gently washed several times using deionized water and then
dried naturally.

As a reference, NiFe LDH was grown on pretreated CC using the same electrodeposi-
tion synthetic process for 350 s with the absence of 1:5 NiS, /VS;.
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3.5. Structural Characterization

The phase composition was determined on an XRD-7000 s device (Shimadzu, Kyoto,
Japan) with Cu Ko radiation (A = 1.5418 A) in a 2 Theta scanning range from 10 to 80° at
a current of 40 mA and a voltage of 40 kV. The morphology of the electrocatalysts was
measured by means of a scanning electron microscope (SEM, Sigma 300, ZEISS, Oberkochen,
Germany), and the energy dispersive spectrum (EDS) was recorded on Oxford Xplore.
The transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images
were determined using a TEM instrument (Talos F200, FEI, Hillsboro, OR, USA) with a
field-emission gun operated at 200 kV, and the EDS was recorded. Surface chemical analysis
was performed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific, K-Alpha
Nexsa, Waltham, MA, USA) using monochromatic Al K« radiation (1486.6 eV).

3.6. Electrochemical Measurements

The electrocatalytic performances for both HER and OER were carried out on a
CHI660E electrochemical workstation using a traditional three-electrode system and an
H-type electrochemical cell in an electrolyte of 1.0 M KOH. The as-prepared electrode
with a geometric area of 1.0 cm?, the saturated calomel electrode (SCE), and the Pt plate
were individually employed as working, reference and counter electrodes. The working
electrode and SCE reference electrode were placed in the same chamber, and the Pt plate
was placed in the others. All potentials in the present work were measured compared to re-
versible hydrogen evolution (RHE) in accordance with the following formula (Eryg = Escg
+ 0.0591pH + E9cE) [58,59]. Before testing, the working electrode was stabilized and the
surface was cleaned using a cyclic voltammetry (CV) method. The catalytic activity of each
electrocatalyst for HER and OER was estimated through linear sweep voltammetry (LSV) at
a scanning rate of 5 mV s L. According to the formula (ECSA = Cy;/C;), the electrochemical
active area (ECSA) was determined by calculating the double-layer capacitance (Cy;) values,
where Cy; can be calculated by CV measurements in the non-Faradaic region with variable
scan rates, and Cs represents the specific capacitance [60,61]. The Tafel plots were measured
in the same testing system for unraveling the electrocatalytic kinetics of the as-prepared
samples. To probe the electron transfer, the electrochemical impedance spectroscopy (EIS)
was measured by application of an alternating voltage of 10 mV amplitude with a fre-
quency ranging from 0.1 Hz to 100 kHz. The electrocatalytic stability was evaluated by
current-time curves (i-t). Moreover, the potentials related to OER and HER were set as
0.5V (vs. SCE) and —1.2 V (vs. SCE), respectively. The electrocatalytic overall water-
splitting activity of the as-prepared electrocatalyst was measured by a two-electrode con-
figuration, in which the NiFe LDH/NiS; /VS, was employed as an electrocatalyst for the
HER cathode and the OER anode in 1.0 M KOH.

4. Conclusions

In conclusion, NiFe LDH/NiS,/VS, heterostructured electrocatalysts have been
designed as bifunctional high-efficiency electrocatalysts to split water using a simple
method, in which VS, with metallic properties and the heterostructured construction en-
dow enhanced electron conductivity and smaller charge transfer resistance to the NiFe
LDH/NiS,/VS, electrocatalyst. Furthermore, the formation of a nanoflower structure
through decorating NiFe LDH on the surface of NiS,/VS; via a facile electrodeposited
method realizes more exposed active sites. The interfacial electron interaction between
NiS, /VS, and NiFe LDH was expected to enhance its electrocatalytic activity for overall
water splitting. Remarkably, the NiFe LDH/NiS, /VS, exhibits superior electrocatalytic
activity compared to VS;, NiS,/VS; and NiFe LDH; it can achieve a current density of
10 mA cm~2 at an overpotential of 76 and 286 mV for HER and OER, respectively. At
the same time, the corresponding Tafel plots also decreased significantly. Furthermore,
the two-electrode system for overall water splitting was constructed by employing the
NiFe LDH/NIiS; /VS, as a bifunctional electrocatalyst, which requires an overpotential
of 380 mV to achieve a current density of 10 mA cm~2. This study presents a tactic base
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regarding the interfacial regulation of NiFe LDH, NiS; and VS, to enhance electrocatalytic
OER and HER activity, which is helpful for developing highly efficient electrocatalysts to
split water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ molecules29050951/s1, Figure S1. (a) XRD patterns and (b) XPS
survey spectra of the prepared VS;, NiS, /VS, and NiFe LDH/NiS, /VS;. Figure S2. Electrocatalytic
OER activity of (a) the VS, and NiS,/VS, with different addition ratios of nickel source and (b)
the NiFe LDH/NiS;/VS, with different electrodeposition times. Figure S3. Cyclic voltammetry
curves of the (a) VS,, (b) NiS,/VS,, (c) 250 s NiFe LDH/NiS, /VS,, (d) 300 s NiFe LDH/NiS, /VS,,
(e) 350 s NiFe LDH/NiS, /VS;, (f) 400 s NiFe LDH/NiS,/VS, and (g) 350 s NiFe LDH in the non-
faradaic region with different scan rates. (h) The Cy value of the corresponding samples. Figure S4.
Electrocatalytic HER activity of (a) the VS, and NiS,/VS, with different addition ratios of nickel
source and (b) the NiFe LDH/NiS, /VS, with different electrodeposition times. Figure S5. (a) ECSA
and the electrocatalytic activity normalized by ECSA for (b) OER and (c) HER of the as-prepared VS,,
NiS, /VS;, NiFe LDH and NiFe LDH/NiS, /VS2. Figure S6. High-resolution XPS survey of the NiFe
LDH/NiS, / VS, before and after stability test; (a) V 2p, (b) S 2p, (c) Ni 2p and (d) Fe 2p. Table S1.
Comparisons of HER and OER activity of NiFe LDH/NiS, /VS, with other electrocatalysts in 1.0 M
KOH. Figure S7. SEM of NiFe LDH/NiS, /VS; after stability test. Video S1: The dynamic state of the
constructed overall water-splitting system. Refs [62-74] are cited in the Supplementary Materials.
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Abstract

MBenes, an emerging family of two-dimensional transition metal boride materials, are
gaining prominence in alkali metal-ion battery research owing to their distinctive strati-
fied architecture, enhanced charge transport properties, and exceptional electrochemical
durability. This analysis provides a comprehensive examination of morphological char-
acteristics and fabrication protocols for MBenes, with particular focus on strategies for
optimizing energy storage metrics through controlled adjustment of interlayer distance
and tailored surface modifications. The discussion highlights these materials” unique ca-
pability to host substantial alkali metal ions, translating to exceptional longevity during
charge—discharge cycling and remarkable high-current performance in both lithium and
sodium battery systems. Current obstacles to materials development are critically evalu-
ated, encompassing precision control in nanoscale synthesis, reproducibility in large-scale
production, enhancement of thermodynamic stability, and eco-friendly processing require-
ments. Prospective research pathways are proposed, including sustainable manufacturing
innovations, atomic-level structural tailoring through computational modeling, and expan-
sion into hybrid energy storage-conversion platforms. By integrating fundamental material
science principles with practical engineering considerations, this work seeks to establish
actionable frameworks for advancing MBene-based technologies toward next-generation
electrochemical storage solutions with enhanced energy density and operational reliability.

Keywords: Mbene; metal-ion batteries; two-dimensional materials; energy storage;
electrode engineering

1. Introduction

The rapidly growing demand for sustainable and efficient energy storage technologies
has become one of the central challenges of the contemporary world [1,2]. As the global
community shifts toward renewable energy sources such as solar and wind, which are
intermittent by nature, robust energy storage systems are needed to stabilize power supply
and maximize energy utilization [3-5]. Among various technologies, rechargeable batteries
play a pivotal role due to their high energy density, scalability, and adaptability to diverse
applications ranging from portable electronics and electric vehicles to grid-scale energy
storage [6]. In this context, lithium-ion batteries (LIBs) have emerged as the dominant
technology, owing to their exceptional performance in terms of energy density, cycle life,
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and efficiency [7,8]. However, concerns regarding Li scarcity, cost, and safety issues have
motivated researchers to seek alternative battery chemistries, with sodium-ion batteries
(SIBs) attracting substantial attention due to Na’s earth abundance and similar electro-
chemical properties [9,10]. Both LIBs and SIBs rely heavily on electrode materials capable
of efficient ion intercalation or storage [11]. Layered materials have proven particularly
effective in this regard because their unique structure facilitates ion diffusion and storage
while maintaining structural integrity during charge—discharge cycles [12,13]. The past
decade has witnessed remarkable advances in two-dimensional (2D) materials, which
present high surface areas, tunable interlayer spacing, and plentiful active sites beneficial
for electrochemical reactions [14,15].

Since graphene was first isolated, the family of 2D materials has continued to expand,
now encompassing a variety of materials with unique physical and chemical properties,
such as transition metal dichalcogenides (TMDCs), MXenes, carbon nitrides, hexagonal
boron nitride (h-BN), black phosphorus, and phosphorene [5,16]. These materials demon-
strate significant application potential in the field of energy storage, with the potential to
drive innovations in battery and supercapacitor technologies to meet the growing demand
for energy and the requirements of sustainable development (Table 1). Graphene’s high
conductivity facilitates faster charging and discharging rates in batteries and supercapaci-
tors. Its exceptionally large theoretical specific surface area provides abundant adsorption
sites for ions, thereby enhancing the capacity of energy storage devices. TMDCs are a
class of two-dimensional materials composed of transition metals (such as Mo, W, Ti, etc.)
and chalcogen elements (S, Se, Te), featuring a layered structure with an appropriate in-
terlayer distance that can accommodate the insertion and extraction of various ions [17].
The high specific surface area and abundant surface functional groups of MXenes confer
significant advantages in the field of energy storage [18]. Carbon nitrides are a class of
two-dimensional materials composed of carbon and nitrogen elements, exhibiting diverse
structures and properties. Among these, graphitic carbon nitride (g-C3Ny) is one of the
most extensively studied. g-C3Ny possesses an appropriate band structure, making it a
promising candidate for applications in photocatalysis and energy storage. h-BN has a
layered structure similar to graphene, composed of alternating boron and nitrogen atoms.
h-BN exhibits excellent thermal and chemical stability, with high thermal conductivity.
Black phosphorus is an allotropic form of phosphorus with a layered structure [19]. When
black phosphorus is exfoliated into single or few layers, it is referred to as phosphorene.
Phosphorene has a direct bandgap and high carrier mobility, making it a promising candi-
date for applications in electronic devices and energy storage [20]. Among these, a novel
class known as MBenes has recently emerged as a promising candidate for addressing key
limitations associated with conventional electrode materials [21,22].

Table 1. Capacity and diffusion energy of several 2D materials.

Materials Types Capacity (mA h/g) Diffusion Energy (eV) Refs.
Mo, By LIBs 444 0.270 [23]
LIBs 480 0.020 [24]
TiB
SIBs 480 0.020 [24]
LIBs 456 0.017 [25]
Tiy B,
SIBs 342 0.008 [25]
LIBs 320 0.280 [26]
Ti3C,
SIBs 370 — [27]
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Table 1. Cont.

Materials Types Capacity (mA h/g) Diffusion Energy (eV) Refs.
Ti,C SIBs 359 — [28]
Graphene LIBs 372 0.400 [29]
MoS; SIBs 669 0.460 [30,31]
Black phosphorus LIBs 2596 0.080 [32]
LIBs 762 0.100 [33,34]
Monolayer h-BN
SIBs 571 — [33]
g-C3Ny LIBs 1166 0.570 [35,36]

MBenes are a relatively new family of 2D transition metal borides, analogous to yet
distinct from the more widely studied MXenes, which are transition metal carbides or
nitrides (Figure 1) [37,38]. While MXenes have gained significant traction in energy storage
and conversion due to their metallic conductivity, hydrophilicity, and surface chemistry,
MBenes offer unique advantages stemming from their boron-rich composition and struc-
tural features [39]. Generally formulated as My,+1Bn, where M represents an early transition
metal and B stands for boron, MBenes exhibit layered structures that combine high mechan-
ical strength and excellent electrical conductivity with rich surface chemistry [40,41]. These
characteristics make them particularly attractive for application as electrode materials in
LIBs and SIBs. In LIBs, the MoB MBene synthesized by Xiong et al. maintained a reversible
specific capacity of 144.2 mAh/g after 1000 cycles at a current density of 2.0 A/g when used
as an anode, outperforming many reported MXene-based anode materials [42]. In SIBs,
although the specific capacity of the original MBenes is relatively low, developing MBene-
based heterostructures can effectively improve performance. The Moy,3B3Tx-MoS,@C
composite anode prepared by Liu et al. demonstrated excellent rate capacity (340.6 mAh/g
at 1.0 A/g) and durable cycling performance (267.2 mAh/g after 600 cycles at 2.0 A/g) in
SIBs [43]. The unique performance exhibited in both battery systems positions MBenes
as a promising key material for addressing current energy storage challenges, sparking
researchers’ enthusiasm for further exploration.
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Figure 1. The variety of elements from the periodic table to be used to compose MAB phases.

The conceptual birth of MBenes was closely linked to the exploration of MAX phases
and their derivatives (Figure 2) [44]. MAX phases are ternary carbides or nitrides with
layered hexagonal structures, featuring alternating layers of early transition metals (M),

141



Molecules 2025, 30, 2831

group A elements (typically from groups 13 or 14), and carbon or nitrogen (X) [45]. The
chemical exfoliation of the A-layers from MAX phases results in MXenes, which retain the
metal carbide/nitride layers but gain 2D morphology and active surface sites [46]. MBenes
differ in that boron layers replace the carbon or nitrogen layers, yielding different bonding
environments and electronic properties, thus opening new possibilities for optimizing
electrochemical performance. MBenes have attracted intense research interest over the
past few years due to their potential to overcome some of the intrinsic challenges faced by
other 2D materials in battery applications [47]. These challenges include limited cycling
stability, inadequate rate capabilities, and insufficient capacity retention under practical
operating conditions. The boron-rich layers in MBenes confer enhanced structural rigidity
and chemical stability, which help maintain electrode integrity during repeated ion interca-
lation and deintercalation. Moreover, the ability to tailor their surface chemistry through
functionalization and doping enables optimization of their interaction with electrolyte ions,
improving charge transfer kinetics and overall battery efficiency.
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Figure 2. The variety of elements from the periodic table used to compose MBenes.

Early studies have demonstrated promising electrochemical behavior of MBenes when
employed as anodes or cathodes in LIBs [48]. Their layered morphology promotes facile Li
ion diffusion while providing abundant active sites, resulting in high specific capacities
and enhanced rate performance. In SIBs, the relatively larger ionic radius of Na compared
to Li introduces additional challenges, such as slower diffusion kinetics and larger volume
changes during cycling. MBenes’ tunable interlayer spacing can accommodate these larger
ions more effectively than some traditional materials, making them strong candidates for
advancing SIBs technology. Despite these promising attributes, MBene research is still in
its nascent stage, with many fundamental questions regarding their synthesis, structure—
property relationships, and long-term cycling behavior yet to be fully explored [49]. The
synthesis of high-quality MBene nanosheets with controlled thickness, defect density, and
surface terminations remains a key challenge that directly impacts their electrochemical
performance [50]. Additionally, understanding the precise mechanisms of ion storage—
whether through intercalation, conversion, or pseudocapacitance—is critical for rationally
designing MBene-based electrodes with superior durability and capacity [51]. Although
MBenes theoretically exhibit excellent electrical conductivity and mechanical properties,
these properties often fall short of expectations in practical experiments. This may be
attributed to defects or impurities present during the preparation process [21]. A large
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number of defects can cause a sharp increase in the resistivity of the material, thereby
weakening its conductive properties. This is inconsistent with the theoretically predicted
high electrical conductivity, limiting its wide application in electronics and other fields [52].
This review provides a comprehensive overview of MBenes, with a particular focus
on their roles in LIBs and SIBs (Figure 3). First, we discuss the unique structural features
and synthesis routes of MBenes, emphasizing recent advances in scalable and environ-
mentally friendly production methods. Next, we analyze the physicochemical properties
that contribute to their suitability as battery electrodes, including electrical conductivity,
ion transport characteristics, and surface chemistry. Subsequently, we delve into the state-
of-the-art applications of MBenes in Li and Na storage, covering material performance
metrics, mechanistic insights, and the benefits of MBene-based composites. Finally, we
present the current challenges faced by the field and outline prospective research directions
that could unlock the full potential of MBenes for next-generation energy storage systems.
By systematically reviewing the progress and prospects of MBenes in these two critically
battery technologies, this work aims to underscore their transformative potential and
promote further understanding and innovation in sustainable energy storage solutions.

Tunable surface

chemistry
High mobility
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/ ;calablg\ -
\synthesi§ 4 %
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Figure 3. Schematic diagram illustrating the relationship among synthesis, structure, properties, and
functions described in this review.

2. Structure, Synthesis, and Physicochemical Properties of MBenes

With the rapid evolution of rechargeable battery technologies, the exploration of in-
novative electrode materials has become a central focus of materials science. MBenes—a
relatively new group in the family of 2D compounds—have garnered widespread atten-
tion for their unique structures, versatile synthesis paths, and attractive physicochemical
properties [53,54]. These factors combine to make MBenes strong candidates for advancing
LIBs and SIBs technologies. This section outlines the fundamental structural character-
istics of MBenes, reviews their principal synthesis approaches, and analyzes their core
physicochemical attributes in the context of energy storage applications.

2.1. Structural Characteristics

MBenes are defined by the general chemical formula My, By, where M is a transition
metal (commonly Mo, Ti, V, Cr, Nb, etc.), B is boron, and ‘n’ is an integer (usually 1 or 2)
(Figure 4) [55,56]. This results in a 2D layered structure; each layer comprises boron atoms
sandwiched between layers of transition metal atoms. The strong in-plane metal-boron
bonding and relatively weak out-of-plane van der Waals interactions enable these materials
to exist as nanoscale sheets, reminiscent of the structural motifs found in other 2D materials
such as graphene and MXenes.
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Figure 4. Schematic atomic arrangements predicted for typical MBenes [56]. Copyright 2022,
Wiley-VCH.

Structurally, MBenes are closely related to MXenes, which have a general formula of
M +1Xn, where X is carbon or nitrogen [57]. The primary distinction lies in the replacement
of the carbon or nitrogen atoms with boron; this seemingly small substitution brings
significant changes in both electronic structure and chemical reactivity. For instance, while
MXenes inherit a combination of metallic conductivity, hydrophilicity, and certain catalytic
activities from their parent MAX phases (M,+1AX,,, where A is an “A-site” element like Al or
Si), MBenes generally exhibit higher theoretical electrical conductivities, greater mechanical
robustness, and a broader range of electron-rich sites due to the boron’s unique electron
configuration [58].

A key structural benefit of MBenes is their flexible and tunable interlayer spacing [59,60].
This interlayer distance can be precisely controlled by selecting transition metals, surface
modifications, or post-synthetic treatments, making it possible to accommodate the varying
sizes of guest ions—most notably, Na* ions that are relatively large compared with Li*.
This flexibility is an advantage over traditional layered materials such as graphite in Na
ion systems, where the insufficient interlayer gap often prevents efficient Na* intercalation.

In addition to their layered geometry and variable interlayer spacing, the surfaces
of MBenes can be terminated by a variety of functional groups (e.g., -OH, -O, -F), in-
troduced either during synthesis or via post-synthetic treatments [61,62]. These groups
play a key role in tuning surface wettability, interfacial reactivity, and the chemical affinity
toward ions or electrolytes. Furthermore, like all 2D materials, MBenes are susceptible
to lattice defects, edge sites, and vacancies [63]. While excessive defects can negatively
impact their long-term stability or electrical conductivity, controlled introduction of va-
cancies and edge dislocations can create new active sites for ion storage and enhance
pseudocapacitive behavior.

2.2. Synthesis Methods

The synthesis of MBenes is foundational to unlocking their full technological promise.
Reliable, scalable, and environmentally conscious production methods are required for both
academic research and industrial-scale deployment. Several methods have been developed
and refined in recent years, each offering unique advantages and posing specific challenges.

Traditional selective etching (de-A Method) (Figure 5a) [64—67] borrows from MXene
synthesis. The classical route to MBenes involves selectively removing “A-site” elements
from their MAX phase precursors (if such exist), typically using strong acids or molten salts.
However, boron’s strong bonding with transition metals often demands more aggressive
reaction conditions and careful control to avoid structural collapse or contamination.

Via chemical etching (Figure 5b) [68,69], many MBenes can be synthesized directly
from binary transition metal borides by using halogen elements (e.g., C12 or Br2) or halide
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salts under high temperatures. This method is less reliant on MAX-like precursors and can
yield high-purity products with adjustable thickness and lateral size. However, it often
involves hazardous reagents, elevated temperatures, and precise post-processing to remove
byproducts or terminate surfaces appropriately.

Topochemical modification and surface functionalization techniques (Figure 5c) [70-73],
such as electrochemical treatment, can be used to modify surface chemistry, expand in-
terlayer spacing, and introduce desired terminal groups. This approach is particularly
valuable for optimizing ion transport properties or hydrophilicity for battery electrode ap-
plications.

Mechanical exfoliation (Figure 5d) [74] is similar to graphene production; MBenes
can be mechanically exfoliated from layered bulk precursors by sonication or shear force.
While this green and straightforward method avoids toxic reagents, its scalability is limited,
and controlling the sheet thickness or size distribution remains challenging.

Regarding green and scalable synthesis (Figure 5e) [75-77], recent attention has fo-
cused on eco-friendly and scalable approaches such as low-temperature molten salt syn-
thesis, hydrothermal processes, or even mechanochemical ball milling in the presence of
benign solvents. These routes minimize hazardous waste and can be more easily upscaled
while maintaining structural and functional diversity. As the field matures, integration of
continuous flow reactors, modular process control, and recycling strategies are paving the
way toward large-scale industrial production.
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Figure 5. (a) Schematic illustration of the structural evolution from MoAIB to Mo, AlB, [78]. Copy-
right 2023, Wiley-VCH. (b) Diagram showing the synthesis of [;@MBene-Br and the concept of a
cascade reaction [79]. Copyright 2024, Wiley-VCH. (c) [llustration of the exfoliation method for Al-R
and Al-D MoAl;_,B nanosheets in organic and strong alkaline solutions, respectively [80]. Copy-
right 2025, American Chemical Society. (d) Schematic depiction of the efficient one-step mechanical
exfoliation (ECO-ME) synthesis pathway for MXenes [74]. Copyright 2023, Elsevier. (e) Illustration
of the synthesis of 2D MoB MBenes using a microwave-assisted hydrothermal etching process in an
alkaline solution [81]. Copyright 2025, Elsevier.

