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ABSTRACT: Developing high-performance biocathodes remain one of the most
challenging aspects of the microbial electrosynthesis (MES) system and the primary
factor limiting its output. Herein, a hollow porous carbon (PC) fabricated with
MXenes coated over an electrode was developed for MES systems to facilitate the
direct delivery of CO2 to microorganisms colonized. The result highlighted that
MXene@PC (Ti3C2Tx@PC) has a surface area of 434 m2/g. The Ti3C2Tx@PC
MES cycle shows that in cycle 4 and cycle 5, the values are −309.2 and −352.3.
Cyclic voltammetry showed that the coated electrode current response (mA)
increased from −4.5 to −20.2. The substantial redox peaks of Ti3C2Tx@PC
biofilms are displayed at −741, −516, and −427 mV vs Ag/AgCl, suggesting an
enhanced electron transfer owing to the Ti3C2Tx@PC complex coating.
Additionally, more active sites enhanced mass transfer and microbial development,
resulting in a 46% rise in butyrate compared to the uncoated control. These
findings demonstrate the value of PC modification as a method for MES-based product selection.

1. INTRODUCTION
Renewable energy-based alternative policies must be imple-
mented due to exhaustive consumption of fossil fuels and high
energy demand.1−5 The modernism of well-organized
technology for turning greenhouse gases like carbon dioxide
(CO2) into highly valued products will profoundly influence
the environment and the economy.6−9 Furthermore, carbon
capture and utilization technologies are becoming more
popular as the decarbonization of industries and circular
economy become global concerns.10−15 The bioelectrochem-
ical process of microbial electrosynthesis (MES) can
potentially convert CO2 into a variety of short-chain carboxylic
acids, alcohols, and methane, most of which are currently
created from fossil-based precursors.16−19 It is imperative to
build inexpensive modified electrode materials because they
are critical for selective microbial richness and serve as sites for
microbial attachment and growth.20−24

Furthermore, the interaction between microbes and electro-
des significantly affects MES production rates and efficiency.
However, slow production rates are one of the major
challenges to MES maturity, especially when combined with
low current densities.20,21,25,26 Additionally, a close microbe
cathode interaction enables a local uptake of the reducing
equivalents required for CO2 reduction.18,26 Furthermore,
most electrodes have identified acetate as the primary MES
product with additional compounds emerging in lesser
quantities.26 The lack of acetate expenditure has caused an

additional spotlight to be placed on product selectivity with
better economic value. Black carbon derived from biomass
(biochar) is a viable solution in this situation.26 The
production of electrodes may need less energy and produce
less carbon dioxide if biochar is used. Additionally, PC may
also encourage the co-selection of genes for antibiotic
resistance, leading to the development of microbial commun-
ities that are both more resistant and selective.27−30 Though,
virgin biomass-derived porous carbon showed less electrical
conductivity, especially when synthesized under low pyrolytic
conditions.31−33 Therefore, PC must be altered with an
appropriate substance to enhance its bio-electrochemical
functionality for MES implementation.
Multiple approaches for electrode modification have been

suggested, such as fabricating the surface layer by adding
nanowires or nanoparticles, graphene, and encapsulating the
electrode with compounds that improve performance.20,34−37

MXene (Ti3C2Tx), a recently discovered family of 2D
materials, is a promising candidate for cathode coating due
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to its beneficial properties, such as superior conductivity, ion
intercalation behavior, and hydrophilicity.38−40 In addition to
electrical conductivity, MXenes’ remarkable pseudocapacitive
properties are anticipated to enhance the performance of bio-
electrochemical systems.38,41 Furthermore, MXene sheets’
interlayer space may support a greater bacterial load, triggering
an improvement in biofilm formation. Second, it is suggested
that MXenes can enhance the selective enrichment of
microorganisms.37,42,43 MXenes have been effectively imple-
mented in pseudocapacitive high-capacity electrodes and
supercapacitors.

Based on its high scientific surface area, structural
adaptability, high electrical conductivity, exceptional chemical
stability, and inexpensive price, biomass-derived carbon has
recently attracted much interest as an electrode material for
electrochemical devices. Currently, a variety of biomass
resources, including sawdust, tea leaves, walnut shells,
sunflower stalks, and many others, are used to produce
biomass-derived carbon. These bio-based carbon distinctive
porous network structures and higher electrical conductivity
boost the capture and flow of electrons from the outer circuit
and speed up the redox pair. Thus, combining MXenes with
bio-based carbon to obtain hybrid materials is an effective