The chosen synthesis method deeply influences the MBene’s morphology, defect
concentration, and surface terminations, and ultimately, its electrochemical performance
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in batteries. The future of MBene-based devices hinges on reproducible, safe, and cost-
effective manufacturing.

2.3. Physicochemical Properties

The intrinsic physicochemical properties of MBenes provide the foundation for their
rapid rise as next-generation battery materials. These features are pivotal to their superior
performance in LIBs and SIBs.

Physical properties include electrical conductivity and ion transport [82-84]. Thanks
to metallic bonding within the transition metal-boron sheets, MBenes boast excellent
in-plane electrical conductivity—often surpassing that of MXenes and rivaling the best-
known 2D materials. High electronic mobility ensures reduced internal resistance,
enabling rapid charge/discharge capabilities and supporting fast ion transport at elec-
trode/electrolyte interfaces.

With regard to specific surface area and layer spacing [85], the enlarged surface
area and customizable interlayer distance provide abundant sites for ion adsorption and
intercalation. This enhances reversible capacity and rate performance. Especially in the
context of SIBs, where Na ions require larger galleries for migration, the MBene’s tunable
structure provides a unique platform for efficient and rapid ion diffusion.

Surface chemistry and functional groups are relevant in this context [86]. The presence
of polar functional groups (e.g., -OH, -O) further improves hydrophilicity, facilitating
intimate contact with aqueous or organic electrolytes. These surface terminations can also
participate in faradaic reactions, contributing to pseudocapacitive behavior and elevating
the total storage capacity. At the same time, careful control of such chemical moieties is
essential to optimize solid electrolyte interphase (SEI) formation, suppress side reactions,
and extend cycle life—challenges especially pronounced during long-term cycling in
lithium- and sodium-ion batteries.

With regard to their thermal and chemical stability [87], MBenes exhibit robust thermal
and chemical stability under a broad range of operating conditions. The strong metal-boron
lattice and well-defined surface terminations confer resistance to oxidation, hydrolysis, and
other degradation pathways that often plague less stable layered materials. This durability
is particularly advantageous for battery applications demanding high safety margins and
long operational lifetimes.

The effects of defects should be considered [88-90]. While excessive defects (e.g., va-
cancies, grain boundaries) can compromise conductivity or structural integrity, a controlled
amount of defects can create new redox-active sites, boosting capacity and sometimes even
enhancing ion transport. Advanced MBene preparation and post-treatment methods aim
to carefully balance these effects for optimal electrochemical outcomes.

In sum, the exceptional physicochemical profile of MBenes is centered on their electri-
cal conductivity, adjustable layer structure, rich surface chemistry, and stability, and sets
the stage for their powerful role in the next generation of LIBs and SIBs.

3. MBenes’ Applications in Lithium-Ion Batteries

The ongoing advancement of LIBs is essential to meeting the growing energy demands
of modern technologies, from electric vehicles to renewable energy storage [91-93]. A
primary focus of battery materials research is the development of novel electrode materials
that offer higher capacity, enhanced cycling stability, and improved rate capability [94,95].
In recent years, MBenes, a family of 2D transition metal borides, have emerged as an
innovative option for advancing LIB performance [96,97]. Their outstanding properties,
including high electrical conductivity, robust mechanical strength, adjustable interlayer
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spacing, and rich surface chemistry, have positioned MBenes as promising candidates to
overcome the limitations of conventional materials such as graphite or metal oxides. This
section provides a comprehensive overview of the application potential of MBenes in LIBs,
discussing their role as electrode materials, the impact of composites, and the complex Li
storage mechanisms involved.

3.1. MBene as Electrode Materials: Capacity, Stability and Performance

Among the most appealing features of MBenes are their superior theoretical capacities.
While graphite, the archetypal anode in commercial LIBs, is limited to a theoretical capacity
of 372 mAh/g, various MBene compositions have demonstrated much higher specific
capacities [98,99]. This arises primarily from their unique layered structures. MBenes
typically adopt the My,;1Bn formula, where transition metal and boron layers alternate,
yielding numerous accessible sites for Li ion intercalation [56]. Some experimental re-
ports have indicated that MBene-based anodes can attain reversible capacities exceeding
500 mAh/g, with studies on Mo,B,, Ti; By, and related MBenes revealing both high capacity
and excellent reversibility over hundreds of cycles [100].

Theoretical studies predict reversible Li storage capacities for Tip By up to 456 mAh/g [25],
approaching or surpassing the theoretical maximum of graphite. Wang et al. employed
a simple and effective ball milling method to introduce functional indium (In) vacancies
into the i-MAB phase Ti;InB, (Figure 6) [101]. The In-deficient Ti;InB, #-MAB phase
(Vin-TipInB,), used as an anode material for LIBs, achieved a high capacity (600 mAh/g)
and excellent long-term cycling stability. Compared to recently reported MAX/MAB phase
materials, the Vi,-TipInB; electrode in this study stands out in terms of reversible capacity
and cycling stability across different current densities. Furthermore, through a combination
of theoretical calculations and experimental tests, the researchers proposed a dual redox
reaction Li storage mechanism for Vy,-TizInB,, involving the Li-In alloying reaction facil-
itated by indium vacancies on the (010) and (001) surfaces of Vi,-TizInB;, and the redox
reaction of Li-TiB occurring at the (010) edge and (001) surface of Vi,-TipInB,. Research
has found that not only can TiyInB,-like configurations stably exist in the Zr-A-B and
Hf-A-B systems, but two new configurations, “211” and “314”, have also been discovered
(Figure 7) [102]. Notably, the identification of Hf,PbB and Hf;BiB structures provides a
potential pathway for extending traditional MAX phases toward borides. High-precision
theoretical calculations indicate that ZrB monolayers are excellent candidate materials for
Li-ion battery electrodes. In addition, Wang and colleagues combined materials genome
prediction with experimental validation to discover a series of novel hexagonal ternary
MAB phases and their two-dimensional derivatives, hexagonal MBenes (Figure 8) [52].
Theoretical calculations revealed that the hexagonal crystal system ternary MAB phases
(h-MAB) served as superior precursors for MBenes compared with the conventional or-
thorhombic crystal system MAB phases (ort-MAB). Based on theoretical predictions, the
authors successfully synthesized three representative structural prototype materials of the
h-MAB phase (Hf;InB,, V3PBy, and Hf,PbB). Taking --MAB Hf,InB,as an example, they
selectively etched away the In layer to successfully prepare the first hexagonal MBene
(h-MBene), namely HfBO. Further application studies found that the 2D HfBO material
showed great potential as an anode for LIBs.
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The metallic nature of MBenes further supports rapid electron transfer during charging
and discharging, contributing to their pronounced rate capability. Notably, many MBenes
exhibit significant capacity retention even at high current densities, a property essential
for fast-charging applications [79,103,104]. This combination of electrical conductivity
and structural resilience sets MBenes apart from many emerging materials that suffer
from slow kinetics or dramatic fading of capacity under demanding conditions. Cycling
stability, a persistent challenge for many high-capacity electrodes, is another area where
MBenes excel [89,105]. Owing to the robust covalent bonding within the metal-boron
lattice, MBenes can endure the strain associated with Li insertion and extraction without
undergoing the mechanical degradation that plagues materials like silicon or some metal
oxides. Their planar and flexible nature further allows for minor volume changes during
cycling, reducing the risk of cracking or pulverization. Consequently, MBene-based LIBs
often demonstrate high Coulombic efficiencies and capacity retention above 90% after
several hundred cycles.

Identifying novel anode materials with high energy density, excellent cycle stability,
and outstanding rate performance has become a key research direction in LIBs development.
Chen et al. [106] successfully prepared MoxBy (MBene) derivatives with an accordion-like
structure by completely etching the Al layer in MoAIB using the molten salt method. The b
values for Peak 1 and Peak 2 were calculated to be 0.95 and 0.91, respectively, indicating
that the energy storage kinetics of the MBene anode were dominated by a pseudocapacitive
mechanism (Figure 9a,b). When used as an advanced anode material for LIBs, this MBene
exhibited outstanding electrochemical performance, achieving a reversible specific capacity
of 638.2 mAh/g after 100 cycles at a current density of 0.1 A/g (Figure 9c—e). Wang
et al. [107] successfully synthesized a novel CogSg-MoB MBene heterostructure material.
The Co9Sg-MoB MBene electrode exhibited outstanding performance, characterized by
significant pseudocapacitive behavior. It maintained a specific capacity of 756.34 mAh/g
after 200 cycles at a current density of 100 mA /g, with a cycle retention rate as high as
91.27%. The excellent cycle stability and rate performance were attributed to the two-
dimensional layered structure of the conductive MoB MBene (Figure 9f-i).
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Figure 9. (a) CV curves of MBene-620 with the gradually increasing scanning rate. (b) Fitting diagram
of relationship between In (peak current) and In (scan rate). (c) Rate capability of MBenes prepared
at different temperatures, (d) cycle performance, and (e) EIS spectra of MBene anodes in LIBs [106].
Copyright 2024. The Royal Society of Chemistry. (f) CV curves of CogSg-MoB MBene electrode at
different scan rates (0.2-2.0 mV/s). (g) Rate performance, (h) cyclic specific capacity profiles at a
current density of 300 mA /g, and (i) EIS of CogSg-MoB MBene and CogSg electrodes in LIBs [107].
Copyright 2025. Elsevier Inc.

3.2. MBene-Based Composite Systems: Synergy and Engineering

Despite their outstanding intrinsic properties, pure MBene electrodes are not immune
to practical challenges, such as tendencies toward aggregation, restacking of nanosheets,
and limited first-cycle efficiency due to SEI formation [108,109]. To mitigate these issues and
enhance performance further, researchers have developed a range of composite electrode
architectures that harness the synergistic effects of MBene with other functional materials.

Integrating MBenes with conductive carbon materials like graphene, carbon nanotubes,
or amorphous carbon, carbon composites [110-112] benefit from enhanced electronic con-
nectivity, flexibility, and dispersion. The carbon matrix acts to prevent restacking, thus
preserving the accessible surface area for Li storage and facilitating fast charge-discharge
kinetics. Hybrid structures such as MBene-graphene [113] or MBene-CNT [114] electrodes
have been shown to achieve not only higher capacities but also better rate capability and
cycling stability compared with pure MBene electrodes.

MBenes can also be combined with electroactive polymers such as polyaniline or
PEDOT, as well as with redox-active metal oxides [115,116]. Polymers provide additional
mechanical resilience and can buffer electrode expansion during cycling, while metal oxides
introduce extra Li storage sites and support hybrid storage mechanisms. These composite
designs effectively improve electrode robustness, enhance active material utilization, and
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suppress unwanted side reactions at the interface, collectively resulting in prolonged cycle
life and stable operation under demanding charge-discharge regimes.

Structural design is very important [117-122]. The success of composite approaches
relies heavily on precise control over composition, architecture, and nanoscale interface.
Recent advances include layer-by-layer assembly, solution-phase co-precipitation, and
in-situ hybridization methods that produce electrodes with optimized porosity, hierarchical
order, and integrated conductive pathways. Smart design of MBene-based hybrids thus
holds the key to balancing high capacity, mechanical integrity, and electrochemical stability
in high-performance LIBs.

3.3. Lithium Storage Mechanisms in MBene Electrodes

Understanding the Li storage mechanism in MBene electrodes is crucial for unlocking
their full potential and guiding rational material and device design. These mechanisms
encompass both traditional intercalation and more complex surface and conversion re-
actions, the balance of which can be tuned by composition and surface engineering. In
LIBs, the energy storage mechanism of MBenes primarily involves efficient Li* intercala-
tion/deintercalation, combined with some surface capacitive behavior. Its high conductivity
and open layered structure allow for rapid Li* diffusion, while changes in transition metal
oxidation states (e.g., Mo?* /Mo*") contribute to redox capacity. Compared with graphite,
MBenes have larger interlayer spacing, reducing Li* insertion resistance, and surface de-
fects or functional groups may provide additional active sites, improving rate performance
and cycle stability.

With regard to intercalation [123,124], the principal Li storage pathway in most MBene
electrodes is the reversible insertion of Li ions between their 2D layers. This process
minimally disrupts the MBene framework due to its robust metal-boron bonding and
adjustable interlayer spacing. In situ X-ray diffraction and electron microscopy studies
provide direct evidence that Li intercalation in many MBenes causes uniform, reversible
lattice expansion that is distinctly less destructive than the phase transformations observed
in alloying materials. Because this intercalation is highly reversible, MBene electrodes show
good long-term capacity retention and cycling stability.

The surface chemistry of MBenes, including surface adsorption and pseudocapac-
itance, significantly impacts their storage behavior [125,126]. The presence of terminal
groups like -OH, —O, or —F on MBene surfaces offers abundant sites for Li adsorption, con-
tributing to a pseudocapacitive storage mechanism. Pseudocapacitance enhances high-rate
capability as it involves rapid, surface-driven Faradaic reactions as opposed to slow bulk
diffusion. Through careful tuning of surface functionalization, researchers can tailor the
relative contributions of intercalation and pseudocapacitive processes, optimizing both
energy and power densities.

Conversion reactions are also relevant [127-129]. For certain MBene compositions,
particularly those containing multi-valent transition metals, Li may participate in partial
conversion reactions involving temporary phase changes or redox-driven alloying. While
these mechanisms offer opportunities for even higher capacities, they require careful
management to avoid irreversible structural changes or capacity fade.

SEI formation and interface stability should also be considered [130,131]. Formation
and control of the SEI is a vital consideration for all high-performance LIB electrodes,
including MBene-based ones. The nature of MBene surfaces and their interactions with
the electrolyte strongly influence SEI composition, uniformity, and stability, which in turn
affect initial Coulombic efficiency, cycle life, and safety. Recent research suggests that
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surface-functionalized MBenes can promote formation of stable, compliant SEI layers that
resist ongoing decomposition while maintaining efficient Li transport.

In summary, MBenes herald a new era of electrode material for LIBs, owing to their
remarkable intrinsic properties, adaptable structures, and chemical versatility. Their high
theoretical capacity, excellent rate performance, and robust cycling stability position them
as promising candidates for advancing LIB technology beyond the limits of conventional
electrodes. The development of MBene-based composites and hybrid architectures further
expands design possibilities, allowing for the customization of electrode systems to meet
diverse performance requirements. Ongoing research to elucidate the dynamic, multi-
mechanistic storage behavior of MBenes, with a focus on optimizing capacity, stability, and
safety. As synthetic methods advance and understanding deepens, MBenes are set to play
a pivotal role in the next generation of high-performance, durable, and safe LIBs.

4. MBenes Applications in Sodium-Ion Batteries

SIBs have emerged as strong contenders in the race for next-generation energy
storage systems, primarily due to Na’s abundance, low cost, and environmental
compatibility [132-134]. However, the successful development of SIBs has been hampered
by several technical challenges, chief among them being the larger ionic radius of Na
compared with Li and the resulting difficulty in identifying electrode materials with com-
patible structures [135]. In this context, MBenes—a new class of 2D boride materials—offer
remarkable promise, thanks to their tunable interlayer spacing, exceptional conductivity,
and robust mechanical framework [136]. This section explores the structural advantages
of MBenes for SIBs, provides a critical comparison with other anode materials, delves
into Na storage and migration mechanisms, and highlights the considerable performance
enhancements achieved through strategic use of composite materials.

4.1. Structural Advantages of MBene for Accommodating Larger Sodium lons

One of the defining hurdles in SIB technology is the accommodation of Na ions, which
possess a substantially larger ionic radius (1.02 A) compared with that of Li* (0.76 A) [137].
This size difference leads to sluggish Na ion diffusion and significant structural deformation
or even collapse in many conventional layered electrode materials [138]. Most traditional
anode materials used in LIBs—such as graphite—are poorly suited to storing Na ions in
their host structures, as the narrow interlayer spacing and insufficient flexibility restrict the
insertion of Na ions and result in poor reversibility [139].

MBene materials, characterized by their M;,,1B, composition and 2D morphology,
inherently offer more adaptable and tunable interlayer spacing than many oxide or carbona-
ceous materials [140-142]. The strong yet flexible metal-boron framework of MBenes not
only stabilizes their structure during repeated ion insertion and extraction but also allows
controlled expansion of the interlayer space, which is critical for accommodating the bulkier
Na ions. Surface chemistry modifications, including the introduction of polar functional
groups or the intercalation of organic/inorganic spacers, are often employed to further
increase gallery height and improve ion accessibility [143]. Gao et al. presented a series of
orthogonal 2D MBenes based on first-principles density functional theory, which were ob-
tained by mechanically exfoliating an MBene layer from a bulk MAB phase (Figure 10) [144].
These included V;B,, Cr;By, Mn,B,, TisBy, ZryBy, and Nb,B;. The thermodynamic and
kinetic stability of monolayer MBenes at room temperature was confirmed through AIMD
simulations and phonon spectrum analysis. In additionally, Wang et al. reported two novel
Mo, B, monolayers and investigated their stability, electronic structures, lattice dynamics,
and potential as anode materials for energy storage, using crystal structure prediction
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techniques and first-principles calculations (Figure 11) [145]. The calculated phonon spec-
tra and electronic structures revealed that the predicted tetragonal and trigonal Mo, B,
monolayers possessed excellent electronic conductivity and strong stability.
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Figure 10. (a) Schematic illustration of Al removal to create MBenes through mechanical exfoliation
of the MAB phase. (b) Diagram showing the metal cation diffusion pathways on monolayer MBenes,
including S1 — S2 — S1, S1 — S4 — S1, and S1 — S3 — S1 routes [144]. Copyright 2019, Royal
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Figure 11. (a) Top-down views of three diffusion pathways for Li/Na on the tetr-Mo, B, monolayer.
Mo, B, and Li/Na atoms are shown in violet, green, and blue, respectively. (b) Diffusion energy
barriers for Li and Na on tetr-Mo, B, [145]. Copyright 2019, Royal Society of Chemistry.

Recent studies have shown that MBenes’ unique atomic configurations can effectively
mitigate common degradation mechanisms such as exfoliation, restacking, and lattice
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collapse, which are factors that otherwise compromise SIBs’ long-term cycling perfor-
mance [21]. The combination of high mechanical rigidity and structural tunability makes
MBenes especially attractive not only for Na ion storage but also for sustaining stable
operation over hundreds or thousands of cycles. Xiong et al. [81] proposed an efficient
microwave-assisted hydrothermal alkaline solution etching strategy to peel off the MoAIB
MAB phase into two-dimensional MoB MBenes with a good wrinkled structure. This
material exhibited excellent electrochemical performance in sodium-ion batteries (SIBs),
achieving a reversible specific capacity of 196.5 mAh/g at a current density of 50 mA /g
(Figure 12a—c). Liu et al. [146] proposed a sodium storage strategy combining interface
engineering with Na,S adsorption, vertically growing SnS@C nanosheets on MBenes. The
MBenes-SnS@C anode exhibited a high capacity of 411 mAh/g at a current density of
1 A/g and maintained a capacity of 420 mAh/g after 100 cycles at a current density of
0.5 A/g (Figure 12d,e). The CV curves of the MBenes-SnS@C-2 electrode at a scan rate of
0.1-1 mV/s show good redox characteristics and minimal peak displacement, indicating
low polarization and fast electrochemical kinetics (Figure 12f-h).
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Figure 12. (a) Specific capacities of MoB MBenes at different current densities. (b) The cycle per-
formance of MoAIB and MoB MBenes at 50 mA/g. (c¢) CV profiles at different scan rates of MoB
MBenes [81]. Copyright 2025. Elsevier Ltd. (d) Rate performance and (e) cyclic performance of
SnS@C and MBenes-SnS@C in SIBs. CV profiles of (f) SnS@C and (g) MBenes-SnS@C-2 at scanning
rates of 0.1-1 mV/s. (h) EIS of SnS@C and MBenes-SnS@C [146]. Copyright 2025. Elsevier Inc.

4.2. Performance Comparison: MBene vs. Other Anode Materials

The practical deployment of any electrode material depends not only on its ability to
host Na ions but also on its electrochemical performance, including reversible capacity, rate
capability, cyclability, and safety [136,147]. Compared with more conventional materials
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such as hard carbon, transition metal oxides, or MXenes, MBenes have begun to distinguish
themselves with several noteworthy advantages [148-150].

For example, hard carbon is commonly used as a reference anode material in SIBs, of-
fering reversible capacities of ~300 mAh/g and reasonable cycling stability [151-153]. How-
ever, its poor rate performance and limited electrical conductivity often restrict its applica-
tion in fast-charging scenarios. MBene anodes have demonstrated higher intrinsic electrical
conductivity, which enables rapid electron transfer and supports higher charge-discharge
rates [154]. Laboratory reports reveal that certain MBene compositions (e.g., Mo, B, or
TiyBy-based MBenes) can deliver initial reversible capacities between 350-500 mAh/g with
excellent rate capability and retention of 80-90% of initial capacity after several hundred
cycles under practical current densities [40,81].

Compared with MXenes, MBenes sometimes offer superior cycling stability given
their stronger metal-boron bonds (as opposed to metal-carbon/nitrogen) that can better
withstand repeated sodiation and desodiation [155-157]. While MXene anodes may suffer
from rapid capacity fade due to structural fatigue, MBenes’ robust lattice provides resilience
and supports more stable SEI formation [158]. Metal oxides, though they may promise
high capacity, often experience significant irreversible capacity loss and poor rate capability
due to volume expansion and sluggish Na ion diffusion, which are drawbacks that MBene
architecture can help ameliorate [159].

Despite these advantages, MBene anodes are not without drawbacks. Their initial
Coulombic efficiency can be somewhat lower than that of traditional hard carbons due to
the formation of SEI or irreversible trapping of Na at defect or functional group sites [160].
Still, ongoing research on surface engineering and electrolyte optimization is addressing
these limitations, gradually aligning MBenes’ practical and theoretical performance.

4.3. Sodium Storage and Migration Mechanisms in MBenes

A nuanced understanding of how Na ions are stored, migrate, and interact within
host materials is essential for optimizing performance and predicting long-term durability.
Na storage in MBene electrodes is widely recognized to follow a hybrid mechanism that
encompasses intercalation between layers, pseudocapacitive surface adsorption, and, in
certain cases, conversion reactions involving active transition metals. In SIBs, the charge
storage mechanism of MBenes primarily relies on interlayer insertion reactions and surface
adsorption/redox reactions. Na* can be inserted into the interlayer gaps of MBenes, while
the abundant transition metal sites on the surface (e.g., Mo, Tj, etc.) provide additional
pseudocapacitive capacity through redox reactions. The layered structure and tunable
interlayer spacing of MBenes help mitigate volume expansion during Na* intercalation,
while surface functional groups (e.g., -O, -F) may participate in ion adsorption, enhancing
interfacial charge transfer.

Intercalation [161,162] is the primary Na storage mechanism in most MBenes, wherein
Na ions insert into galleries between MBene layers during discharge. The process is largely
reversible, especially when the interlayer spacing is optimized. In situ X-ray diffraction
and atomic force microscopy have shown that sodiation leads to moderate, reversible
expansion of the MBene lattice, in a process far less destructive than observed in many
oxide or alloying-type anodes. The strong metal-boron bonds and the planar geometry of
MBene flakes help contain the structural changes associated with sodiation and desodiation,
preventing pulverization or exfoliation.

Regarding surface adsorption and pseudocapacitance [163,164], MBene sheets are
typically terminated with surface functionalities such as -OH, O, or —F due to synthesis
protocols. These groups provide abundant high-energy adsorption sites for Na ions, leading
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to substantial pseudocapacitive contributions. Such surface-driven storage mechanisms
enhance the high-rate performance and capacitance of MBene anodes, facilitating the
fast-charging and discharging crucial for modern SIB applications.

In some cases, Na storage may involve partial conversion reactions [165,166], forming
transient nanophases or alloys within the material during cycling, especially for MBenes
containing redox-active transition metals. While these reactions can provide extra capacity,
they must be carefully managed to prevent irreversible phase changes and capacity loss
over long cycles.

Na ion migration through MBene electrodes is facilitated by both the intrinsic con-
ductivity of the material and the accessible, low-energy diffusion pathways within and on
the surfaces of the layers. Computational investigations using density functional theory
have highlighted low Na ion diffusion barriers on MBene surfaces, often lower than for
analogous carbon or oxide electrodes, thus confirming the theoretical advantages of MBene
frameworks for SIB operation.

4.4. MBene-Based Composite Materials: Enhancing Sodium-Ion Battery Performance

To overcome remaining limitations such as layer stacking, agglomeration, and sub-
optimal Coulombic efficiency, numerous studies have explored the integration of MBenes
with other functional materials to yield high-performance composites. These composite
designs have often been inspired by analogous efforts in MXene and graphene research,
leveraging synergies between the constituents for higher overall battery performance.

With regard to MBene/carbon composites [167,168], the incorporation of conductive
carbon frameworks (e.g., graphene, carbon nanotubes, amorphous carbon) with MBene
nanosheets is highly effective for preventing restacking, improving electrode flexibility,
and promoting electron/ion transport. Such hybrid electrodes exhibit increased surface
area, suppressed aggregation, and enhanced rate capability, enabling practical capacities
and long-cycle durability under demanding conditions.

Polymer and metal oxide composites have been used [169,170]. Polymers, espe-
cially those with elastic or self-healing properties, can buffer volume changes during
repeated sodiation/desodiation and improve structural robustness. Metal oxides, when
homogeneously integrated with MBenes, may introduce additional Na storage sites while
acting as spacers to keep the MBene layers apart, further enhancing cycling stability and
rate performance.

For optimization of surface chemistry [171,172], surface engineering remains a key
method for tuning Na affinity, controlling SEI formation, and improving first-cycle ef-
ficiency. Rational choice of composite type, composition ratio, and synthesis method—
whether in situ assembly, physical mixing, or solution-phase hybridization—offers a pow-
erful toolkit for tailoring MBene-based electrodes to the specific needs of SIBs technologies.

MBene materials have rapidly established themselves as among the most exciting
2D platforms for next-generation SIBs. Their unique structural adaptability, robust bond-
ing, and outstanding electrical properties address several fundamental challenges facing
this battery technology. However, to reach full industrial relevance, further research is
needed to optimize synthesis, engineer surfaces and interfaces, and master the design of
multifunctional composite electrodes. With continued innovation, MBene-based materials
may soon enable production of high-performance, cost-effective, and long-lived SIBs with
far-reaching impact for grid storage and beyond.
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5. Challenges and Development Trends

The emergence of MBenes as novel 2D boride materials has created exciting oppor-
tunities to revolutionizing LIB and SIB technologies. Despite their unique structures and
outstanding electrochemical properties, significant scientific and technological challenges
remain before MBenes can be realistically implemented in commercial electrochemical
storage systems. Addressing these issues is essential for translating the impressive labora-
tory results of MBenes into meaningful real-world battery advancements. In this section,
we discuss the main challenges facing the application of MBenes in these batteries and
highlight research trends aimed at overcoming them (Figure 13).

Synthetic controllability and scale-up bottlenecks Advanced and green synthetic strategies

Interlayer structure regulation and interface optimization Structural engineering and surface functionalization

Multi-component and composite electrode architectures

Structural instability during operation Future

Challenges
prospects

Synergy between theory, simulation, and advanced characterization

Material dispersion and aggregation . o
Battery mechanism elucidation and performance enhancement

Gap between theoretical and practical performance Broadening MBene applications beyond lithium and sodium storage

Cost, environmental, and sustainability concerns Sustainability, commercialization, and societal impact
Figure 13. Schematic representation of current challenges and future prospects for MBenes.

(I)  Synthetic controllability and scale-up bottlenecks

A major obstacle hindering the widespread adoption of MBene-based electrodes
is the challenge of achieving highly controllable, reproducible, and scalable synthetic
methods. Most conventional approaches for producing MBenes, such as selective chemical
etching and top-down exfoliation of bulk precursors, typically require harsh chemicals
(e.g., strong acids or fluorides), stringent environmental controls, and labor-intensive
procedures. Research has found that a 2 M LiF/6 M HCl solution causes corrosion of the
Mo, B, layer, while even orthogonal Mo, B, cannot be completely etched out of MoAIB
using a 10% NaOH solution, because low-concentration alkaline solutions can etch only
the surface layer of the MAX phase [71,173]. These constraints lead to problems such as
low yield, poor batch-to-batch consistency, and limited control over flake thickness, lateral
size, defect density, and surface terminations. Scaling up for industrial application presents
an even greater challenge, as processes must deliver high throughput, impurity control,
and cost efficiency. Current research trends are addressing these bottlenecks by exploring
greener synthetic protocols, such as molten salt methods, electrochemical exfoliation,
and mechanochemical approaches that significantly reduce environmental hazards and
operational complexity. Developing closed-loop, solvent-free, or recyclable processes aligns
with global trends toward sustainable manufacturing. Additionally, optimization precursor
selection, process automation, and standardizing process parameters are key directions
for enabling large-scale production of MBenes with consistent quality, which is critical for
battery manufacturing.

(I) Interlayer structure regulation and interface optimization

Another significant challenge involves fine-tuning the interlayer structure and op-
timizing interfaces within MBene materials, both of which are essential for efficient ion
transport and stable electrochemical performance. While MBenes offer unique advantages
including their layered architecture and high specific surface area, these features can also be
problematic; uncontrolled stacking or aggregation diminishes ion accessibility and hinders
charge transfer. To overcome the self-weight stacking problem and improve electrochemical
performance, Li et al. [110] reported the use of CNTs in combination with a single-layer
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MBene (forming mono-MBene/CNT). This composite material effectively prevented the
nanoplates from stacking due to their weight, thereby significantly improving the rate
performance and cycling stability of the electrode material.

Additionally, the interlayer spacing in pristine MBenes may not be ideally suited
to the ionic radii of Li or Na, particularly in SIBs, which require broader galleries to
facilitate Na diffusion. Recent research has focused on modifying interlayer chemistry
through approaches such as ion intercalation (e.g., inserting organic cations or small
molecules), surface functionalization (e.g., with oxygen, hydroxyl, or other moieties), and
the intentional introduction of defects and dopants. These modifications can expand
interlayer spacing, improve wettability, and facilitate faster, more reversible ion migration.
At the electrolyte interface, engineering the chemical environment (by modifying terminal
groups or using protective coatings) can mitigate the formation of unstable SEI and suppress
side reactions. The advent of in situ and operando characterization tools has also accelerated
insights into how MBene structures evolve during battery operation, providing a sound
foundation for interface and structure optimization.

(III) Structural instability during operation

Stable cycling at high charge-discharge rates and over many cycles is essential for
any practical battery material. For MBenes, preserving mechanical and electrochemical
integrity during extended use is challenging. Repeated ion insertion and extraction cause
volumetric changes that, if too great, can result in structural distortion, particle fragmen-
tation, nanosheet delamination, and even electrical disconnection within the electrode.
Current strategies to address these issues include enhancing interlayer interactions via
cross-linking, integrating flexible or elastic matrices, and designing MBene-based compos-
ite electrodes. Incorporation of carbon nanostructures, conductive polymers, or hybrid
binders can alleviate mechanical stress, prevent sheet restacking, and help maintain con-
tinuous conductive networks. Additionally, optimization of the electrode architecture,
including controlling porosity, flake orientation, and thickness, can better accommodate ex-
pansion and contraction, thereby maximizing cycle life without compromising capacity or
rate performance.

(IV) Material dispersion and aggregation

Achieving molecular-scale dispersion of MBene nanosheets is essential for maximizing
the active surface area and improving overall battery performance. However, MBenes
naturally tend to agglomerate or restack due to strong van der Waals forces and high
surface energy, resulting in reduced accessible surface, fewer active sites, and hindered
ion transport. To address this, surface engineering and composite design strategies are
increasingly being utilized. Surface functionalization with charged groups, incorporation
of spacers (such as organic molecules or nanoparticles), and integration with dispersive
matrices like graphene or conductive polymers have all demonstrated effectiveness in
preventing aggregation. Furthermore, in situ exfoliation methods, where MBenes are
generated and processed in a single step or within a composite, can improve processability
and ensure uniform dispersion of electroactive components throughout the electrode.

(V) Gap between theoretical and practical performance

Although computational studies and small-scale laboratory tests highlight MBenes’
remarkable theoretical properties, such as high capacity and exceptional conductivity, the
translation of these findings to commercial-level performance has often lagged behind.
Several factors contribute to this gap; real-world electrodes are typically thicker, polydis-
perse, and incorporate binders or conductive additives, all of which can hinder rapid ion
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transport, electron conduction, and mechanical stability. Additionally, parasitic side reac-
tions and imperfect interfaces further diminish effective utilization of materials. Bridging
this divide requires close feedback between theory, modeling, and practical engineering.
Increasingly sophisticated multi-scale simulations (DFT, molecular dynamics, continuum
models) are now being intergrated with high-fidelity experimental validations to refine
both material design and cell assembly protocols. Furthermore, the adoption of advanced
operando diagnostics provides richer datasets to elucidate failure modes, capacity fade,
and real-world performance limitations. Interdisciplinary collaboration among theoretical
chemists, material scientists, and process engineers is essential to align predictions and
outcomes for next-generation battery design.

(VI) Cost, environmental, and sustainability concerns

The main technical bottlenecks hindering the transformation of MBenes from
laboratory-scale demonstration to commercial battery technology lie in the reproducibility
and cost issues during large-scale production. Currently, the synthesis process of MBenes
is complex and energy-consuming, leading to high production costs and making it difficult
to achieve economic feasibility in mass production. As the main precursor, the cost of
MAB varies depending on the type of transition metal contained, its purity, and market
supply-demand relationships. If rare or expensive transition metals are involved, the cost
may be relatively high. In addition, the long-term stability and cycle life of MBenes still
need further optimization, especially in terms of their durability performance under actual
usage environments. For industrial applications, balancing high performance with low
costs, improving production efficiency, and ensuring material consistency and reliability are
the key technical challenges faced by this field. Although certain progress has been made
in laboratory synthesis methods, the further development of efficient, reproducible, and
precisely controlled nanoscale synthesis technologies is required to achieve industrial-scale
production. Meanwhile, the establishment of recycling pathways is also crucial. Waste
materials, defective products, and other by-products generated during the production
process need effective recycling treatment to improve resource utilization, reduce costs,
and minimize environmental pollution.

In summary, the application of MBenes in LIBs and SIBs holds significant promise,
but realizing this potential will require focused research to overcome synthetic, structural,
interfacial, and practical engineering challenges. The ongoing integration of advanced
synthetic chemistry, surface engineering, theory-driven design, and sustainable manufac-
turing is expected to accelerate the transition from laboratory to industry, ensuring that
MBenes make a meaningful contribution to the future of clean energy storage. Emerg-
ing solutions and research directions not only address current limitations but also pave
the way for technological breakthroughs in high-performance, durable, and sustainable
battery systems.

6. Future Prospects

As the global pursuit of sustainable, efficient, and high-capacity energy storage solu-
tions intensifies, the development and optimization of advanced materials such as MBenes
are expected to play a pivotal role in shaping the next generation of batteries. While
significant progress has been made in understanding and applying these novel 2D boride
materials in LIBs and SIBs, numerous opportunities and challenges persist for both fun-
damental research and technological implementation. Looking forward, several strategic
directions are set to unlock the full potential of MBenes, ranging from innovative synthesis
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methods and theoretical investigations to hybrid material design, mechanistic insights, and
expanded application prospects (Figure 13).

(I)  Advanced and green synthetic strategies

Efficient and scalable synthesis remains fundamental to the widespread adoption
of any new material. For MBenes, particular attention must be given to advancing syn-
thetic methods that can reliably produce high-quality, defect-controlled nanosheets while
meeting environmental and industrial standards. Conventional synthesis techniques, such
as chemical etching or top-down exfoliation, though effective, often involve hazardous
chemicals, yield low quantities, or offer limited control over layer thickness and surface
composition. The transition toward green synthesis and environmentally friendly protocols
is both a scientific necessity and an industrial priority. Alternative approaches may include
mechanochemical synthesis, electrochemical exfoliation, and bio-inspired methods that
reduce energy consumption and environmental impact. Additionally, fine-tuning synthetic
parameters—such as temperature, precursor concentration, and reaction time—will be
essential for producing MBenes with uniform size, desirable surface functionality, and
minimal defects. The development of closed-loop, recyclable, and energy-efficient syn-
thesis platforms will not only minimize waste but also lower production costs, thereby
accelerating commercial deployment.

(I) Structural engineering and surface functionalization

Fully harnessing the exceptional properties of MBenes demands ongoing advance-
ments in material engineering at the atomic and molecular scales. Rationally designing
the interlayer spacing, through ion exchange, organic molecule intercalation, or targeted
doping, offers a pathway to optimize ion mobility and accommodate the significant volume
changes induced by charge-discharge cycles. These approaches are particularly crucial for
SIBs, where the larger ionic radius presents greater challenges than in Li systems. Surface
functionalization represents another essential direction. The intentional introduction, mod-
ification, or removal of terminal groups—such as hydroxyl, oxygen, or fluorine—can tailor
the chemical reactivity, electronic structure, and interfacial behavior of MBenes. By tuning
these surface characteristics, it becomes possible to optimize electrode-electrolyte compati-
bility, enhance solid electrolyte interphase stability, and suppress parasitic side reactions
that compromise long-term cycling. Notably, controlled surface modifications may also
render MBenes suitable for multifunctional hybrid systems, enabling the exploitation of
synergistic properties across different material classes.

(III) Multi-component and composite electrode architectures

Looking beyond the use of pristine MBene nanosheets, future research will increas-
ingly emphasize the development of multi-component composite materials that integrate
MBenes with other advanced functional phases. For instance, MBene—carbon, MBene-
polymer, or MBene-metal oxide composites have demonstrated significant potential for
achieving high conductivity, enhanced mechanical strength, and diverse charge—storage
mechanisms simultaneously. Through the rational design of heterostructures or hybrid
electrodes, scientists can further improve rate capabilities, mitigate structural degrada-
tion, and preserve electrolyte accessibility. Moreover, incorporating flexible or self-healing
polymers could enable applications in flexible and wearable electronics, while strategic com-
binations with metal oxides may facilitate dual intercalation/conversion-type storage for
exceptional capacity gains. Leveraging synergistic effects through composite engineering
will therefore be central for unlocking the practical benefits of MBenes in next-generation
battery technologies.
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(IV) Synergy between theory, simulation, and advanced characterization

The convergence of theoretical modeling, computational screening, and advanced
in situ characterization techniques is poised to transform the understanding and opti-
mization of MBene-based systems. Atomistic simulations, such as density functional
theory and molecular dynamics, will play a crucial role in predicting optimal compositions,
surface configurations, and reaction pathways, thereby guiding targeted synthesis and
property modulation. These theoretical frameworks, when combined with high-throughput
screening methods, can dramatically accelerate material discovery and customization. Ex-
perimentally, the application of in situ and operando techniques—including synchrotron
magnetic, spectroscopic, and X-ray synchrotron radiation—will illuminate the dynamic
evolution of MBenes’ structure, interfaces, and chemical environments during real-time
battery operation. Achieving a deeper mechanistic understanding of Li and Na storage,
degradation, and interfacial reactions will enable more precise material and device engi-
neering. Therefore, the integration of theory and experiment remains fundamentals to
advancing next-generation MBene research.

(V) Elucidating battery mechanisms and performance enhancement

One of the most promising areas for future research is the ongoing elucidation of ion
storage mechanisms in MBenes. Whether through classical intercalation, pseudocapacitive
surface storage, or conversion reactions, unraveling these processes at the atomic level will
guide the rational design of materials with tailored performance characteristics. Special
attention must be given to balancing high energy and power densities with exceptional
cycling stability, a necessity for electric vehicles and large-scale stationary storage. Addi-
tionally, active control of the SEI remains a critical issue, as SEI stability governs Coulombic
efficiency and cell longevity. Investigating MBene—electrolyte interactions, identifying ad-
ditives that stabilize the interphase, or engineering artificial SEIs could provide pathways
to reliable, high-performance batteries.

(VI) Broadening MBene applications beyond lithium and sodium storage

While LIBs and SIBs represent the immediate frontiers of MBene research, the unique
properties of these materials suggest far broader application possibilities. For instance,
MBenes could serve key roles in aqueous batteries, magnesium/zinc-ion batteries, super-
capacitors, electrocatalysis, and sensors, owing to their excellent electrical conductivity,
chemical tunability, and mechanical resilience. Additionally, the high surface area and
chemical reactivity of MBenes make them promising candidates for environmental reme-
diation, water splitting, and hydrogen storage. Harnessing these functionalities while
drawing insights from battery-focused research will foster cross-disciplinary progress and
drive the development of multifunctional MBene-based devices.

(VII) Sustainability, commercialization, and societal impact

For real-world application, MBene research must increasingly focus on environmental
sustainability and economic feasibility. This involves not only green synthesis but also
the recyclability of MBene-containing electrodes and their integration into existing manu-
facturing ecosystems. Evaluating resource availability, lifecycle impacts, and end-of-life
scenarios should inform industrial scaling strategies. Finally, fostering collaboration among
academia, industry, and policymakers will be crucial to translating MBene science into tan-
gible societal benefits, from affordable, high-performance batteries that support renewable
energy grids to safer, longer-lasting batteries for consumer devices and transportation.

MBenes, as an emerging family of two-dimensional transition metal borides, boast core
advantages such as tunable layered structures, high electrical conductivity, and excellent

161



Molecules 2025, 30, 2831

electrochemical stability. In LIBs and SIBs, MBenes demonstrate exceptional capacity, long-
term cycling durability, and high-rate performance. Defect engineering and composite
strategies further enhance their practicality. However, key challenges remain, including
scalable and precise synthesis methods, improvements in thermodynamic stability, and
environmentally friendly processing techniques. Looking ahead, integrating sustainable
manufacturing, achieving atomic-level structural design through computational modeling,
and expanding into hybrid energy platforms represent promising research directions.
By combining fundamental materials science with engineering considerations, MBenes
holds the potential to drive the development of next-generation electrochemical energy
storage systems, achieving higher energy density and operational reliability, and ultimately
contributing to the global transition toward sustainable energy solutions.
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Abstract: Hydrogen-centered electrochemical technologies play a vital role in sustainable
energy conversion and storage. One of the challenges in achieving cheap hydrogen is to
bridge the gap between advanced electrocatalysts and highly effective electrodes. The
key lies in designing electrocatalysts with high intrinsic activity and understanding the
structure—activity relationship in water electrolysis. Being proposed as promising electrocat-
alysts, bulk oxides, with their compositional and crystal structure flexibility, provide a good
platform for studying the correlation between intrinsic activity and electronic structure
and also for screening superior catalysts for water electrolysis. In this review, we discuss
the recent developments of oxide electrocatalysts in understanding the structure—activity
relationship. Firstly, we present a thorough overview of recent advances from both theoret-
ical and experimental aspects. Subsequently, we highlight the design principles to provide
guidance for promoting performance. Finally, the remaining challenges and perspectives
about this field are presented. This review aims to provide guidance for the design of highly
advanced oxide electrocatalysts for water electrolysis and large-scale green energy supply.

Keywords: bulk oxides; water electrolysis; intrinsic activity; crystal structure; electronic
structure

1. Introduction

With the growing demand for decarbonizing the industrial sector, increasing the share
of clean and sustainable energy resources has become one of the top priorities for the
science community in the coming decades. Therein, hydrogen economy coupling with
water electrolysis has emerged as a key path to develop sustainable energy [1-3]. However,
the high cost resulting from sluggish kinetics largely limits water electrolysis market pene-
tration. The introduction of an electrocatalyst can effectively reduce the activation barrier,
thus reducing the applied voltage and energy consumption of the reaction. To achieve low
overpotential of the water electrolysis, it is of great urgency to develop electrocatalysts with
excellent performance. To date, the widely used electrocatalysts for water electrocatalysis
are dominated by noble metal electrocatalysts due to the significantly reduced overpo-
tentials. However, the large-scale application of noble metal electrocatalysts is impeded
by the rare reserves on earth and concomitantly high cost [4-6]. Therefore, the design of
low-cost catalysts has been the research focus. Great attention, for example, was dedicated
to developing earth-abundant transition metal-based nanomaterials, aiming to achieve high
catalytic performance at a low cost. While the widely studied nanocatalysts surpass the
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commercial catalysts in the three-electrode configuration at laboratories, their performance
can hardly be transferred to commercial electrolyzers operated in industrial conditions.
Additionally, the nanocatalysts typically suffer from unsatisfactory repeatability, especially
from the lack of a scaled-up synthesis strategy for industrial manufacture, and the instabil-
ity for electrode fabrication of water electrolyzer techniques. For example, fabricating the
electrode in alkaline water electrolyzers (AWEs) is generally prepared by platting the pow-
der catalyst on the nickel net at an elevated temperature (plasma spraying), during which
process the catalytic activity stemming from the quantum size effect, facet-dependent effect,
and other nanostructured morphology benefits are largely removed. Therefore, research
efforts on catalyst design are still urgently demanded.

Bulk oxides synthesized using a solid-state reaction demonstrate approachable scaled-
up synthesis and are stable under industrial plasma spraying [7]. Especially, the advances
in solid-state chemistry have facilitated the synthesis of numerous new oxides with en-
riched chemical space. The diversity of bulk oxides affords numerous degrees of freedom
to tailor the physicochemical properties for enhancing the catalytic activity [8-10]. Here,
the term ‘bulk oxides’ refers to materials that can be distinguished from nanoscale ma-
terials by their ability to be synthesized in large quantities via simple and cost-effective
solid-state reactions, resulting in micrometer-sized particles as opposed to the more com-
plex and expensive methods required for nanoscale oxides. In particular, bulk oxides
address some critical aspects of water electrolysis (especially scaled-up synthesis using
solid-state reactions), although they still have inherent drawbacks, such as low electronic
conductivity and severely limited performance by virtue of the finite active sites in the
bulk materials [11-13]. Therefore, bulk oxide electrocatalysts have emerged as promising
electrocatalyst candidates to possess a highly efficient water electrolysis performance. More
importantly, advancements in solid-state chemistry have facilitated the discovery of nu-
merous oxides, and over 90% of the elements in the periodic table can be incorporated into
the compositions and structures, such as perovskite oxides (ABOs), spinel oxides (AB;Oy),
and pyrochlore oxides (A2B8,0y). Thus, bulk oxides with a flexible composition and crystal
structure provide a good platform for studying the correlation between the intrinsic activity
and electronic structure and screening for superior catalysts for water electrolysis [14-16].
In-depth understanding and significant progress have been achieved for bulk oxides in
water electrolysis, such as the eg-filling descriptor, emphasizing the great potential of bulk
oxides for achieving hydrogen economy. Focusing on the merits and disadvantages of
bulk oxides in catalyzing water splitting, the need to review this exciting research field
is motivated by the urgent need to unveil highly active electrocatalysts and intensify the
systematic understanding of the structure-activity correlations.

In this review, we present a focused review of the correlation of the structure and elec-
trocatalytic performance of bulk oxides for water electrolysis and summarize the rational
guidelines for advanced electrocatalyst design. Firstly, we briefly introduce the recent de-
velopments in the design of highly efficient oxide electrocatalysts based on comprehensive
theoretical and experimental advancements. Then, we introduce several rational strategies
for catalyst design, including regulating the electronic structure and/or increasing active
sites on the oxide electrocatalysts. Finally, we present the perspectives and challenges for
the development of highly advanced oxide electrocatalysts for water electrolysis.

2. The Introduction of Water Electrolysis
2.1. Fundamental Concepts of Water Electrolysis

As a key technology for hydrogen production, water electrolysis typically operates
within an electrolyzer, which consists of an electrolyte, cathode, and anode [17]. Under
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an applied voltage, water molecules would decompose into hydrogen and oxygen at the
surface of electrodes, as shown in the following reaction:

H,O — H, +1/202

Based on electron transfer, the total reaction can be divided into two half-reactions: a
hydrogen evolution reaction (HER) at the cathode and oxygen evolution reaction (OER)
at the anode, where hydrogen and oxygen are generated at the respective electrodes. In
addition, the half-reactions process varies depending on the electrolyte environment:

In acidic electrolytes:

Cathode: 2H" +2e~ — Hy

Anode: H,O — 2H" +2e™ +1/20,

In alkaline and neutral electrolytes:
Cathode: 2H,O + 2~ — H, + 20H™

Anode: 20H™ — 1/20; + H,O + 2e™

Water electrolysis is an endothermic reaction, where the theoretical reversible (E;) and
thermoneutral (E;) voltage are 1.229 and 1.481 V (at 25 °C, 1 atm), respectively. As shown
in Figure 1, the E; and E; depend on the temperature, where the sudden change at 100 °C
can be ascribed to the evaporation of water [18]. In addition, in practical applications, a
much higher voltage than the E; is required to bypass the activation barriers at the cathode
(17¢) and anode (77,), as well as various overpotentials (7,) caused by other factors, such as
mass transport and other resistance. Thus, the overall working voltage (Ey ) is expressed as

follows:
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Figure 1. Thermodynamics of water electrolysis at atmospheric pressure [18].

Therefore, the actual working voltage for water electrolysis is usually over 1.6 V. Here,
the overpotentials 7. and 7, arising from the slow reaction kinetics are largely dependent
on the intrinsic activity of electrocatalysts as well as the structure of electrodes. To achieve
efficient production of green hydrogen, developing highly efficient electrocatalysts for prac-
tical devices, such as alkaline water electrolyzers (AWE) and proton exchange membrane
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water electrolyzers (PEMWE)), is critical for achieving hydrogen-based economies with
zero-carbon emissions.

2.2. Oxygen Evolution Reaction and Hydrogen Evolution Reaction

As a critical half-reaction in water electrolysis, the OER occurs at the anode and
involves a four-electron transfer process, resulting in more sluggish kinetics compared
with the HER [18]. With respect to the OER mechanism, it is widely accepted that the
OER can proceed through two typical mechanisms: the adsorbate evolution mechanism
(AEM) and lattice oxygen-mediated mechanism (LOM) [19-21]. Currently, the AEM is the
most commonly used OER mechanism, and the reaction steps in the different electrolyte
environments are shown below:

In alkaline electrolytes:

OH™ +* — HO* +e”

HO*+ OH™ — H,O+0O*+e™
O*+ OH™ — HOO* + e~
HOO*+OH — Oy +*+ Hy,O+e™

In acidic or neutral electrolytes:
H,O+*— HO*+e” +H*
HO* - O*+e” +H'
O* + H,O — HOO* + e~ + H*

HOO* — Oy +*+e~ + HF

Here, * represents the active site (generally metal site for AEM) at the surface. With
the increase in covalency of electrocatalysts, the binding energy of metal and oxygen inter-
mediates would become weak; consequently, the LOM process for the OER may become
favorable. In general, the lattice oxygens on the electrocatalyst surface would participate
in the LOM-mediated OER process, which involves different lattice oxygen-associated
pathways and nonconcerted proton—electron transfer. Therefore, the LOM-dominated
electrocatalysts can overcome the adsorption scaling relation (HO* and HOO¥) and the
limitations of the minimum theoretical overpotential for the AEM process (~0.37 V) [22].
Nevertheless, the participation of lattice oxygen inevitably leads to the decline in stability,
which needs to be resolved for the catalyst design [23]. In addition, the intrinsic origin of
the LOM has not been fully understood, such as the bindings between lattice oxygen and
oxygen intermediates are still in dispute [24]. Recently, more specific OER mechanisms
have been proposed for the understanding of the OER process, such as the coupled oxygen
evolution mechanism (COM) and oxide path mechanism (OPM) [25,26]. Understanding
the OER mechanism can guide the development of more efficient OER electrocatalysts.

The HER occurs at the surface of the cathode, where the mechanism is associated with
the adsorption/desorption of hydrogen intermediates on the catalyst surface, involving
a two-electron transfer process: (1) the Volmer step; (2) the Heyrovsky or Tafel step (de-
pending on the reaction pathway) [27-29]. The reaction intermediates and pathways vary
depending on the pH:

In acidic electrolytes:

H* +*+ e~ — H* (Volmer)
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H*+H" + e~ — H; + * (Heyrovsky) or 2H* — H; + 2* (Tafel)

In alkaline or neutral electrolytes:
H,O+*+e — H*+OH™

H,O+H*+e  — Hp +*+OH ™ (Heyrovsky) or 2H* — Hj + 2* (Tafel)

The rate-determining step of the HER process can be identified using the Tafel slope
(b) from the polarization curve. In general, if b < 30 mV dec™!, the Tafel step is the
rate-determining step; if 40 mV dec™! < b < 120 mV dec ™!, the Heyrovsky step is the
rate-determining step; and if b > 120 mV dec !, the Volmer step is the rate-determining
step. More importantly, in alkaline or neutral electrolytes, the energy barrier of water
dissociation is a prerequisite in the HER process, resulting in higher activation barriers
and slower kinetics. Therefore, a larger overpotential is needed to drive the reaction in the
alkaline or neutral electrolytes. In addition, alkaline HER is the simplest cathodic reaction,
involving only water dissociation and a two-electron transfer process. This makes it an
important model reaction for investigating other complex reduction reactions, such as CO,
reduction and N, reduction [30,31].

2.3. Performance Evaluation Parameters

The performance of water electrolysis is determined by both the surface kinetics and
thermodynamics of the catalyst. To evaluate the catalytic activity of a given electrocatalyst,
several key electrochemical parameters have been established to elucidate the overall
performance of electrocatalysts, including the overpotential, Tafel slope, mass activity,
specific activity, turnover frequency, faradaic efficiency, and stability [32]:

1. Overpotential (37). The overpotential for water electrolysis is the extra applied voltage
relative to the theoretical voltage under standard conditions, which is the commonly
used parameter to assess the activity of the given electrocatalyst. Typically, the
overpotential at jgeo (the geometric current density normalized to the electrode surface
area) = 10 mA /cm? (corresponding to a solar-to-hydrogen efficiency of 12.3%) is used
as a key parameter to evaluate the catalytic activity [33]. However, the overpotential
of the electrocatalysts is strongly affected by the specific surface area and loading
mass, especially for nanocatalysts with large specific surface areas, which hinders the
use of the overpotential to reveal the intrinsic catalytic activity [34].

2. Tafel Slope (b) and Exchange Current Density (jp). The two parameters can be
obtained from the Tafel equation, # = a + blog j, where b is the Tafel slope, j is the
current density, and 7 is the overpotential, respectively. Extrapolating the linear
part of the Tafel plot to zero overpotential gives the exchange current density (jo),
which reflects the intrinsic catalytic activity of the catalyst. Generally, an excellent
electrocatalyst should have low b and high jy values [35].

3. Mass Activity (MA) and Specific Activity (SA). To further characterize the intrinsic
activity of the catalyst, additional parameters, such as the mass activity (A/g) and spe-
cific activity, have been proposed based on the electrocatalyst mass loading, specific
surface area, and electrochemically active surface area (ECSA). Mass activity is the
current normalized by the current based on the catalyst mass loading. For electrocata-
lysts in equal mass, higher mass activity indicates greater catalytic efficiency, making
it a useful parameter for assessing cost efficiency [36]. Specific activity is obtained by
normalizing the current with the specific surface area or ECSA of the electrocatalysts,
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providing a more accurate reflection of intrinsic catalytic differences and facilitating
the understanding of structure-activity relationships [37].

4.  Turnover Frequency (TOF), Faradaic Efficiency (FE), and Stability. Turnover fre-
quency represents the number of product molecules generated per active site per unit
of time, making it a key parameter for evaluating the intrinsic catalytic activity of the
electrocatalysts [38]. Faradaic efficiency is defined as the ratio of the experimental
to the theoretical product, indicating the efficiency and selectivity of the electrocata-
lysts [39]. In general, the FE of efficient electrocatalysts for water electrocatalysis is
expected to be close to 100%. In addition to the above parameters, the stability of elec-
trocatalysts, including both performance stability and structural stability, is the key
indicator to assess the application potential of the electrocatalyst [40]. Performance sta-
bility is usually assessed by long-term operating electrocatalytic measurements, such
as cyclic voltammetry (CV), chronopotentiometry (CP), and chronoamperometry (CA)
tests. Structural stability requires in situ or post-reaction characterizations to evaluate
the changes in the composition, structure, and morphology of the electrocatalysts.

3. Overview of Bulk Oxides for Water Electrolysis
3.1. Overview of Bulk Oxide Electrocatalysts for Oxygen Evolution Reaction

Bulk oxides with flexible crystal structures and compositions provide excellent tem-
plates for investigating the structure—activity correlations in the OER [16,41,42]. Based
on the widely accepted OER catalytic mechanisms, Norskov et al. proposed a standard
hydrogen electrode (SHE) computational model to simulate free energy changes during
the OER process, which has greatly enhanced the understanding of OER mechanisms [43].
Later, Norskov et al. investigated the relationship between the adsorption energy of reac-
tion intermediates and the OER activity of the electrocatalysts [44,45]. For an ideal OER
electrocatalyst, the free energy change (AG) for each reaction step is 1.23 V, resulting in an
overall AG of 4.92 V (Figure 2a). However, in the actual OER processes, the free energy
changes for different reaction steps are not identical, where the slowest step determines
the overall reaction rate. More theoretical and experimental results indicate the adsorption
energy of reaction intermediates can reflect the OER activity of a catalyst, such as AGo+
and AGo+—AGno+ (Figure 2b—d). Therein, the electrocatalyst with oxygen intermediates
with a binding energy that is neither too strong nor too weak exhibits the optimal activity.
Experimentally, RuO, with moderate adsorption energy exhibits the best OER activity.
In addition, the volcano plot is also applicable for predicting the performance of other
transition metal-based systems, making it one of the most widely accepted and mature
descriptors to date.

For transition metal-based electrocatalysts, the d orbital electron distribution of transi-
tion metals significantly influences the electronic structure. Understanding the relationship
between the d electron density and OER activity is crucial for designing high-performance
transition metal oxide catalysts. For simpler systems, the number of d electrons directly
reflects the catalytic activity. According to Sabatier’s principle, the adsorption energy of
reaction intermediates should neither be too strong nor too weak. Transition metal-based
oxides, particularly Ni- and Co-based oxides, generally exhibit better OER catalytic activ-
ity [46]. Rossmeisl et al. systematically investigated the relationship between oxygen-based
intermediates and the d electron count during the OER process (shown in Figure 3a,b) [47].
Theoretical calculations revealed that as the d electron count increases, the binding strength
of intermediates also increases. A subsequent study indicated that the enhanced activity
of transition metal oxides with different d electrons is related to increased occupancy of
d antibonding orbitals and optimized binding strength of HO*, which endows Ni-based
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oxides with superior catalytic activity [48]. In addition to the OER activity, the chemical
stability of oxide electrocatalysts also follows a volcano-like trend with the d electron count
(shown in Figure 3c,d) [49]. The surface adsorption energetics and bulk thermochemistry
depend similarly on the number of outer electrons of the transition metal in the oxide.
In addition to the effect of the d electron on the catalytic activity, the interaction energies
between metal centers and ligands play a crucial role. According to HSAB theory, hard
acids prefer to bind with hard bases, while soft acids favor soft bases. Transition metals
typically act as borderline acids, which can interact effectively with both hard and soft
bases, depending on their electronic configuration and oxidation state [50]. The enhanced
activity observed in certain transition metal oxides (e.g., Ru-based perovskites and py-
rochlores) can be attributed to their ability to form strong interactions with oxygen ligands
due to their intermediate hardness. These interactions facilitate optimal binding energies
for catalytic reactions such as the HER and OER. Conversely, zinc-based complexes are
generally considered hard acids, leading to weaker interactions with oxygen ligands, which
are relatively harder bases. This mismatch results in less favorable binding energies, ex-
plaining why zinc-based complexes typically do not exhibit excellent catalytic activity in
these reactions. In light of the key role of d orbital electrons in the optimization of reaction
intermediate binding energies, these groundbreaking works provide significant guidance
for the development of oxide electrocatalysts.
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Figure 2. (a) Plot of Gibbs free energy of reactive species and intermediates (horizontal lines) of the
oxygen evolution reaction (OER) versus the reaction coordinate [44]. (b) The adsorption energy of
HOO* plotted against the adsorption energy of HO* on perovskites. (c,d) Volcano plot correlating
OER catalytic activity with AGo+—AGo~ [45].

Guided by molecular orbital theory, understanding the coordination environment of
the metal-oxygen bond in the oxide lattice is crucial for tuning the electronic structure to
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regulate the surface binding energy. Taking first-row transition metals with octahedral
coordination as examples (Figure 4a), the exposed B-sites have the coordination environ-
ment BOs at the surface, breaking symmetry and leading to the splitting of eg and t5g
degenerate orbitals into different energy levels [14]. According to frontier orbitals theory,
the adsorbate intermediates would interact with the vertically oriented eg orbital with
stronger overlap than that with the t,¢ orbital, thus determining the adsorption/desorption
energy of the reaction intermediates. It should be noted that the spin states presented in
Figure 4a are based on the experimental measurements of bulk LaMO3 (M = Cr, Mn, Fe,
Co, Ni) materials at room temperature. Other configurations may also be observed under
different conditions, such as varying temperatures or in thin-film geometries [51]. In fact,
the spin states of the transition metal are largely dependent on the oxidation state and
crystal structure (e.g., coordination environment, distortion), which should be determined
by the magnetic measurements. Inspired by this point, Shao-Horn et al. systematically
investigated the OER activity of a series of perovskite oxide electrocatalysts and proposed
a significant eg-filling descriptor [52,53]. Based on eg orbital occupancy, the o-eg orbital
bonding has a stronger overlap with the oxygen-based reaction intermediates than that
of the -ty orbital bonding, directly influencing the binding energy of the adsorbates and
promoting charge transfer, thereby enhancing OER performance. Therefore, as shown
in Figure 4b, the occupancy of eg orbitals correlates with the OER activity of perovskites
exhibits a volcano-like relationship, in which the Bag55r)5CoggFep 2055 (BSCF) at the
peak of the volcano shows the best OER activity with an eg filling of ~1.2. The eg-filling
descriptor is also consistent with the Sabatier principle, where optimizing the binding
strength between the reaction intermediates and the catalyst enhances the catalytic activity.
Based on this theory, many outstanding OER electrocatalysts have been designed, such
as CaCuzRuyOqp, CapMn, 05, and CaCusFe O, [54-56]. To design an excellent OER ox-
ide electrocatalyst with optimal eg orbital occupancy, the d orbital can be modulated by
regulating the oxidation state and spin state.

Although the eg-filling descriptor has been widely used in the electrocatalyst design,
the available range of this descriptor is limited to explain the activity trends of all kinds
of electrocatalysts. For example, the OER activity of the LaBO3 (B = Cr, Mn, Fe, Co, Ni)
system does not directly correlate with the eg orbital occupancy [57]. Consequently, further
theoretical and experimental studies have proposed more descriptors to establish catalytic-
dependent models, such as metal-oxygen covalency and charge transfer energy [58,59].
For example, due to the sharing of electrons between the metal and oxygen atoms in highly
covalent late-transition metal oxides, the metal and oxygen atoms can both be seen as active
sites. To more precisely capture the mixed ionic-covalent character of transition metal
oxides, metal-oxygen covalency derived from the bulk electronic structure has emerged
as a powerful descriptor for OER theoretical studies. Specifically, the metal-oxygen co-
valency indicates the characters of metal d-orbitals and oxygen p-orbitals, dictating the
stability and surface adsorption energetics [49,60,61]. Therefore, as shown in Figure 4c, the
metal-oxygen covalency of oxides directly affects the oxygen binding energy, the oxygen
vacancy formation energy, and the electron transfer barrier [14]. In detail, the enhanced
metal-oxygen covalency would induce the O p-band center closer to the Fermi level, en-
hancing the charge transfer between the active site and reaction intermediates during the
OER process, thus increasing the OER activity. Nevertheless, the stability of the oxide
electrocatalysts would decrease with the increased metal-oxygen covalency; thus, the
moderate metal-oxygen covalency would lead to both high activity and stability for the
OER [58,59]. Therefore, metal-oxygen covalency can be used to predict and explain the
OER activity of oxide electrocatalysts. For example, Xu et al. introduced Fe into LaCoO3,
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observing a transition from low-spin to high-spin Co in LaCog 9Fe( 1O3, which increased
the overlap between Co 3d and O 2p bands, enhancing the covalency and improving the
OER performance [62]. Similar performance optimization can also be observed in spinel
oxides such as ZnFe,Coy_4O4 [63]. In practice, doping the metal anion with different
electronegative atoms or tuning the oxidation state of the metal anion can regulate the
Fermi level and O 2p states, which can alter the metal-oxygen covalency and hybridization,
consequently optimizing the OER activity of oxide electrocatalysts [64,65].
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Figure 3. (a) Variations of the binding energy for different intermediates with the formula oxidation
states in various compounds [47]. (b) The adsorption energy of *OH on various compounds with
different outer electrons [47]. (c) The correlation of activity and stability in different compounds [49].
(d) Volcano-type activity plot for various compounds with different formation energy [49].

The discovery of new electrocatalysts is fundamental to investigating the structure—
activity correlations, providing critical guidance for designing more efficient electrocatalysts
and accelerating the development of practical applications. Based on advancements in
theoretical and experimental studies, such as eg orbital occupancy and metal-oxygen cova-
lency, more novel oxide electrocatalysts have been developed for the OER. Goodenough
et al. investigated the OER activity of the two isostructural ACoOj3 (A = Ca, Sr) oxides
synthesized via high-pressure synthesis [66]. As shown in Figure 5a, lattice parameter
changes caused by different A-site ions led to modifications in the electronic structure of
the oxides, resulting in superior catalytic activity for CaCoOj3. Beyond simple perovskite
oxides, quadruple perovskite has emerged as an efficient electrocatalytic system due to
the complex electronic interaction between A- and B-site metal anions. For example, Long
et al. synthesized a complex quadruple perovskite oxide CaCuslrsO1; for OER (shown in
Figure 5b), which exhibited a low overpotential of 252 mV at 10 mA cm~2 in 1 M KOH,
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along with excellent long-term stability, demonstrating great potential for commercial
applications [67]. In situ analysis revealed that the enhanced OER activity can be ascribed
to the strong 3d—2p-5d orbital hybridization induced by the A’—B intersite cooperation.
In addition, Shao et al. reported a novel oxide catalyst, BasSr4(CoggFep2)4O15, with a
unique hexagonal structure. Both tetrahedral Co and octahedral O ions serve as OER active
sites, resulting in exceptional OER activity (shown in Figure 5c) [68]. Additionally, many
other outstanding oxide electrocatalysts (Table 1), such as Ba,MIrOg (M =Y, La, Ce, Pr,
Nd, and Tb) and A;Ru,O7 (A =Y, Nd, Gd, Bi), have been developed based on the above
descriptors, where the development of new material systems has significantly advanced
catalysis research, offering more electrocatalyst options for the OER [69,70]. Typically,
pyrochlore oxides ApRuy0O7 (A =Y, Nd, Gd, Bi) are a class of promising OER catalysts
with improved activity and stability compared to RuO, [70]. The catalytic performance
is influenced by the A-site cation, where a longer Ru-O bond and weaker Ru 44-O 2p
hybridization enhance the initial OER activity. Under acidic conditions, both A-site and
Ru dissolution occur, affecting long-term stability. DFT-based Pourbaix diagrams confirm
the thermodynamic instability of these materials, while theoretical predictions and Bader
charge analysis suggest that dissolution exposes highly oxidized Ru sites with enhanced
activity. Despite degradation, these pyrochlores exhibit significantly higher stability than
RuO,, based on stability number metrics, offering a promising strategy for improving
Ru-based catalysts in water electrolysis.
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Table 1. Summary of representative bulk oxide electrocatalysts for OER.

7 at10 mA cm—2

Tafel Slope

Catalysts Electrolyte (mV) (mV dec-1) Reference
Baz(]‘:/grg 6 I%I‘Tg) La, 0.1 M HCIO, >370 60-120 [69]
Y,Ir, 05 0.1 M HCIO, 262 50 [71]
6H-SrIrO3 0.5 M H,SO, 248 / [72]
CaCu3Ru4012 05M HzSO4 171 40 [54]
Ba; Tilr,Og 0.1 M HCIO, 275 45.7 [73]
Ba4Sr4(Coo,8Feo,2)4Ol5 0.1 M KOH 340 47 [68]
SrzMIrOSfC(]\lfe )= Ni, Co, 0.1 M HCIO, 295-420 48-90 [74]
CaCuslrsOqp 1M KOH 252 47 [67]
Sr3Ir, Oy 0.5 M H,SOy4 259 50 [75]
Cu,IrO; 1M KOH 361 51 [35]
Srlr,Og 0.1 M HCIO,4 303 442 [76]
Dy,NiRuOg 0.1 M HCIO,4 277 58 [77]
LizMn0‘85Ru0‘15O3 0.1 M KOH 260 49.6 [78]
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Figure 5. (a) Electronic structure changes in CaCoO3 and SrCoOj3 [66]; (b) application of CaCuzlrsO1;
in OER [67]; (c) novel oxide OER catalyst BasSr4(Cog gFeg2)4O15 [68].

3.2. Overview of Bulk Oxide Electrocatalysts for Hydrogen Evolution Reaction

Due to the flexible composition and structures, bulk oxides have demonstrated sig-
nificant performance advantages and application potential in the OER. In view of the
excellent OER activity of oxides, it is of great demand to develop oxide electrocatalysts
with highly efficient HER activity for practical applications of water electrolysis. However,
the intrinsic disadvantages, such as poor electronic conductivity, inappropriate electronic
structure for the HER, and limited active sites, have hindered the development of HER
oxide electrocatalysts [79]. Therefore, due to the poor HER activity of bulk oxides, only a
few oxides with high-performance HER electrocatalysts have been reported currently. To
address this issue, substantial research has been dedicated to optimizing HER performance
through different strategies, such as element doping, defect engineering, and morphology
engineering [28,30,80]. To date, several bulk oxide systems have shown excellent HER
activity that is even comparable to commercial Pt/C, indicating the promising potential for
oxides in the HER. However, an ongoing debate still exists on the correlation between the
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intrinsic alkaline HER activity and electronic properties, which makes the design of bulk
oxide catalysts for the HER largely a trial-and-error process.

As mentioned above, the intermediate H* is included in all the pathways for the
HER. Therefore, the Gibbs free energy change in hydrogen adsorption (AGy+) can theo-
retically evaluate the interaction between the H* intermediate and the active site, thereby
determining the HER activity. In general, AGy~ for an ideal HER electrocatalyst should
be close to zero value according to the Sabatier principle, which indicates the optimal
absorption/desorption of H* on the catalyst surface. In addition, excellent HER electrocata-
lysts also enable a higher exchange current density. Therefore, by correlating experimental
exchange current densities with theoretically calculated AGy= values, a volcano diagram
has been proposed to predict the activity [81-83]. Therein, Pt is located at the peak of
the volcano with AGy+ close to 0, indicating that Pt is the most active HER electrocatalyst
based on current research. An efficient HER electrocatalyst binds the reaction intermediate
neither too strongly nor too weakly. Understanding how to regulate the binding energies of
reactive intermediates on the catalyst surface is crucial for designing HER electrocatalysts
with excellent activity. Based on the correlation between d electrons and catalytic perfor-
mance, Norskov proposed the d-band theory (also known as hydrogen binding energy,
HBE), which analyzes the relationship between the d-orbital energy levels of transition
metals and the adsorption energy of reaction intermediates [84-86]. The strength of the in-
teraction between transition metals and reaction intermediates is determined by the filling
of antibonding states, which is influenced by the energy of antibonding states relative to the
Fermi level (shown in Figure 6a). Since antibonding states are always higher than d states,
higher energy relative to the Fermi level results in stronger binding between intermediates
and the catalyst. Thus, the energy of the d-state (relative to the Fermi level) can serve
as an activity descriptor. The relative energy of the metal d-band and the antibonding
hydrogen o* orbital directly determines their overlap, which governs the bond strength
of H intermediates to the metal surface (AGp+), explaining why Pt-based catalysts remain
the best HER electrocatalysts (shown in Figure 6b) [22,87]. The d-band theory has been
widely used to explain and design more efficient HER oxide electrocatalysts. Lotsch et al.
investigated and compared the changes in HER performance of a class of delafossite oxides
PdBO, (B = Cr, Co) and PtCoO, under long-term electrocatalytic testing [88]. Through
comprehensive analysis, the 3-PdHy layer formed in situ on the surface of PdCoO; inher-
ently stretched the Pd lattice, leading to the broadening of the d-band, and thus optimizing
the adsorption energy of H*, consequently achieving catalytic performance comparable to
commercial Pt/C catalysts.
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Figure 6. (a) The interaction between adsorbates and transition metal [85]. (b) Volcano plot of HER
performance vs. AGy [22].

Despite the d-band theory providing in-depth insight into the optimum catalyst for a
given class of catalyst materials, there are additional factors that are needed to quantitatively

181



Molecules 2025, 30, 2391

determine the absolute reaction rates. Specifically, the kinetics barrier of the HER would
change as a function of different pH conditions, leading to varying activity dependent on
the pH values [89-91]. In acidic electrolytes, AGy+ can be used as a powerful descriptor
to evaluate the HER activity, while in the alkaline or neutral electrolytes, the activation
barrier of water dissociation and the binding hydroxyl intermediate would also influence
the catalytic activity of the catalyst. Therefore, in addition to the previously mentioned
AGyy+, the Gibbs free energy change in hydroxyl desorption (AGop+) and the kinetic barrier
of water dissociation (Ej) are jointly proposed as the descriptor for alkaline HER [92,93].
Water dissociation theory incorporates the kinetics of water dissociation and interfacial
water/anion transfer, which can be ascribed to the H* originates from water dissociation
under alkaline conditions [94]. Additionally, the adsorption of OH* competes with H*
adsorption, affecting the utilization of active sites. Therefore, promoting OH* desorption
or providing OH* adsorption sites can enhance H* generation and utilization, thereby
improving the overall HER efficiency [95,96]. Recently, more specific HER descriptors have
been proposed for the understanding of the HER process, such as zero-charge potential
theory and a hydrogen bond network [97,98]. Zero-charge potential theory suggests that
the surface double layer of the catalyst changes with the pH, controlling the binding of
reaction intermediates H* and OH* on the catalyst surface, providing some explanation for
the “dual-site” catalytic mechanism [99]. Nevertheless, no single descriptor can universally
explain the experimental phenomena, and multiple theories are often needed to deepen
the understanding of the structure-activity correlations for the HER. Therefore, further the-
oretical research is required to build effective explanatory models and guide the discovery
and design of more efficient electrocatalysts.

Based on advancements in theoretical and experimental studies, such as d-band the-
ory, more novel oxide electrocatalysts have been developed for the HER (Table 2). In
view of the considerable OER activity of oxides, it is expected that oxide electrocatalysts
may enable significant potential for water dissociation in the HER process. For example,
Markovic et al. reported a Ni(OH),-Pt composite HER electrocatalyst with a factor of 8
activity increase in HER activity relative to state-of-the-art catalysts (Figure 7a) [94]. The
enhanced HER performance can be attributed to the dissociation of water promoted by
Ni(OH); clusters. In addition, as shown in Figure 7b, Shao et al. systematically investigated
the alkaline HER performance of A-site-ordered double perovskite oxides RBaC0,0s5 5, 5
(R = lanthanides) [100]. Therein, the synergistic effects of high-spin Co®* tetrahedral oxy-
gen vacancies and intermediate-spin Co** octahedral vacancies in RBaCo,05 75 could
enhance H,O adsorption and dissociation accompanied by the optimization of H interme-
diate adsorption, ultimately improving the overall HER activity. Later, Shao et al. explored
the influence of different A-site ions on the performance of RBaCo,0s5 5,5, suggesting
that A-site ion electronegativity can serve as a descriptor for HER activity prediction and
evaluation [101]. Theoretical calculations of 13 different RBaC0,0s 5.5 compositions re-
vealed that the A-site ion electronegativity plays a key role in determining the electronic
structure of B-site ions, where GdgsLag5BaCo0,05 5,5 (electronegativity~2.33) exhibits the
best HER activity due to the optimal electronic structure. The flexible crystal structure
and composition of perovskite oxides have facilitated the emergence of more oxide-based
HER electrocatalysts, such as SrRuQOj3, Sr,RuOy, BaRuOj3, and so on [102-104]. Notably,
the Ruddlesden-Popper-type layered oxide Sr,RuQOy exhibits outstanding HER activity
in alkaline media, comparable to the best electrocatalysts reported to date [104]. Theo-
retical calculations reveal that this performance stems from an unusual synergistic effect
between its perovskite and rock-salt layers—the SrO-terminated (001) surface enables
barrier-free water dissociation, while apical oxygen sites in the perovskite layer facili-
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tate favorable hydrogen adsorption and evolution. Therefore, designing and identifying
more high-performance oxide HER electrocatalysts through the combination of theory and
experiments is crucial for designing and developing more efficient HER electrocatalysts.

Table 2. Summary of representative bulk oxide electrocatalysts for HER.

Catalysts Electrolyte 7 at 1(:1:13) om- ;l;ifél dsel:_ple) Reference
Pr0_5(Bag,sSr0,5)0,5C00,8Fe0,203_5 1 M KOH 237 45 [105]
(Gd0.5La0.5)BaC02O5.5+5 1 M KOH 210 27.6 [101]
PrBaCoy05 5.5 0.1 M KOH 291 89 [106]
SrRuO3 1 M KOH 101 67 [104]
SroRuOy 1M KOH 61 51 [104]
SI'RuO.gCOO.lO:),_x 1 M KOH 57.8 35 [102]
Sr4Ru,09 1M KOH 28 55 [107]
SI‘TiO.7RuO.303,x 1 M KOH 46 40 [108]
BaMoOj3 1 M KOH 336 110 [109]

9R-BaRuOj 1M KOH 51 30 [7]

La,SryPtOy, 5 0.5 M H,S0;4 13 22 [110]
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Figure 7. (a) Schematic of alkaline HER based on water dissociation theory [94]. (b) Relationship
between HER performance of RBaC0,05 5.5 and oxygen vacancies [100].
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4. Design Strategy for Bulk Oxides with High Water
Electrolysis Performance

The catalyst design has been the research focus on electrochemical reactions that
promise energy conversions and storage. Great attention, for example, was dedicated
to developing earth-abundant transition metal-based nanomaterials, aiming to achieve
high catalytic performance at a low cost. Unfortunately, nanocatalysts typically suffer
from unsatisfactory repeatability, especially the lack of a scaled-up synthesis strategy for
industrial manufacture, thereby impeding their commercial potential. Therefore, research
efforts on catalyst design are still urgently demanded for electrocatalysis. Bulk oxides
address some critical aspects of water electrolysis (especially scaled-up synthesis using
solid-state reactions), but they still have inherent drawbacks, such as unsatisfactory activity
and severely limited performance by virtue of the finite active sites in the bulk materials. To
further enhance the performance and selectivity of bulk oxide electrocatalysts, it is essential
to design and develop more advanced electrocatalysts. Currently, there are generally two
strategies to improve the activity of an electrocatalyst: increasing the number of active
sites and enhancing the intrinsic activity of each site [22]. In fact, increasing the number of
active sites and enhancing the intrinsic activity often occur simultaneously. Different design
strategies can be tailored based on these principles to achieve superior catalytic activity.

4.1. Crystal Structure Engineering

Exploring a relatively simple and clear system to realize intrinsic activity regulation is
urgent and significant for oxide catalysts. Structural phase transitions provide a treasure
route to intensify the systematic understanding of the correlation between the electrocat-
alytic activity and the crystal, as well as the electronic structure of a material, such as
noble metal and transition metal dichalcogenides [111-113]. Altering interatomic distances
and bonding patterns without any composition change is expected to alter the electronic
structure and thus adjust the catalytic performance. In our recent study, the model system
barium ruthenate (BaRuO3, BRO) with four distinct polymorphs is synthesized by using the
solid-state reaction and high-pressure/high-temperature (HPHT) method to rationalize the
impact of the crystal as well as electronic structure on the HER activity (Figure 8a) [7]. As a
micron-sized oxide, the BRO in the 9R phase (a thombohedral stacking variant with nine
layers per unit cell) displays an exceptional alkaline HER activity comparable to commercial
Pt/C (Figure 8b). The substantial electronic configuration is revealed by the combination of
synchrotron X-ray analytical techniques, magnetic and electric measurements, and density
function theory calculations. The direct d-d hopping in face-shared RuOg octahedra leads to
strong orbital overlap with the H,O molecule, which renders fast kinetics of water splitting
and optimizes the binding energy with surface reactants, thus tremendously improving the
HER efficiency of the bulk 9R-BRO. More importantly, 9R-BRO can be easily synthesized
on a large scale using solid-state reactions, showing reproducible catalytic activity and
superior transferability in commercial alkaline water electrolyzers, signifying the great
potential of bulk oxide electrocatalysts in practical applications. This work highlights
the influence of the crystal structure on the activity of oxide electrocatalysts, suggesting
phase transition is a valid design principle for advanced electrocatalysts with rational
activity enhancement.

In addition to the structural phase transition, the dimensionality control of the crystal
structure can also boost the catalytic activity of the oxide electrocatalysts. The layered
Ruddlesden—Popper (R-P) oxides have emerged as a more promising OER catalyst family
due to the flexible perovskite layers in the lattice [16,114,115]. Previous studies have shown
that the OER performances of R-P oxides are largely associated with the inherent dimen-
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sionality arising from the different perovskite layers. For example, the OER performances
are investigated for a series of R-P oxides La,SrNi;O3,.1 (n =1, 2, 3 and o0), showing
the OER activity enhanced with the increasing perovskite layers n [116]. More theoretical
and experimental results indicate that the optimized activity of the R-P nickelates can be
ascribed to the insulator-to-metal transition and strengthened Ni-O hybridization induced
by the increased dimensionality. It is worth noting that the trends of the OER activity
are also associated with the composition. In our recent study (Figure 8c,d), we sought to
intensify the systematic understanding of the intrinsic effect of the number of perovskite
layers in the OER by investigating a prototypical family of R-P iridate oxides Sry;111r;,O3;41
(n =1, 2, and o) [75]. Unveiled by experiments and theoretical calculations, both the
conductivity and binding energy of oxygen intermediates on the metal site depend on the
number of perovskite layers, resulting in the enhanced OER intrinsic activity of Sr3Ir,Oy.
These studies provide enticing strategies for developing advanced electrocatalysts via
unique crystal structure designs in renewable energy applications.
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Figure 8. (a) Pressure-dependent structural transition of BaRuOj3 from 9R- to 4H-, 6H-, and 3C-
polymorphs [7]. (b) Variation in overpotential at 10 mA cm™—2 reflecting different proportions of face-
shared octahedra in BRO polymorphs [7]. (c) Crystal structures of Sry;411r,,O3,,41 (1 =1, 2, and o) [75].
(d) Mass activity of IrO, and Srj411r,O3,,41 (n = 1, 2, and o) at the overpotential of 7 = 300 mV in
acid and basic solutions [75].

4.2. Heteroatom Doping

The electronic structure plays a vital role in determining the catalytic activity of
electrocatalysts, where heteroatom doping has been broadly used to modulate the electronic
structure, like the d-band center, consequently altering the water electrolysis performance.
Taking perovskite oxides as an example, as shown in Figure 9, over 90% of periodic table
elements can be incorporated into the perovskite structures [117]. By replacing elements at
different crystallographic positions in perovskite oxides (ABO3), both the A- and B-site, as
well as O-site, the electronic structure can be tuned to optimize the catalytic activity due
to the different ionic radius and electronic structure from the heteroatom [118]. Typically,
A-site ions are composed of alkali, alkaline earth, or rare-earth metals, which cannot
directly participate in catalytic reactions. However, the heteroatom doping at the A-site
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would induce the change in the crystal structure, such as the contraction or expansion
of the lattice parameters, structural distortions, and phase changes, and thus alter the
electronic structure of B-site ions to affect the catalytic performance. For example, Miiller
et al. investigated the impact of different A-site ion doping on the OER performance of
pyrochlore Yi gMg,RupO7_5 (M = Cu, Co, Ni, Fe, Y). Different A-site ions can influence the
surface lattice oxygen defect concentration and alter the energy difference between the O
2p band and the Fermi level (EF), thereby modulating the intrinsic OER activity [119]. In
addition, the introduction of heterovalent atoms can also alter the oxidation state of B-site
ions, like the enhanced OER stability of SrRuO; by Na doping, which can be ascribed to
the increased Ru oxidation states and the distortion of RuOg octahedra [120].
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Figure 9. (a) The typical perovskite structure and composition [100]. (b) Element doping strategies at
different sites of perovskite oxides [101].

B-site ion doping can directly modify the electronic structure of active sites, thus
enhancing the electrocatalytic activity of electrocatalysts. For example, Lu et al. studied the
effects of Co ion doping on the layered perovskite oxide BizFe3Ti3O,; [121]. The elongation
of oxygen octahedra in the layered structure can stabilize the intermediate-spin Co®* state,
providing an optimal electronic configuration for OER. Additionally, Co doping improved
the conductivity of the oxide and optimized oxygen intermediate adsorption, resulting in
efficient OER performance. More importantly, diluting the content of precious metal in
the crystal structure is a sought-after strategy for designing efficient electrocatalysts. For
instance, perovskite oxide SrIrO3; has been demonstrated as a highly active electrocatalyst
exceeding the benchmark OER catalysts such as IrO, and RuO; [72]. Further introduction
of Zr or Ti at the Ir-site not only decreased the content of iridium, but also enhanced the
intrinsic OER activity more than that of SrIrOj3, confirming the great advantages of the
heteroatom doping strategy [122,123]. In addition to cation doping, anion doping is another
effective strategy to improve the catalytic activity, such as the F, S, N, or halogen elements
at O-sites. Due to the discrepancy of electronegativity and valency, these dopants can alter
the oxygen vacancy formation energy, adjust the electronic structure, and induce surface
structural changes, thereby influencing the overall catalytic performance. Therein, F atom
doping is widely used in transition metal oxides due to the inherently most electronegative

186



Molecules 2025, 30, 2391

anion with a —1 charge. For example, F anion doping in Lag 5Bag 25510 25C002.9_5Fg 1 could
alter the CoOg coordination environment, which induced CoOg octahedra to transform
into CoOsF octahedra and CoOs pyramids, thus promoting Co eg and f5¢ orbital electron
rearrangement [124]. Therefore, the introduction of the F anion resulted in the upshift of
the O-p band center and activated the lattice O in the OER process, consequently boosting
the OER activity for oxides.

4.3. Defect Engineering

In addition to heteroatom doping, defect engineering is also an effective strategy to
alter the electronic structure without additional elements being introduced into the lattice,
providing a relatively simple platform to uncover the activity—structure correlations [125].
Commonly, defects can be introduced into the cation and anion sublattices as vacancies
or interstitials, respectively [126]. Thus, defect engineering can greatly tailor the physico-
chemical properties and electronic structure, consequently optimizing the performances.
Anion defects have been extensively investigated in oxide electrocatalysts, which can be
introduced through various methods, including a topochemical reduction reaction, het-
erovalent ion doping, etc. For example, Kim et al. synthesized single-phase CapMn,Os5 by
a reduction reaction under 5% Hj/ Ar atmosphere, successfully introducing oxygen vacan-
cies in the lattice and thus accelerating charge transfer during the OER [56]. Compared to
the original CaMnQO3, CapMnyOs5 exhibited a 100 mV lower onset potential and 4-6 times
higher mass activity, which can be attributed to the regulation of Mn d orbital electron
occupancy induced by oxygen vacancy and faster OH™ transfer in the OER process. In
addition, theoretical studies also found that oxygen vacancy formation energy correlates
with the energy difference between the O 2p band center and Ey, where the lower O 2p
band center indicates the higher oxygen vacancy formation energies [64]. For example,
Ciucci et al. synthesized layered NdBaMn;,Os 5, where ordered oxygen vacancies occupied
the apex of MnOs pyramids, alternating with MnOg octahedra along the b axis [127]. The
introduction of oxygen vacancies optimized the Mn 4 orbital alighment and O 2p band
center with the eg orbital electron occupancy~1.04, consequently improving charge transfer
and optimizing the adsorption energy between the catalysts and reaction intermediates.
Therefore, at an applied voltage of 1.7 V, NdBaMn;Os 5 exhibited 24 times higher intrinsic
activity and 2.5 times higher mass activity than the commercial RuO; catalyst for the OER.

In recent years, there has been growing interest in cation defect engineering to optimize
oxide catalytic performance [128]. Cation defects can directly adjust the electronic structure
of active sites, such as regulating the d orbital electron distribution of transition metals,
thereby influencing the catalytic activity. Additionally, A-site defects can modify the
oxidation state of B-site ions, which is accompanied by increased oxygen vacancies in
the lattice. For example, Shao et al. synthesized a series of A-site-deficient La;_,FeOs_j,
which exhibit enhanced OER and ORR activities than those in LaFeOs3 [129]. Structural
characterization revealed that La vacancies promoted the formation of Fe,; and surface
oxygen vacancies, significantly improving the catalytic activity. In addition, A-site defects
can also optimize the electronics of B-site ions, such as ey orbital filling, further enhancing
the OER activity. For example, Gong et al. synthesized A-site-deficient SryCog gFe(203_5
with enhanced OER performance under alkaline conditions, which can be ascribed to the
optimization of eg occupancy of active sites [130]. Nevertheless, undesired defects would
also result in unexpected performance reduction. Thus, defect engineering requires precise
control over the synthesis condition.
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4.4. Morphology Engineering

In addition to enhancing the intrinsic activity mentioned in the above strategies, regu-
lating the morphology of oxide electrocatalysts is an effective strategy to improve catalyst
performance. Bulk oxides are typically synthesized via high-temperature solid-state reac-
tions, resulting in micrometer-sized particles with low specific surface areas and limited
active sites. Engineering the morphology of bulk oxides, such as the porous structure,
nanostructure, and heterostructure, can increase the number of exposed active sites and
thus boost the performance of electrocatalysts [27,131,132]. For example, Shao et al. synthe-
sized a three-dimensional ordered microporous (3DOM) LaFeOj catalyst via the colloidal
crystal template method [133]. As shown in Figure 10a,b, compared with bulk LaFeOs3,
the 3DOM-LaFeOs catalyst exhibited an enhanced specific surface area and active site
exposure, boosting the activity and stability markedly for the OER and HER. Addition-
ally, Zou et al. fabricated porous SrTi(Ir)O3 nanotubes by electrospinning methods (as
shown in Figure 10c) [134]. Specifically, compared to SrTi(Ir)O3; nanoparticles, the porous
nanotubes exhibited a 2.7 times higher specific surface area and superior OER activity in
acidic conditions. However, due to the limitation of high temperatures in synthesizing
the mixed oxides, only limited oxides have been fabricated in the nanostructure. The
design of well-defined nanostructures plays a crucial role in enhancing the electrocatalytic
performance of oxide materials, as it can significantly increase the surface area, expose
more active sites, and modulate the electronic structure. Alternatively, the sol-gel method
offers a promising route for synthesizing oxide materials with well-controlled nanoparticle
structures. For instance, Kim et al. successfully synthesized pyrochlore-type Tl,Ru,O7
nanoparticles (~200 nm, Figure 10d) using a sol-gel approach, followed by surface func-
tionalization with dihydrogen phosphate groups to yield P-TI;RuyO7 nanoparticles [135].
The resulting P-Tl,Ru,O7 catalyst exhibited excellent bifunctional activity toward both the
oxygen evolution reaction (OER) and the oxygen reduction reaction (ORR), enabling high-
performance air cathodes in hybrid Na-air batteries. The enhanced catalytic performance
can be attributed to two key factors: (1) the increased Ru-O bond covalency induced by
surface dihydrogen phosphate functionalization, and (2) the significantly enhanced specific
surface area arising from the nanoparticulate structure.

a“/‘

Metal Nitrate

Precursor soaking E Template removal
—_— = —_— T

Figure 10. (a,b) The 3D porous LaFeOj; synthesized via templating [133]; (c) SrTi(Ir)Os
nanofibers [134]; (d) P-Tl;Ruy,O7 nanoparticles [135].
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5. Conclusions and Perspective

Due to the advantages of flexible composition and structure, substantial development
has been achieved in bulk oxide catalysts, providing a good platform for studying the
correlation between the activity and structure. For instance, perovskite oxides such as
9R-BaRuO3; demonstrate approachable scaled-up synthesis and efficient alkaline water
electrolyzer performance [7]. Moreover, pyrochlore oxides A;RuyO7 (A =Y, Nd, Gd, Bi)
represent a promising class of OER catalysts, showing not only enhanced catalytic activity
but also improved durability compared to RuO,, as evidenced by lower Tafel slopes and
higher stability numbers [70]. In this review, we have introduced the recent breakthroughs
in bulk oxide electrocatalysts for water electrolysis, especially for the development of main
descriptors describing the activity dependence, such as the eg orbital occupancy, d-band
theory, etc. Although bulk oxides address the critical aspects of electrocatalysts (scaled-up
synthesis using solid-state reactions), their inherent limitations, such as the finite active
sites associated with the bulk nature, led to slightly inferior performance compared to
nanocatalysts. To address the limitation of performance, several strategies are highlighted in
this review, including optimizing the crystal/electronic structures and increasing the active
sites. Although bulk oxides have demonstrated excellent water electrolysis performance in
extensively researched studies, several limitations and challenges are still remaining in the
current field. From our point of view, the bulk oxides for water electrolysis that need to be
further investigated are schematically shown in the following aspects:

5.1. Developing New Electrocatalysts

While some bulk oxides have achieved significant developments in water electrolysis,
the discovery of new bulk oxide electrocatalysts with better activity remains a hot spot
in this field. To date, only a limited number of oxides have been explored for water elec-
trolysis. Advances in solid-state chemistry have enabled the synthesis of a vast array of
new oxide materials, with over 90% of the elements in the periodic table being potentially
incorporated into their compositions and structures. Furthermore, the development of
high-pressure synthesis techniques has significantly expanded the diversity of available
bulk oxides. As a result, the extensive chemical space offered by these materials holds great
promise for the design of novel electrocatalysts with superior performance. Up to now, only
a few oxides have been investigated for water electrolysis, and thus, more corresponding
research is invited to expand the variety of electrocatalysts. In addition, most bulk oxide
electrocatalysts are typically micron-sized due to the limitations of widely used solid-state
reactions (e.g., high temperature, long reaction time). Only limited classes can be synthe-
sized in nanosized morphology using moderate strategies. Although the bulk oxides with
micron-sized morphology have demonstrated stability under industrial plasma spraying
for the electrode fabrication of AWE, developing nanostructured oxide electrocatalysts
remains the focus of research of water electrolyzer techniques, like PEMWE. The bulk
nature not only results in finite active sites for catalytic reactions, but also impedes the
further preparation of a homogeneous catalyst layer in membrane-based water electrolyzer
techniques. It is, therefore, a standing challenge to realize the synthesis of bulk oxide
electrocatalysts in nanostructured morphology using moderate strategies.

5.2. Deepening the Understanding of Structure—Activity Correlations

The correlation between structure and activity is crucial for the design of efficient elec-
trocatalysts. Although an in-depth understanding of water electrolysis has been achieved
for bulk oxides, the intrinsic characteristic dominating activity and stability remains elusive.
For example, the main reported descriptors, like the d-band center, are usually based on a
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linear scaling relationship (e.g., volcano plot), which has the upper limitation for optimizing
performance. In addition, the available range of each descriptor is limited in predicting the
activity trends of all kinds of electrocatalysts. Therefore, the development of more universal
and comprehensive descriptors is vital for future research on structure—-activity correlations.
Moreover, identifying precisely the fundamental structures (crystal/electronic/surface
structure) of the electrocatalysts is the premise for investigating the structure-activity
correlations. To unravel the intrinsic activity dependence, combining integrated theoret-
ical calculations and advanced characterization techniques (especially in situ analysis)
would be an accessible way. Recently, emerging factors that may significantly influence
the catalytic performance have attracted increasing attention. For example, BaRuO; ex-
hibits four distinct crystalline phases with markedly different HER activities, suggesting
that the connectivity modes of octahedra in perovskite structures—such as face-sharing,
edge-sharing, or corner-sharing configurations—can play a critical role in determining the
catalytic performance. Furthermore, recent studies indicate that noble metals such as Ir
in higher oxidation states may exhibit enhanced catalytic activity. However, it remains to
be determined whether this phenomenon is observed in just a few specific instances or
represents a broader trend, and what underlying mechanisms are responsible.

5.3. Correlation of Atomic Properties of Transition Metals with Ligand Interactions

A profound understanding of the atomic characteristics of transition metals, including
electronegativity, ionic radius, and d-orbital energy levels, is crucial for elucidating their
potential interactions with ligands. These intrinsic properties significantly influence the
binding affinity, electronic structure, and catalytic behavior of the metal centers. Despite
numerous studies exploring transition metal complexes, most investigations tend to treat
these atomic features separately or focus primarily on one aspect, which can overlook the
complex, combined effects these properties have on coordination behavior and reactivity.
Therefore, future research efforts should emphasize multi-parameter analyses that simulta-
neously consider these atomic factors, supported by both experimental data and theoretical
modeling. Such integrated studies will fill a key gap in the field, enhancing our ability to
tailor transition metal complexes for specific applications more effectively.

5.4. Practical Applications for Water Electrolysis

Despite decades of research, substantial advancements in efficient electrocatalyst de-
sign have been achieved on the laboratory scale, while these have not improved the urgent
requirements of industrial water electrolyzer performance. Bridging the gap between
advanced electrocatalysts and highly effective electrodes in the device is one of the main
challenges in achieving cheap hydrogen. Therefore, bulk oxide electrocatalysts should
be evaluated in real water electrolyzers in future research. In addition, comprehensive
improvements in activity and stability under industrial conditions are another key target for
practical applications (e.g., high current densities, long operating time, high temperature).
Still, the advanced electrocatalysts in the laboratory fall short of meeting the demand for
commercial devices. Therefore, it is imperative to develop robust electrodes with efficient
electrocatalysts to ensure the long-term stability of water electrolyzers.
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Abstract: Biomass-derived carbon materials (BDCs) are highly regarded for their renewability,
environmental friendliness, and broad potential for application. A significant advantage of these
materials lies in the high degree of customization of their physical and chemical properties, especially
in terms of pore structure. Pore engineering is a key strategy to enhance the performance of BDCs
in critical areas, such as energy storage, catalysis, and environmental remediation. This review
focuses on pore engineering, exploring the definition, classification, and adjustment techniques of
pore structures, as well as how these factors affect the application performance of BDCs in energy,
catalysis, and environmental remediation. Our aim is to provide a solid theoretical foundation and
practical guidance for the pore engineering of BDCs to facilitate the rapid transition of these materials
from the laboratory to industrial applications.

Keywords: biomass-derived carbon; pore engineering; energy; catalysis; environmental

1. Introduction

In recent years, BDCs have attracted significant attention due to their renewability,
environmental friendliness, and broad application potential [1-4]. These materials are
produced from renewable resources, such as agricultural waste, forestry by-products,
and other organic materials, making them a sustainable alternative to traditional carbon
materials, like activated carbon or graphene [5,6]. The renewable nature of BDCs aligns
closely with current green technology trends, contributing not only to the reduction of
carbon footprints but also to the promotion of a circular economy [7]. Additionally, the
diverse range of biomass sources allows for remarkable tunability in BDCs, enabling them
to adapt to various application scenarios [8].

One of the key advantages of BDCs lies in their highly customizable physical and
chemical properties, particularly in terms of pore structure [9]. Through careful design,
BDCs can form complex porous structures with large surface areas, allowing precise control
over pore size distribution while optimizing surface chemical properties and functional
groups [10]. This tunability significantly enhances their performance in areas such as
energy storage, catalysis, and environmental remediation [11-13].

Pore engineering is a crucial strategy for significantly enhancing the performance
of BDCs across a wide range of applications, particularly in energy storage, catalysis,
and environmental remediation [14-18]. The precise control of pore structure, including
parameters such as pore size, distribution, and interconnectivity, plays a vital role in
determining the effectiveness of BDCs in these fields [19]. A well-tailored pore architecture
not only affects the physical properties of the material but also influences its chemical
reactivity, surface interactions, and overall functionality [20]. As a result, optimizing pore
characteristics can lead to substantial improvements in the efficiency and adaptability
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of BDCs, making them more suitable for advanced technological applications [21]. By
leveraging the unique properties of BDCs and employing pore engineering techniques,
these materials can be fine-tuned to meet specific technological needs, further expanding
their potential in the fields of energy, catalysis, and environmental protection [14-16,22].
There have already been numerous excellent reviews that delve into the properties,
sustainability, and environmental benefits of biochar, covering its broad applications in
fields such as water treatment, catalysis, soil remediation, energy storage, and construction
materials [17,18,23-29]. However, despite the rapid development of BDCs, existing research
often overlooks the critical role of pore engineering in enhancing material performance.
Precise control of pore structure is essential for optimizing the performance of BDCs in
various applications, and therefore, more systematic and in-depth studies are needed to
fully unlock their potential in energy, catalysis, and environmental remediation [30-33].
As shown in Figure 1, Our review will focus on pore engineering, examining the
definition, classification, and regulation methods of pore structures, and exploring their
impact on material performance, addressing gaps in current research. The article will
systematically introduce various pore regulation techniques, including physical activation,
chemical activation, self-activation, and templating methods, with detailed analysis of
how these methods are applied in different carbonization processes, such as hydrothermal
carbonization, pyrolysis, microwave carbonization, and laser carbonization. Additionally,
the review will explore the broad applications of pore structures in energy, catalysis, and
environmental remediation, highlighting their potential to enhance material performance.

/.
'°/;
‘&@o‘a

~ Carbonization

Pore Engineering

Template

Self-
activation

Catalysis

Figure 1. Overview of BDC materials with Pore Structure, Pore Engineering, and wide applications.

2. Concepts and Classification of Pore Structure
2.1. Definition and Classification of Pores

Owing to the unique properties of BDCs, the design and construction of their porous
structures in materials are of great significance during their preparation process [34]. As
shown in the Figure 2, pores in materials can be categorized into three types: micropores
(pore size less than 2 nm), mesopores (pore size of 2-50 nm) and macropores (pore size
more than 50 nm). Microporous materials are renowned for their extremely high surface
areas and a pore structure composed of minuscule channels and cavities, endowing the
materials with unique interactive capabilities at the molecular level. Mesoporous materials,
on the other hand, feature an orderly pore structure along with relatively larger diameters,
offering considerable flexibility in pore size adjustment; their pore walls may be continuous
or discontinuous, and sometimes they include regularly arranged channels. Macroporous
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materials are distinguished by their spacious pore structures and larger diameters, often
manifesting a more open pore network that permits the free movement of large molecules
or particles; thus, macroporous materials typically exhibit greater permeability.

100 50 2 0
Pore Size(nm)
Macropore Mesopore Micropore
SSA 1 SSA M SSA
Active sites [ Active sites M Active sites
[ Diffusion M Diffusion Diffusion

Figure 2. Particle size distribution and characteristics of various types of pores.

2.2. Impact of Pore Structure on Performance

Micropores play a crucial role in increasing the specific surface area of materials, as
they provide abundant inner surface areas. When it comes to further increasing the specific
surface area, mesopores play a positive role, not only increasing the additional surface area,
but also promoting the transport and diffusion of gas molecules within the material. As for
macropores, their main function is to affect the macroscopic structure and pore network
of materials, and they play a crucial role in improving the quality transfer efficiency of
materials [35,36]. Overall, the synergistic effect of micropores, mesopores, and macropores
determines the specific surface area and pore characteristics of materials, thereby affecting
their performance in various applications. In catalytic reactions, the high surface area
of microporous materials provides numerous active sites for catalytic reactions and gas
adsorption [37,38], which are specific regions on the catalyst surface that can interact with
reactants and participate in the reaction. The active site plays a crucial role in reducing
the activation energy and accelerating the reaction rate [39]. However, the small pore
size of micropores may limit the diffusion path of substances, affecting their efficiency in
applications that require rapid material transport [40]. In contrast, although mesoporous
and macroporous materials may have slightly inferior surface area, their larger pore size and
ordered pore structure provide advantages for the accessibility of active sites and material
transport, which is particularly important in heterogeneous catalytic reactions. In the field
of energy storage, the porosity and pore size distribution of porous carbon materials as
electrodes for supercapacitors play a crucial role in ion adsorption and transport rates [41,
42]. Micropores help increase the surface area and storage capacity but may sacrifice
transmission rate. Meanwhile, mesopores and macropores can enhance the ion transfer rate,
thereby increasing the power density of supercapacitors [42]. Environmental management
also benefits from the pore size and structure of porous materials, which determine their
ability to adsorb pollutants [43]. Microporous materials perform better in adsorbing small
molecule pollutants, while mesoporous and macroporous materials are more suitable for
capturing large molecule or particle pollutants [41,44]. Therefore, the pore structure of
porous materials not only determines their surface area and distribution of active sites, but
also directly affects the efficiency of material transport and application related properties.

3. Main Methods for Regulating Pore Structure
3.1. Physical and Chemical Activation

Activation is a process during which different kinds of gas or activators can be used
to act with carbonaceous materials [45]. The activation process comprises two steps:
carbonization and activation. In the carbonization stage, biomass undergoes carbonization
under high temperature and anaerobic conditions to form carbon materials. At the same
time, non-carbon elements are expelled in the form of gas, resulting in the formation of
pores [46]. Activation is a crucial step in controlling the morphology of carbon materials,
and hierarchical porosity is continuously introduced on the surface of the carbon material
in this process, which increases its specific surface areas (SSAs), enriches its pore structure,
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and beneficially improves the overall physicochemical properties of the carbon material.
Activation is a key step in controlling the morphology of carbon materials. Hence, it is
extremely important to design activation process parameters reasonably (e.g., activation
temperature and the activator) [47]. Activation can be divided into four types: physical
activation, chemical activation, self-activation and the template method.

In the physical activation process, biomass will go through two stages. The first stage
is the pyrolysis of biomass precursors in an inert gas atmosphere, which will lead to partial
carbonization and the elimination of non-carbon elements. The second stage is activation
of the carbonized material with an oxidizing gas at elevated temperatures (800-1100 °C) to
adjust the pore structure, with the entire activation process taking place in an oxidizing gas
medium [48].

Activation time is a crucial parameter in physical activation. Zgrzebnicki et al. [49].
prepared N-doped activated carbon derived from furfuryl alcohol through CO, activation.
Different activation times of 15, 60, 120, and 240 min were set. The variation in the pore
structure of the material with activation time is presented in Figure 3a. Apparently, the first
three materials can all be classified as microporous materials. The latter two materials are
porous materials with the coexistence of micropores and mesopores. Carbonization heating
rates are also an important factor. Jing et al. [50]. reported a simple and scalable strategy
for preparing activated carbon, aiming at producing activated carbon with a developed
pore structure in high yield through rapid pyrolysis physical activation. Compared with
slow pyrolysis semi-coke (M) of the same particle size, fast pyrolysis semi-coke (K) has a
lower nitrogen adsorption capacity, indicating that a high heating rate is not conducive
to the formation of micropores. The “hysteresis loop” of K shows a higher degree of
separation, indicating that high heating rates promote the formation of mesopores and
macropores (Figure 3b). Physical activation is an effective technique for improving the
specific surface area and porosity of biomass-derived carbon materials, which is crucial
for enhancing their performance in adsorption [51], catalysis, and energy storage [52,53].
This method is environmentally friendly, especially when using water vapor or carbon
dioxide as activators, which can reduce the use of chemical additives [54]. However, precise
regulation of pore structure to meet specific application requirements still faces challenges.
In addition, the high temperature and prolonged processing during the physical activation
process may result in high energy consumption, which to some extent limits its application
on an industrial scale [55]. Future research and development work needs to focus on
optimizing activation conditions to achieve improved production efficiency and material
properties, while maintaining environmental sustainability.

Unlike physical activation, in chemical activation, activators are added. Here, car-
bonization and activation take place simultaneously in a single step [56]. During activation,
the activator and precursor become involved in dehydration, cross-linking, or condensation
reactions, with carbon atoms etched and separated from the carbon skeleton to form a
porous structure. In addition, diffusion of the generated gas molecules (CO,, CO, and H,0O)
leads to the formation of many pores. Common chemical activators are currently divided
into three categories: alkaline (e.g., KOH and NaOH), acidic (e.g., H3PO4 and H,SOy), and
molten salt (e.g., ZnCly, NayCO3, and K,COs3) [57].

Treating pinecones with different chemical activators could yield porous carbon (PC) of
different morphologies (Figure 3c). The presence of KOH and ZnCl, produces micropores,
which are different from those of NaOH and K,COj activated porous carbon. Among
them, the sample activated by K,COs3 has an ordered, dense, and honeycomb-like porous
structure [58]. The amount of activator used is also crucial. Yang et al. [59] prepared
porous carbon CS-H3 using dry wood sawdust and KOH as an activator. The pore size
distribution of carbon microstructure was regulated by the content of KOH and the addition
of heteroatoms, as in the illustration for Figure 3d. At a lower KOH content in MS (CS-
H1), the limited oxidizing action of KOH limits the compatibility of MS and carbon,
and thus reduces the template action of MS to form pores. The MS deeply penetrates
the carbon phase with a larger amount of KOH used (CS-H3 and CS-H5), making the

200



Molecules 2024, 29,5172

formation of an open pore structure and even sheets. Compared with chemical activation,
physical activation demands a longer activation time, a higher activation temperature, and
consumes a substantial amount of energy [60]. Chemical activation is more effective than
physical activation in improving the specific surface area and pore structure of biomass-
derived carbon materials, especially in the generation of micropores [61]. By precisely
adjusting the preparation conditions, chemical activation can customize the control of pore
size and pore distribution to meet diverse application needs. Another major advantage
of this method is its wide applicability to raw materials, which can convert biomass
materials, such as agricultural waste and forestry by-products, into high-value porous
carbon materials, achieving resource recycling [62]. Although chemical activators, such as
KOH, have relatively low costs, some activators may be expensive and may have potential
negative impacts on the environment, especially those that are difficult to recycle and may
increase environmental burdens [54]. In addition, chemical activation requires precise
control of reaction conditions, which increases the complexity of the operation and places
higher demands on the accuracy of the production process. Therefore, future research
and development should focus on reducing the cost of chemical activation, minimizing
environmental impact, while improving material performance and production efficiency to
achieve more sustainable and economically efficient production processes.
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under an inert atmosphere at 1273 K. All the other samples were physically activated with carbon
dioxide at 1273 K. Burn-offs of 1%, 20%, 73%, and 88% were confirmed for materials activated for of
15, 60, 120 and 240 min, respectively. Samples were named according to measured burn-off, i.e., AC-1,
AC-20, AC-73, and AC-88, respectively.) [49]. Copyright 2022, Elsevier. (b) Adsorption/desorption
isotherms of different heating rates [50]. Copyright 2022, Elsevier. (c) Schematic illustration of the
preparation of porous carbonaceous treated by different activators [58]. Copyright 2020, Elsevier.
(d) Carbon formation with different amounts of KOH [59]. Copyright 2020, Elsevier.

3.2. Self-Activation

Self-activation is a strategy that does not rely on the addition of external activators.
Its principle is that biomass precursors are abundant in inherent inorganic compounds,
which can activate them in situ and convert the precursors into porous carbon [63]. Cur-
rently, some studies have reported the utilization of organic acid salts of Na, K, and Ca as
carbon precursors and self-activators [64]. The principle is shown in Figure 4a. Certain
metal nanoparticles and corresponding oxides are generated during the pyrolysis process.
These can act as in situ templates and can be removed by thermal or etching methods.
Subsequently, the originally occupied area is released and transformed into pores, thus
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achieving permeation into the carbon matrix at the molecular level to regulate the pore
structure. Biomass is typically composed of lignin, cellulose, hemicellulose, or polysac-
charides. These components produce Hy, CO,, CO, H,O, and CH4 during the activation
stage [65]. Therefore, these pyrolysis gases can be used as self-activators. The potential
activation mechanism is shown in Figure 4b. During the activation process, these gases
can laterally transfer or vertically penetrate carbon nanosheets, leading to the formation of
pores. Jing et al. [66]. prepared porous carbon (PC) with high defect density by directly car-
bonizing bovine bone containing hydroxyapatite (HA), without the need for any additional
activators or templates. Through in situ self-activation of HA, PC with a hierarchical porous
structure dominated by mesopores was obtained (Figure 4c). Self-activation technology
stands out in the field of BDC preparation due to its environmental and economic benefits.
This technology not only reduces the generation of chemical waste by omitting additional
chemical activators [61], but also simplifies the traditional two-step activation process
by combining carbonization and activation processes into one step, effectively reducing
production costs. However, the unevenness of gas distribution during self-activation may
lead to inconsistencies in the pore structure of carbon materials. In addition, compared
to BDCs prepared using chemical activators, BDCs obtained by self-activation methods
usually have smaller SSAs and pore size [54]. With advancement in technology, these
challenges may gradually be overcome, making self-activation a mainstream method of
biomass carbonization.
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Figure 4. (a) Activation mechanism of self-activating agent via in situ template [54]. Copyright 2020,
Elsevier. (b) Activation mechanism of self-activating agent via pyrolysis gases [54]. Copyright 2020,
Elsevier. (c) Preparation of mesoporous dominant porous carbon by direct carbonization of bovine
bone [66]. Copyright 2017, American Chemical Society.

3.3. Templating Methods

During this period, the template is impregnated into the biomass precursor. After
carbonization and removal of the template with strong acid or alkali, uniformly sized
pores will be generated [67]. The most prominent feature of this method is that the type,
structure, spatial size, and shape of the template can control and adjust the structure of the
material [68].

The hard template method, also known as the “nano casting method”, makes use
of the excellent spatial control offered by the template to achieve ordered micro-size and
three-dimensional structure arrangement in carbon materials [67]. Typical hard templates
include MgO, ZnO, and SiO, [69]. The main steps of the hard template method are as
follows: (1) Select or synthesize the required materials as the hard template. (2) Thoroughly
and effectively mix carbon sources and hard templates. (3) Conduct pyrolysis under certain
conditions at high temperatures. 4) Rinse and remove the hard template with chemical
reagents [70]. Hu et al. [71] took lotus seed shells as carbon precursors and sodium phytate
as hard template precursors to prepare natural biomass-derived porous carbon with a
hierarchical porous structure through in situ template combined with NaOH activation.
As shown in Figure 5a, the lotus seed shell and sodium phytate aqueous solution are
fully mixed at 60 °C to form a mixed gel. During carbonization, soluble sodium phytate

202



Molecules 2024, 29,5172

undergoes pyrolysis to form nano NasP30;(, which then reacts with NaOH to transform
into nano NayCOj3; and nano NagPOy particles. These particles are uniformly dispersed
in the carbon substrate and leave large mesopores/macropores after washing treatment.
A well-developed hierarchical porous carbon with a hollow nest structure is obtained
by combining the micropores generated by NaOH activation. Compared with the hard
template method, the soft template method does not require the use of a corrosive agent to
removal the template, which improves synthesis efficiency [72].The soft template method
employs organic compounds as templates, including surfactants, block copolymers, and
ionic micelle [73]. Selecting appropriate carbon precursors and template materials is crucial
for ensuring the use of soft templates for directional synthesis. The soft template method
typically involves ordered aggregates formed by amphiphilic molecules, such as block
copolymers and surfactants. When the concentration exceeds the critical concentration,
these molecules will self-assemble into micelles or vesicles and interact with carbon precur-
sors through hydrogen bonding, hydrophobic or hydrophilic interactions, and electrostatic
interactions to form coatings on the precursors [74]. During the subsequent carbonization
process, the micelles decompose to form a unique pore structure [75]. Tu et al. [72] pre-
pared catalyst CNTs from lignin by employing a soft template method (Figure 5b). They
controlled the size and dispersion of catalyst particles by loading the catalyst onto nano
micelles. The hard template method has shown excellent performance in preparing highly
ordered porous carbon materials, which can precisely control the pore size and pore shape.
However, this advantage comes with the high cost and environmental risks of using strong
acids or bases to remove the template [76]. Compared with this, the soft template method is
favored for its simple operation process and environmental friendliness, and the template
is easy to remove during high-temperature carbonization [77]. However, the soft template
method may require more expensive template agents during the synthesis process and,
due to insufficient filling of raw materials, it may lead to discontinuities and structural
defects in the product pores [78]. In addition, mesoporous carbon materials prepared by
this method typically have lower surface area and pore volume [79]. Therefore, to combine
the advantages of both, a dual template method was introduced. Lu et al. [80]. synthe-
sized FeOx embedded Fe-N doped carbon (Hemin/NPC) via carbonization by employing
acorn shell and Mg5(OH),(CO3)4 and NaCl as dual templates. The removal of template by
acid washing generates abundant mesopores, while the melted NaCl nano-droplets were
immersed into carbon framework to produce porous structure (Figure 5c).
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Figure 5. (a) Schematic illustration of the preparation of natural biomass-derived hierarchical porous
carbons [71]. Copyright 2023, Elsevier. (b) Preparation of L-CNTs [72]. Copyright 2018, American
Chemical Society. (c¢) Schematic illustration of the proposed procedure for fabricating Hemin/NPC
catalysts [80]. Copyright 2021, Wiley Online Library.
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4. Impact of Carbonization Methods on Pore Structure

The above activation methods can regulate the structure of BDC. However, high-
temperature carbonization is still required to convert biomass into BCM. This process
mainly includes decomposition, polymerization, aromatization, carbonization, and graphi-
tization. At the same time, different carbonization methods also affect the structure of BDC,
such as hydrothermal carbonization (HTC), pyrolysis, and other methods.

4.1. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) is a green method for preparing carbon containing
materials using biomass, such as cellulose, lignin, and hemicellulose, as raw materials.
It is usually carried out in a temperature range of 100-250 °C and a pressure range of
2-6 MPa, with an aqueous solution as the medium [81]. During the HTC process, as the
temperature increases, the water vapor pressure increases sharply, reducing surface tension.
By simulating the natural coalification process, carbon materials with unique structures are
produced [75]. Several reactions occur during the HTC process, including condensation,
polymerization, hydrolysis, decarboxylation, dehydration, and aromatization.

The preparation conditions of the HTC method, such as HTC temperature, residence
time, catalyst usage, and water-to-biomass ratio, have a significant impact on the structure
of the obtained BDCs. Romero et al. [82] prepared carbon spheres by using sucrose,
glucose, and cellulose as carbon sources via the hydrothermal method. As shown in
Figure 6a after hydrothermal treatment, all three types of biomasses formed spherical
carbon structures under the same preparation conditions. However, the diameter of the
carbon spherical varied with changes in carbon source. At the same time, the temperature
and reaction time of hydrothermal carbonization can lead to differences in the diameter
of carbon spheres. Taking sucrose spherical carbon as an example, as the temperature
increases, the spherical structure starts to develop from 180 °C, and the maximum size
of spherical carbon appears at 200 °C. As the temperature continues to rise, the size of
the sphere begins to decrease, which can be ascribed to the complete decomposition of
the raw materials (Figure 6b). Regarding the HTC residence time, it can be observed that,
after 12 h, spherical carbon is not completely formed. After a certain period, spherical
carbon with a definite morphology is obtained (Figure 6b). Additionally, the continuous
increase in time has little effect on the structure of spherical carbon. Residence time will
also affect the porosity of BDCs, and longer residence time is beneficial to the formation
of defined structure porosity, pore volume, and high SSAs. Due to the different thermal
decomposition behaviors of biomass components, different biomass precursors will have
an impact on the structure of BDCs prepared by the HTC method. For example, BDCs with
a higher lignin content produce more biochar than those rich in hemicellulose or cellulose,
as lignin degradation is difficult [83]. Chen et al. [84]. prepared hydrothermal carbon from
glucose, lignin, and cellulose. As shown in Figure 6¢, for HTC-G (glucose), its spherical
primary particle size is approximately 200 nm and the surface is smooth. HTC-L (lignin)
and HTC-C (cellulose) also display similar primary particle shapes, but with average
sizes of 4.2 and 6.0 um respectively. Additionally, the activated carbon AC-70 obtained
by direct high-temperature pyrolysis of glucose shows irregular block-shaped particles
with a size of over ten microns. This once again demonstrates that hydrothermal treatment
is more conducive to the formation of spherical BDCs compared to direct pyrolysis. The
mild temperature of the hydrothermal method helps to cultivate crystals with almost no
defects and good orientation [85]. In addition, the hydrothermal method is highly favored
for its green and environmentally friendly characteristics. It can not only synthesize
small single crystals of a single component, but also prepare various complex compound
powders, including composite oxides [86]. However, the demand for high-temperature
and high-pressure environments in hydrothermal methods has increased their dependence
on specific production equipment. The expansion of fluid volume in a closed reaction
vessel poses safety hazards, which to some extent limit the widespread application of
hydrothermal methods [87]. To promote the further development of hydrothermal methods,
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future research should focus on developing safer and more efficient synthesis technologies,
reducing dependence on equipment, and fully leveraging its unique advantages in the field
of material synthesis.
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Figure 6. (a) The influence of biomass type [82]. Copyright 2014, Elsevier. (b) The influence
of temperature and reaction time [82]. Copyright 2014, Elsevier. (c) Preparation of BDCs from
different types of biomass through hydrothermal carbonization [84]. Copyright 2021, American
Chemical Society.

4.2. Pyrolysis Carbonization

Pyrolysis carbonization is another practical approach for preparing BDCs. It entails the
heating and decomposing of organic biomass under an inert gas atmosphere. In this process,
volatile substances and non-carbon elements are eliminated, leading to the decomposition
of biomass into solid carbon and gaseous products. The structure and porosity of pores
formed within carbon materials can be effectively adjusted by controlling carbonization
parameters, like heating rate, carbonization temperature, and annealing time [88].

Heating rates are one of the crucial operating parameters that exert a significant
influence on the structure of BDCs. Research indicates that rapid heating facilitates the
formation of three-dimensional structures in carbon materials. Conversely, slow heating
results in high porosity and high SSAs [89,90]. Zhang et al. [90]. prepared porous carbon
materials by using the macromolecular components of biomass pyrolysis steam and calcium
citrate as carbon sources and templates, respectively. They also investigated the effect of
heating rate on the structure of BDCs. As depicted in Figure 7a, with acceleration in the
heating rate, the specific surface area and micropore volume of porous carbon initially
increase and then decrease, reaching their peak at 10 K/min. When the heating rate
increases, the pyrolysis vapor and calcium citrate can be fully mixed, which is beneficial
for the formation of a pore structure dominated by mesopores and micropores in the
subsequent carbonization process. However, when the heating rate is overly fast, excessive
steam is generated and the amount of calcium citrate is insufficient, leading to the collapse
of the pore structure and a significant reduction in SSAs. The carbonization temperature is
another crucial preparation condition that impacts the carbon structure. Pariyar et al. [91]
compared biomass materials obtained from five raw materials, pine sawdust (PD), rice
husk (RH), food waste (FW), poultry waste (PL), and papermaking sludge (PS), at different
pyrolysis temperatures (350, 450, 550, and 650 °C) and found that the pyrolysis temperature
also affects the SSAs of BDCs. As shown in Figure 7b, the SSAs of the five types of BDCs
increase with the rise in carbonization temperature. On the other hand, the degree of
graphitization of carbon materials is influenced by the carbonization temperature. At
a lower temperature (such as 600 °C), the graphitization degree of BDCs is relatively
low. However, a high degree of graphitization can be attained at a high carbonization
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temperature (such as 1100 °C) [92]. Cho et al. [93]. systematically studied the structural and
chemical changes of silk protein at temperatures above the onset of thermal degradation,
using silk protein as a carbon source. Silk protein undergoes a structural transformation
into a sp? hybridized carbon hexagonal structure by simple heating to 350 °C. When heated
to 2800 °C degrees Celsius, a highly developed graphite structure is formed, as shown in
Figure 7c.
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Figure 7. (a) The influence of heating rate on SSA and on porosity [90]. Copyright 2020, Elsevier.
(b) The influence of carbonization temperature on SSA [91]. Copyright 2020, Elsevier. (c) SEM images
of ilk protein at different temperatures [93]. Copyright 2015, Nature. (d) The effect of insulation time
on SSA and pore volume [94]. Copyright 2012, Elsevier.

During the pyrolysis process, holding time is extremely important. Bouchelta et al. [94].
investigated the effect of pyrolysis conditions (holding time) on the preparation of BDCs
from jujube seeds. As shown in Figure 7d, holding time has a significant impact on the
comparison of surface area and pore volume. Increasing the holding time is beneficial
for improving pore volume and SSAs. This is because the longer the holding time, the
greater the mass of volatile compounds released, resulting in higher SSAs and porous
volume. In addition, studies have shown that longer insulation times lead to BDCs having
fewer heteroatoms and a higher degree of graphitization [95]. The pyrolysis method
is carried out under moderately low temperature and an inert atmosphere, which is
conducive to finely controlling the graphitization degree and surface functional groups of
carbon materials, thereby precisely adjusting their physical and chemical properties [96].
However, the carbon materials prepared by this method may face the problem of insufficient
carbonization degree. In addition, uneven heating during pyrolysis may lead to inconsistent
quality and performance of carbon materials [97]. Meanwhile, potential by-products
generated during the process, such as tar and gas, need to be effectively treated to prevent
environmental pollution [96]. Therefore, although pyrolysis has shown great potential in
converting biomass into carbon materials, further optimization of reaction conditions and
post-treatment steps is still needed to enhance the performance of carbon materials and
ensure their environmental sustainability.

4.3. Microwave and Laser Carbonization

Microwave carbonization (MAP) is a novel carbonization approach. The MAP mech-
anism involves converting electromagnetic energy into heat within the irradiated mate-
rial [98]. MAP employs electromagnetic waves (EMWs), having wavelengths ranging from
1 mm to 1 m and frequencies ranging from 300 MHz to 300 GHz. In comparison with
traditional techniques, MAP is a rapid, efficient, and comprehensive process of heating
from within the material and has high safety. Owing to the swift carbonization process of
MAP, it is difficult to control heating by adjusting the heating rate. The irradiation time
and energy density are controllable parameters. Microwaves can open the closed pores in
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carbon materials during the carbonization process, thereby increasing their specific surface
area. Nevertheless, the MAP time cannot be prolonged indefinitely [99]. Jimenez et al. [100]
reported on BDC through microwave carbonization of walnut shells. They observed that,
when the energy absorbed by the material surpasses a certain value, the micropores on the
material surface will collapse due to excessive microwave heating, leading to decreased
SSAs (Figure 8a). MAP has advantages of high heating efficiency, easy operation, and
environmental friendliness in the preparation of biomass derived carbon materials [101],
but there are also challenges, such as uneven energy absorption and high equipment costs.
For example, when the microwave energy absorbed by a material exceeds a certain value,
it may lead to a loss of specific surface area of the material [102], as further microwave
heating may cause the collapse of micropores.
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Figure 8. (a) Microwave pyrolysis of biomass [100]. Copyright 2017, Elsevier. (b) Schematic diagram
of selecting specific areas of biomass to produce conductive graphite carbon [103]. Copyright 2017,
American Chemical Society. (c) Schematic of in situ synthesis of 3D GF using a simulated 3D printing
process [103]. Copyright 2017, American Chemical Society.

Laser-induced graphitization (LIG) is a method for converting biomass into carbon
materials. Lasers can generate extremely high temperatures in a short time, enabling
them to be used to induce the carbonization of biomass. The most prominent feature
of this method is that it can select specific regions of biomass to produce conductive
graphite carbon, as shown in Figure 8b. Additionally, metal catalysts and gases are not
required. Tour et al. [103] prepared freestanding three-dimensional graphene foam (GF)
by laser writing a Ni/sucrose mixture in a hydrogen atmosphere (as shown in Figure 8c).
During the laser-induced carbonization (LIC) process, nickel powder and sucrose can
absorb laser energy and be heated to high temperatures. This causes the nickel powder
to sinter at the laser point and form a stable and loose nickel scaffold. Meanwhile, the
nickel scaffolds act as templates for GFs and catalyze the carbonization of sucrose and its
transformation into graphene. LIG allows direct fabrication of predesigned LIG patterns on
various carbon materials, and precisely control their microstructure, conductivity, doping of
heteroatoms, etc. [104]. This technology is selective and does not rely on chemicals or masks,
significantly reducing the consumption of raw materials and environmental impact [105].
However, LIG technology still faces some challenges in research and application promotion,
mainly including how to accurately manipulate the internal microstructure and atomic
arrangement of LIG, and how to effectively apply it to more fields. In addition, the non-
uniformity of energy absorption may also lead to some side reactions, which require further
research and resolution.
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5. Role of Pore Structure Regulation in Energy Applications

With the rapid development of renewable energy sources, the demand for efficient
energy storage devices is growing. Supercapacitors, as a new type of energy storage
device, have attracted widespread attention due to their fast charging and discharging,
long lifespan, and high-power density. BDCs, as a new type of carbon material, have shown
great potential in the application of supercapacitor electrode materials due to their unique
porous structure and excellent conductivity.

BDC is a material prepared from biomass resources through thermochemical methods.
Its hierarchical porous structure endows it with a large specific surface area, high porosity,
rich pore structure, and excellent conductivity. These characteristics have a significant im-
pact on the ion transport, specific capacitance, and charging and discharging performance
of supercapacitors. The effects of different pore sizes on the charge storage and electrolyte
ion diffusion of capacitors vary, and the synergistic action of micropores, mesopores, and
macropores is key to improving the performance of supercapacitors.

Mostafa et al. [106], according to the steps in Figure 9a, used coconut shells as pre-
cursors to prepare two activated carbon samples: SUSCAP-01 (high micropore ratio) and
SUSCAP-02 (high mesopore ratio) through carbonization and activation processes. These
samples demonstrated a hierarchical porous structure of micropores, mesopores, and
macropores, where micropores increased the specific surface area and served as adsorption
sites for electrolyte ions, mesopores facilitated rapid ion diffusion, and macropores acted
as ion buffers, reducing the ion diffusion distance and effectively enhancing the specific
capacitance of supercapacitors.

BDC, with its high SSAs, abundant pore structure, and rich surface functional groups,
has become a preferred material for supercapacitor electrodes. Researchers, such as Ravi
et al. [107], have utilized spruce bark and activation agents, like KOH and ZnCl,, to prepare
efficient carbon electrodes through a one-step pyrolysis method. The pore structure is
crucial for charge storage, as it affects the internal resistance of the electrode and the diffu-
sion conditions of the charge. Biochar activated with KOH has higher SSAs, while biochar
activated with ZnCl, has more mesopores, which help reduce resistance and enhance
the phase angle, thereby strengthening charge storage capacity. ZnCl-activated biochar
exhibits lower internal resistance and a higher phase angle due to its high mesopore ratio
and residual Zn, which is beneficial for charge storage. The pore structure also provides
transmission channels for electrolyte ions, promoting charge separation. KOH-activated
biochar has a rough and porous surface, while ZnCl,-activated biochar features denser cav-
ities and pores, facilitating electrolyte penetration. The ZnCl,-activated biochar electrode
demonstrates superior supercapacitor performance, with an area capacitance as high as
342 mF/cm?, thanks to its hydrophilic interactions and electrolyte penetration. In summary,
the pore structure plays a decisive role in charge storage for supercapacitors, affecting
internal resistance, charge accumulation, and the transmission efficiency of electrolyte ions.
By optimizing the pore structure, the performance of supercapacitors can be significantly
improved, expanding their application prospects in energy storage.

Kang et al. [108] further confirmed the impact of pore structure on the charging
and discharging rate of supercapacitors. By following the steps in Figure 9b, starch was
prepared into BDCs and, by adjusting the pore structure of the starch-derived BDCs,
especially the development of mesopores and macropores, the diffusion of electrolyte
ions can be significantly affected, thereby enhancing the charging and discharging rate of
supercapacitors. The HT-900 sample demonstrated the smallest charge transfer resistance
and excellent charging and discharging performance due to its larger pore size and high
degree of graphitization.

The role of micropores in supercapacitors should not be overlooked. Ewelina et al. [109]
prepared nitrogen-containing nano porous carbon materials (NCNMs) through direct py-
rolysis, which showed a high degree of chemical composition uniformity and developed
micropore-mesopore structure. According to the data in Figure 9c, this structure helps
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to improve the energy performance of supercapacitors, mainly due to its large internal
surface area and more active sites.

As a new type of carbon material, BDC is gradually replacing traditional battery
cathode materials due to its advantages, such as high specific surface area and porous
structure, chemical stability, wide range of raw materials, and preparation methods. Lee
et al. [110] prepared BDCs according to the steps in Figure 9d and, by adjusting the pore
structure of microporous carbon, especially the pore size and porosity, the storage capacity
and ion transport rate of lithium-ion batteries can be significantly improved.

Daniel et al. [111] further confirmed the importance of optimizing the pore structure
and chemical composition to improve the electrochemical stability and reversible capacity
of supercapacitor electrode materials. The porous carbon material prepared by KOH
activation of cellulose has a high specific surface area and total porosity. According to the
data in Figure 9e, the best electrochemical performance was obtained by optimizing the
KOH/ cellulose ratio.

In summary, the hierarchical porous structure and excellent conductivity of BDC give
it great potential in the application of supercapacitor electrode materials. By optimizing
the pore structure, especially with the development of appropriately sized mesopores and
macropores, the diffusion rate of electrolyte ions can be significantly improved, thereby
enhancing the charging and discharging performance of supercapacitors. In addition,
the chemical stability and wide range of raw materials for BDCs make them sustainable
and environmentally friendly supercapacitor electrode materials. Future research should
continue to explore the preparation methods and optimization of pore structures of BDCs
to achieve more efficient and stable supercapacitor electrode materials.
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Figure 9. (a) Schematic illustration of the preparation of activated carbon for supercapacitor [106].
Copyright 2024, Royal Society of Chemistry. (b) Schematic of the preparation of activated biocar-
bon [108]. Copyright 2024, Maney Publishing. (c¢) Cyclic voltammograms of supercapacitors made
from bio-carbon material NCNM with electrolyte 30% KOH and 1 M Na;SO4 [109]. Copyright 2024,
Multidisciplinary Digital Publishing Institute. (d) Porous Characteristics of Microporous Carbon
and Structure of Litigated Microporous Carbon [110]. Copyright 2018, Royal Society of Chemistry.
(e) Schematic illustration of the synthetic procedure of activation and carbonization of precursor
cellulose materials [111]. Copyright 2022, Royal Society of Chemistry.

6. Role of Pore Structure Regulation in Catalysis Applications

BDC exhibits a broad potential for applications in the field of catalysis due to its
unique porous structure and chemical properties [112]. As a type of porous carbon material,
the regulation of BDC'’s pore structure is of great significance for enhancing catalytic perfor-
mance. By adjusting the pore structure of BDC, its catalytic activity, selectivity, and stability
can be significantly improved. The following discussion will explore the mechanisms by
which the regulation of BDC’s pore structure enhances its catalytic activity, selectivity, and
stability in hydrogen evolution reactions, redox reactions, and photocatalytic reactions.

The regulation of BDC’s pore structure is achieved by altering the size, distribution,
shape, and number of pores. This regulation can significantly affect the catalytic activity,
selectivity, and stability of BDCs. For instance, BDCs with a high specific surface area can
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enhance hydrogen storage capacity, thereby strengthening the catalytic role in hydrogen
evolution reactions [113].

Yang et al. [114] evaluated the impact of different engineered biochar-based catalysts
on the production of synthesis gas during biomass pyrolysis and catalytic reforming
without additional steam input. It was found that the BDC catalyst, activated physically
for 2 h in Figure 10a, induced the highest H, /CO ratio (1.15), and activated BDCs as
catalysts produced comparable yields of synthesis gas. In the studies mentioned in the
article, BDCs underwent various engineering treatments, such as physical and chemical
activation, nitrogen doping, and nickel doping, to enhance catalytic performance. These
treatments increased BDC'’s specific surface area and porosity, introduced new active
sites, and thus enhanced its ability to catalyze the cracking of tar and the reforming of
volatiles, improving the yield and quality of synthetic hydrogen. Therefore, a high specific
surface area and hierarchical porous structure are beneficial to produce synthesis gas and
hydrogen, and these characteristics of BDCs demonstrate good catalytic action in hydrogen
evolution reactions.

In addition to playing a significant role in hydrogen evolution reactions, the regula-
tion of BDCs’ pore structure also plays a certain role in redox reactions. Wu et al. [115]
studied the redox properties of wheat straw-derived nanoscale biochar (NBC), particularly
exploring the relationship between its pore structure and redox reactions. The typical
current-time (i—t) response of NBC upon continuous addition is shown in Figure 10b. By
sequentially adding different concentrations (i.e., 0.2, 0.4, 0.6, 0.8, and 1.0 mg NBC) of the
sample, the electron acceptance and electron-donating reactions of NBC on the GC electrode
were observed. In redox or oxidation reactions, the quantity of transferred electrons (Q) is
proportional to the addition of NBC mass. As shown in Figure 10b, EAC is generally greater
than EDC, indicating that most of the redox groups in BDCs are composed of oxidized
groups. The results show that NBC has significant redox activity and can participate in
redox reactions as an electron acceptor and donor. NBC-700, produced by high-temperature
pyrolysis, exhibits higher redox activity than NBC-400 due to its higher specific surface
area and porosity. This indicates that the pore structure of BDCs has a significant impact
on redox characteristics. The development of the pore structure may increase the active
sites on the BDC’s surface, thereby enhancing its ability to participate in redox reactions.

BDCs are often used as a catalyst, and BDC catalysts can significantly alter the distri-
bution and properties of biomass pyrolysis products, promoting the production of bio-oil
and gas through the interaction of volatiles with BDCs [116]. The relationship between
the pore structure of BDCs and their performance as a catalyst in pyrolysis and catalytic
reforming reactions is very close. As mentioned above, Yang et al. [117] evaluated the
performance of various engineered BDC catalysts in the production of synthesis gas during
biomass pyrolysis and catalytic reforming and found that the high specific surface area
and hierarchical porous structure of BDCs are beneficial for the production of synthesis
gas and hydrogen. Since the reactions in the study belong to thermal catalytic reactions,
the pore structure of BDCs plays a role in thermal catalytic reactions. The pore structure of
BDCs improves the efficiency of biomass pyrolysis and catalytic reforming processes by
providing more active sites, regulating the diffusion of reactants and products, affecting
the physical and chemical stability of the catalyst, and influencing the formation of coke.

The photocatalytic properties of BDCs are crucial for understanding and controlling
the transformation and cycling of environmental pollutants. The photocatalytic reactions of
BDCs mainly involve free radical and non-free radical redox reactions, triggered by quinone
and phenolic functional groups, porous structure, and persistent free radicals in BDCs [118].
Mian et al. [119] discussed the research progress of biochar-supported photocatalysts
(BSPs) and show in Figure 10c the ways to reduce the bandgap energy of titanium dioxide
photocatalysts loaded on BDCs by sensitization, forming intermediate bandgap energy
levels, and forming local trap states. This indicates that, by combining with BDCs, the light
response range of photocatalysts can be extended to the visible light region, improving
photocatalytic efficiency. From Figure 10d proposed by Colmenares et al. [120], it was
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observed that photocatalysts doped with different BDCs showed significant differences in
the degradation efficiency of phenol, from which it can be concluded that the introduction
of BDCs enhanced the performance of photocatalysts due to providing more active sites,
enhancing light absorption, or promoting the separation of electron-hole pairs.

Therefore, the regulation of BDCs’ pore structure is a key means to improve their
catalytic performance. By changing the pore structure, not only can the catalytic activity and
selectivity of BDCs be enhanced, but also their stability and durability in various practical
applications can be strengthened. Moreover, the regulation of the BDC pore structure
also plays an important role in photocatalytic reactions, providing a new perspective for
understanding and controlling the transformation and cycling of environmental pollutants.

Zhang et al. [121] investigated the application of sludge-derived biochar in the electro-
catalytic oxidation of azo dyes (such as methyl orange), highlighting the significant impact
of its porous structure on electrocatalytic performance. Firstly, the porous structure of the
biochar provides more active sites, enabling effective contact with pollutants and thus
significantly enhancing the efficiency of electrocatalytic reactions. Secondly, the porous
structure helps to improve the mass transfer efficiency near the electrode, facilitating the
exchange of materials between pollutants and the electrode, which is crucial for accelerating
the rate of electrocatalytic reactions. Furthermore, as the pyrolysis temperature increases,
the conductivity of the biochar is enhanced, which is closely related to the formation of the
porous structure, thereby improving the transfer of electrons. Lastly, the study also points
out that biochar-modified electrodes at high pyrolysis temperatures have a higher oxygen
evolution potential, which can reduce side effects in the electrocatalytic process, such as the
production of oxygen, thereby further enhancing electrocatalytic efficiency. In summary;,
the porous structure of biochar has a direct and significant impact on the enhancement of
its electrocatalytic performance.

Solid waste generated by the food industry, despite its diversity, contains the potential
to be transformed into a wide range of industrial application products, among which
biomass-based catalysts, industrial enzymes, and biofuels are particularly prominent
sustainable products. For instance, Mohd et al. [122] prepared biochar from the high-
temperature calcination of green coconut waste shells, which was used in solid-state
fermentation to produce microbial -glucosidase (BGL enzyme). Its porous structure
provides an abundant reaction site for the enzyme, increasing the chances of contact
between the enzyme and substrate, thereby enhancing the efficiency of enzyme-catalyzed
reactions. Moreover, the large specific surface area of the biochar helps to adsorb enzyme
molecules, reducing their deactivation, while also promoting the transfer of substrates and
products, reducing mass transfer resistance, which is crucial for improving reaction rates
and efficiency. The porous structure of the biochar also facilitates the recovery of enzymes,
helping to reduce costs and improve economic viability, while optimizing their catalytic
performance by altering the enzyme’s microenvironment.

Furthermore, utilizing renewable resources, especially low-cost forestry waste, to
produce bioenergy and materials is of great significance for achieving green and sus-
tainable chemical processes. Xiang et al. [123] prepared biochar from sawdust through
an H3POy-assisted hydrothermal carbonization method, and then prepared a zirconium-
coordinated biochar catalyst Zr-SDBC-P through a self-assembly method, which showed
high activity in the catalytic transfer hydrogenation reaction of converting ethyl succinate
to y-valerolactone. Data show that the biochar treated with H3PO4 has a larger specific
surface area and porous structure, which helps to improve the production efficiency of
enzymes, and has good high-temperature stability, which is conducive to maintaining the
stability of the catalyst during the reaction process. The recycling experiment results of
the Zr-SDBC-P-4 catalyst also confirmed its good reusability, indicating that the porous
structure helps to maintain the active center of the catalyst and, even after multiple uses,
it can maintain its coordination catalytic performance. Therefore, the porous structure of
biochar plays a key role in improving catalytic efficiency, reducing production costs, and
achieving green chemical processes.
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Figure 10. (a) H, /CO and CO/CO; molar ratios based on the syngas composition versus feeding
times in the combined pyrolysis and in-line catalytic reforming process using a NiBC-30 catalyst. [117].
Copyright 2023, American Chemical Society. (b) Reductive and oxidative current responses of NBC-
400 (inset: linear relationship between the number of electrons and the added amounts of NBC-400);
reductive and oxidative current responses of NBC-700 (inset: linear relationship between the electron
numbers and the added amounts of NBC-700); electron transfer capacity of NBC-400 and NBC-
700. [115]. Copyright 2022, Royal Society of Chemistry. (c) Reduction of the TiO,-BSP band gap
energy via sensitizing, forming a mid-gap energy state and forming a local trapping state. [119]
Copyright 2018, Royal Society of Chemistry. (d) Photocatalyst activities in the aqueous phase
degradation of phenol (reaction conditions: 150 mL of mother solution, 150 mg of photocatalyst,
Cphenol = 50 ppm, temperature 30 °C, reaction pressure 1 bar). [120] Copyright 2013, Royal Society
of Chemistry.

7. Role of Pore Structure Regulation in Environmental Applications

Firstly, the pore structure of BDCs can be designed and prepared through specific
processes to achieve molecular size selective separation. This size selectivity is achieved
by controlling the size and distribution of pores, allowing only molecules of specific sizes
to enter and be adsorbed within the pores. For instance, Mirtha et al. [124] prepared
sponge-like BDC adsorbents through freeze-drying and pyrolysis, which enhance the
adsorption of CO; from CO,/CH, and CO; /N, gas mixtures. As shown in Figure 11a,
by altering the pyrolysis temperature, the porosity and specific surface area of BDCs can
be adjusted, providing more adsorption sites and enhancing the gas adsorption capacity.
This finding indicates that, by finely tuning the pore structure of BDCs, their separation
performance in gas mixtures can be significantly improved. In addition, the pyrolysis
temperature is able to alter the porosity of biochar, according to Reis et al. [125] When
exploring the synthesis methods of sustainable activated biochar as carbon-free anode
materials for lithium-ion batteries (LIBs) and sodium-ion batteries (NIBs), researchers have
found that there are significant differences in the pore structures of biochar synthesized
from Norwegian spruce bark using chemical activation methods (with ZnCl, and KOH).
Specifically, the biochar activated by ZnCl, (Biochar-1) formed highly mesoporous carbon,
with 96.1% of its structure being mesopores, while the biochar activated by KOH (Biochar-2)
showed a lower degree of graphitization and a more disordered, defective carbon structures,
with a mesoporosity content of only 56.1%. Furthermore, Biochar-1 demonstrated the
formation of more ordered graphene layers in its structure, whereas Biochar-2 exhibited a
greater degree of disorder. In terms of surface functionality, although both biochars showed
high functionality, Biochar-1 had a better electrochemical response due to the presence of
pyridinic nitrogen functional groups. Consequently, the article concludes that, owing to
its highly developed mesoporous structure and ordered carbon layer structure, Biochar-
1 outperforms Biochar-2 in electrochemical properties, making it an excellent biomass
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anode material for LIB and NIB applications. Therefore, the article concludes that, due to
Biochar-1's highly developed mesoporous structure and ordered carbon layer structure, its
electrochemical performance is superior to Biochar-2, making it an outstanding biomass
anode material for LIB and NIB applications.

Secondly, the hierarchical pore structure of BDCs provides a large surface area, which
increases the contact opportunities between molecules and separation materials, thereby
enhancing adsorption capacity and selectivity. This high specific surface area characteristic
makes BDCs an efficient adsorbent, especially when dealing with low-concentration gases.
Additionally, the hierarchical pore structure also helps to reduce light reflection and en-
hance light scattering effects, thereby improving solar energy absorption rates, which is
particularly important for solar-driven water purification technologies.

Furthermore, the hierarchical pore structure of BDCs also shows great potential in wa-
ter purification applications. As shown in Figure 11b, Zhang et al. [126] used BDCs derived
from sorghum stalks, prepared through a simple carbonization process, to create a solar
evaporator that performed excellently in the purification of various water sources, includ-
ing desalination of seawater, treatment of acidic and alkaline wastewater, and treatment
of organic polluted water. The success of these applications proves that BDCs have broad
application prospects not only in the field of gas separation but also in liquid separation.

In summary, the hierarchical pore structure of BDCs plays a crucial role in both gas
and liquid separation fields. By finely tuning the pore structure, not only can the adsorption
efficiency and selectivity be improved, but the rate and efficiency of catalytic reactions
can also be enhanced. Therefore, BDCs, as a sustainable and environmentally friendly
material, have broad application prospects in separation science and technology. Future
research should continue to explore the relationship between the pore structure of BDCs
and separation performance to develop more efficient and economical separation materials,
contributing to environmental protection and sustainable development.

When discussing the role of BDCs in environmental management, the research by Chen
et al. [127] provides a powerful perspective. They found, as shown in Figure 11c, that BDC
modification significantly increased the specific surface area and pore structure of Co3Oy,
which is generally conducive to the occurrence of catalytic reactions. The biochar-modified
Co304 catalyst showed a significant promotional effect in the heterogeneous activation
process of peroxy-monosulfate (PMS). This finding not only confirms the extraordinary
activity of CozOy synthesized with BDC assistance in PMS activation but also highlights
its potential application in the efficient degradation of ofloxacin, further emphasizing the
promising role of BDCs as a catalyst for the removal of organic compounds.

The research by Jin et al. [128] further deepens our understanding of the catalytic
and adsorption performance of BDCs in organic compounds. They pointed out that BDCs
prepared under high-temperature pyrolysis conditions (BC900) have excellent adsorption
capacity for trichloroethylene (TCE) and show excellent catalytic activity in the activation of
persulfate (PS) for the degradation of sulfamethazine (SMT). This finding not only confirms
the adsorption and catalytic performance of BDCs in water treatment but also reveals the
significant impact of BDC particle size and pyrolysis temperature on performance. It is
particularly noteworthy that BC900 with a smaller particle size (0-75 pm) is 19.5-62.3%
more efficient in TCE adsorption than larger BDC particles. Moreover, the removal rate
of SMT using the BC900/PS system increased significantly with the decrease in BDC
particle size, from 24.2% to 98.3%. This trend indicates that the particle size and pyrolysis
temperature of BDCs are key factors affecting adsorption and catalytic performance in
water treatment.

In summary, the particle size and pyrolysis temperature of BDCs have a significant
impact on their adsorption and catalytic performance in water treatment. BDCs with
smaller particle size, after high-temperature pyrolysis, show excellent TCE adsorption
and SMT degradation performance due to their larger specific surface area and rich mi-
croporous structure. These findings provide new strategies for the application of BDCs in
environmental management and open new directions for future research and application.
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In addition to organic pollutants, in the environmental field, BDCs also play a role in
the management of exhaust gases. The research by Diaz-Maroto et al. [129] provides in-
depth insights into the NO removal capacity of BDCs. They found, as shown in Figure 11d,
that when the amount of BDCs is halved (from 3 g to 1.5 g), the NO removal capacity of
both BDCs decreases. For an initial concentration of 5 ppmv of NO, the removal capacity
of both activated carbons decreased by about 36% and 40%, respectively. Further analysis
indicates that the specific surface area (SBET) of BDCs is directly related to NO removal
capacity. A larger specific surface area means more active sites, which not only helps
in the adsorption of NO molecules but also promotes the subsequent oxidation process.
Moreover, the total pore volume and pore size distribution of BDCs are also important
factors affecting NO removal capacity. BDCs with a larger micropore volume can provide
more contact opportunities for NO and O, thus promoting the oxidation reaction. The
role of BDC pore structure in exhaust gas treatment cannot be ignored, as it directly affects
the adsorption of NO molecules, contact with oxygen, and subsequent catalytic oxidation
reactions. These findings emphasize the potential of BDCs’ pore characteristics and surface
chemical properties in improving their performance in practical exhaust gas treatment
applications. By optimizing these characteristics, we can expect significant improvements
in the performance of BDCs in the field of exhaust gas treatment.

BDCs, as a carbonaceous material derived from biomass pyrolysis, play an important
role in the treatment and recovery of heavy metals. Cao et al. [130] developed a new
type of BDC by using dehydrated algal waste and combining it with KOH and FeClj3 for
co-activation treatment, preparing a highly efficient adsorbent specifically for elemental
mercury in coal combustion flue gas. This method of preparing BDCs not only achieves the
resource utilization of waste but also significantly increases the material’s specific surface
area and porosity, thereby enhancing its adsorption capacity for mercury. Algal waste-
derived BDCs show excellent performance in removing elemental mercury, far exceeding
that of unmodified BDCs. This high removal capacity is attributed to the Fe and Cl elements
on the surface of the BDCs, which are retained during the KOH activation process and
enhance the BDCs” magnetic properties by forming Fe-Cl complexes, thus simplifying
the recovery process of the adsorbent. In the management of heavy metal pollution, the
application of BDCs is mainly based on their high specific surface area and abundant
surface functional groups, which enable BDCs to provide many active sites to effectively
adsorb heavy metal ions in the solution, such as lead (Pb), cadmium (Cd), mercury (Hg),
and chromium (Cr), etc. [131]. In summary, the application prospect of BDCs in heavy
metal pollution management is broad, and their low cost, environmentally friendly, and
adjustable characteristics make them an effective tool for heavy metal removal. With in-
depth research, BDCs are expected to play a more significant role in the management and
control of heavy metal pollution.

In summary, we have compiled a table (Table 1) to illustrate the adsorption efficiency
of various biochars for different environmental pollutants based on the readings of some
articles and the adsorption of pollutants by biochars in the environment.

Table 1. The adsorption efficiency of various biochars for different pollutants in the environment.

Adsorbed The Size of the

Types of Biochar Contaminants Contaminant Separation Efficiency Reference
Seawater, . ..
acidic/alkaline Energy conversion efficiency
Carbonized sorghum straw . 100%, Evaporation rate [126]
wastewater, organic 211
3173kgm™"h
wastewater
Coconut shell activated Oils and organic '"l'"he 011._ wat(.er separation
efficiency is maintained at more [132]
carbon solvents than 98%
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Table 1. Cont.

. Adsorbed The Size of the . . .
Types of Biochar Contaminants Contaminant Separation Efficiency Reference
Biochar
residue/ethylcellulose , R
mixed matrix membrane ~ CO,/CHy and CO, /N, Molecular level €Oz /CH% s selefth.wty is9.97, [133]
- CO,/Ny’s electivity is 20.01
after lignin
depolymerization
The maximum adsorption
Magnetic biochar (M-RSB o4 . . capacities are as follows:
and M-SSB) Cd~" in solution Tonic level 42.48 mg /g (M-RSB) and [134]
4.64 mg/g (M-SSB)
The maximum adsorption
Biochar derived from Cd%* and Co?* in Tonic level capacities are as follows: [135]
wheat straw (SB) solution omicleve 193 umol g1 (Cd?*) and
89.7 umol g~ ! (Co?*)
Pine needles magnetic . pncm: 0.4 mmol/g, pncom:
biochar (pncm and pncom) Cu (1) Tonic level 1.0 mmol/g [136]
Peanut Shell Biochar (PSB) . ) o
and Modified PSB (MPSB) As (IIT) and As (V) Tonic level MPSB: As (III) 86, As (V) 91.26% [137]
Distiller’s grains are o4 .
derived from biochar Pb Tonic level 79.12mg/g [138]
Crab shell-derived biochar . .
(CSAB) Diesel Oil 93.9mg/g [139]
. 2+ 2+
Sheep Manure Biochar Mixed heavy metals S?gB;mI;b/ g 2Cocizzjn?)gZ/ i;r’l;: /ug
(SMB) and Robinia Biochar (Pb2*, Cu¥, Cd2*) Tonic level RPBS: Pb2* 7.4 mg/g, Cur [140]
(RPB)
10.5 mg/g
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Figure 11. (a) Comparative mean selectivity, at 25 °C, of CTO_P400 (orange) and CTO_P600 (yellow),
for the CO, /CHj separation (square symbols) and for the CO, /Ny, separation (circle symbols). (For
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interpretation of the references by color in this figure legend, the reader is referred to the web version
of this article.) [124].Copyright 2023, Elsevier. (b) Construction and schematic process of carbonized
sorghum straw for solar evaporation [126]. Copyright 2021, Multidisciplinary Digital Publishing
Institute. (c) Ny adsorption/desorption isotherm and pore size distribution of the three samples [127].
Copyright 2018, Elsevier. (d) NO removal capacity of activated carbons as a function of the NO
concentration in the air stream. Experimental conditions: Temperature: 25 °C; carbon bed: 1.5 g [129].
Copyright 2023, Elsevier.

8. Conclusions and Outlook

Pore engineering in BDCs has garnered increasing attention due to its significant
impact on enhancing the performance of these materials across a wide range of applications,
such as energy storage, catalysis, and environmental remediation. The ability to tailor
the pore structure, including pore size, distribution, and interconnectivity, allows for
the optimization of specific physical and chemical properties that directly influence the
material’s efficiency and adaptability in diverse technological applications.

In energy storage, the hierarchical porous structure of BDCs has shown immense po-
tential in improving the performance of devices like supercapacitors, lithium-ion batteries,
and sodium-ion batteries. The combination of micropores, mesopores, and macropores
within BDCs enhances both ion transport and charge storage capabilities. Micropores
offer a high surface area for ion adsorption, which increases the energy storage density,
while mesopores and macropores reduce ion diffusion pathways and enhance electrolyte
transport, improving power density and charge-discharge rates. As such, optimizing
the pore architecture is critical for achieving high-performance energy storage devices.
Furthermore, the tunability of pore size distribution in BDCs is essential for balancing
energy density with power density in energy storage applications.

In catalysis, pore-engineered BDCs are highly effective due to the increased acces-
sibility of active sites and the improvement of mass transport. The hierarchical porous
structures facilitate the diffusion of reactants and products, which is especially critical in
heterogeneous catalysis where the interplay between surface area and pore architecture
determines the catalytic efficiency. The ability to create a finely tuned pore network not
only boosts catalytic activity but also enhances selectivity and stability, particularly in
reactions such as hydrogen evolution, oxygen reduction, and carbon dioxide reduction.
BDCs with well-defined pore structures are increasingly being used as metal-free catalysts
or as support for single-atom or nanoparticle catalysts, owing to their high specific surface
area and chemical stability.

Environmental applications of BDCs, particularly in gas separation, water purification,
and pollutant removal, benefit significantly from precise pore structure control. The
hierarchical porosity of BDCs facilitates the adsorption of gases, such as CO,, NOx, and
volatile organic compounds (VOCs), through molecular sieve effects and enhanced surface
interactions. In water treatment, the combination of micro- and mesopores enables efficient
adsorption of organic and inorganic pollutants, while macropores improve fluid flow and
regeneration capacity. The adaptability of BDCs in environmental remediation is further
expanded by chemical modifications, such as doping with heteroatoms, which improve
their affinity for specific contaminants and enhance photocatalytic or redox capabilities.
Moreover, recent advancements in pore engineering have enabled the design of BDCs with
tunable surface chemistry, further expanding their applicability in environmental cleanup.

Looking forward, further advancements in pore engineering techniques are essential
to unlock the full potential of BDCs. Novel strategies such as dual-template synthesis, self-
activation methods, and advanced templating techniques, which combine both hard and
soft templates, are promising pathways to achieve precise control over pore architectures
and enable the development of hierarchical structures with optimized performance. The
integration of these strategies with emerging carbonization techniques, such as microwave and
laser carbonization, presents new opportunities to fine-tune the pore structure at the nanoscale,
leading to enhanced performance in energy, catalysis, and environmental applications.
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Moreover, the combination of BDCs with other functional materials, such as metal
oxides, metal-organic frameworks (MOFs), and conductive polymers, can create hybrid
materials with synergistic properties, further expanding their functionality. The devel-
opment of BDCs-based composites or heterostructures could lead to breakthroughs in
applications such as electrochemical catalysis, gas sensing, and energy harvesting. For
instance, incorporating transition metals into the porous carbon framework can generate
active sites for electrocatalysis, while maintaining the high conductivity and structural
integrity of the carbon matrix.

In conclusion, pore engineering is a pivotal strategy for maximizing the performance
of BDCs. By refining control over pore structure, enhancing surface chemistry, and explor-
ing new synthesis routes, BDCs are poised to play an increasingly critical role in addressing
global challenges related to renewable energy, environmental sustainability, and green
technology. Future research should focus on bridging the gap between laboratory-scale
synthesis and large-scale production of BDCs, ensuring that these materials can be manu-
factured in an economically viable and environmentally sustainable manner. Additionally,
further exploration of the relationships between pore structure, surface functionality, and
material performance will be key to developing next-generation BDCs with tailored prop-
erties for specific applications. By continuing to innovate in pore engineering, BDCs can
become a cornerstone of future technologies that contribute to a sustainable and circu-
lar economy.
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