Figure 1. SEM image of (a) PC, (b) Ti3C2Tx, and (c,d) Ti3C2Tx@PC composite and TEM image of (e) Ti3C2Tx@PC composite and (f) phase
profile of Ti3C2Tx and Ti3C2Tx@PC composite.
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strategy to achieve high-performance bio-electrochemical
functionality for MES implementation.
In this study, we investigate a new MXene-based composite

(Ti3C2Tx@PC) coated over an electrode for the MES system
for selective microorganism enrichment and product gener-
ation. In addition, constructing a low-cost technique to
manufacture three-dimensional nanohybrids using aloe vera
peel-derived porous carbon (PC). Two distinct MES electrode
systems were used for the reduction of bicarbonate to various
volatile fatty acids (VFA) subsequently, one with uncoated PC
and the other with an MXene coating.44 A diversified microbial
inoculum was chosen based on its ability to generate a higher
production rate/biomass over pure stains. In addition, a
microbial study was carried out to pinpoint critical and
relatively abundant microorganisms that were enriched due to
MXene coating. As a result, this research aims to construct a
hybrid MXene/PC biocathode with highly suitable morphol-
ogies for selective microbial enrichment and product
generation in microbial electrosynthesis technologies. To the
best of our knowledge, these novel hybrid materials have not
been previously utilized as biocathode materials for MES.

2. RESULTS AND DISCUSSION
2.1. Characterization. Different characterization ap-

proaches were used to examine the uncoated, and Ti3C2Tx@
PC-coated electrodes to show their potential physiochemical
characteristics for MES applications. Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) were used to analyze the electrode structural properties
and morphologies at various magnifications (Figure 1). It
should be emphasized that electrode surface characteristics
substantially impact MES performance, biofilm development,
and microbial proliferation. Figure 1a shows the final porous
structure of PC, where it is clearly observed that the PC
contains randomly oriented 3D pores throughout the structure.
This irregular arrangement of pores causes the formation of a
chain of active sites for diffusion of electrons through the CE
material from the external circuit and improves microbial
adhesion. On the other side, Figure 1b shows MXene-bordered
structures with an open layer. These sheet-by-sheet structures
further improve microbial adhesion by providing extra-large
surface area and interlayer gaps. Figure 1c,d shows Ti3C2Tx@
PC composite images at various scanning scales. In these
images, the surface of PC and Ti3C2Tx-coated electrodes show
a rough structure, where the advantage of Ti3C2Tx@PC
composites has a large number of pores due to porous carbon
and MXene-multilayered structures and in-between gaps.
Figure 2e shows the TEM image of both Ti3C2Tx@PC and
demonstrates the MXene is uniformly distributed across the
PC materials. Figure 1f shows phase profiles of Ti3C2Tx and
Ti3C2Tx@PC composites based on Figure 1e, TEM images,
and highlighted that the MXene and PC composite established
a layer-after-layer structure and both materials have enough
interlayer space for microbial activity. Therefore, Ti3C2Tx@PC
materials help retain water content and provide enough space
to facilitate substrate diffusion, nutrient accessibility to
microbial cells, and microbial growth leading to biocathode
enrichment over uncoated electrodes.
The X-ray diffraction (XRD) patterns of pure PC, Ti3C2Tx,

and fabricated Ti3C2Tx@PC composites are shown in Figure
2.39,45 The composite XRD study showed all of the MXene and
PC distinctive peaks. In the composite, the highlighted 002
peak at 5° and 004 peak at 18° were corresponding for the

successful incorporation of MXenes in the composite, and
broadened peaks at 22, 35, 39, and 48° were attributable to
PC. All the peaks of PC and Ti3C2Tx are highly visible and
show no other entity generated during the composite
preparation process and indicate a successful composite
preparation. A Brunauer−Emmett−Teller (BET) study was
carried out to assess the surface area and pore size distribution.
The study showed that N2 adsorption/desorption isotherms
indicate scientific surface areas of MXene and Ti3C2Tx@PC
composites, as shown in Figure 3a. The adsorption capacity of
MXenes significantly increases at low relative pressures (p/po >
0.2), indicating the presence of pores with even sizes
throughout the samples. On the other hand, Ti3C2Tx@PC
exhibit high adsorption capacities at low relative pressures (p/
po < 0.2). Moreover, the surface areas of MXenes and
Ti3C2Tx@PC were 389.4 and 434 m2/g. Therefore, it is
concluded from the BET studies that adsorption capacity and
surface areas of Ti3C2Tx@PC show higher than that of
MXenes. The advantage of as-prepared composite larger
surfaces facilitates physiochemical properties and provides
substrate diffusion, nutrient accessibility to microbial cells, and
microbial growth leading to biocathode enrichment over
uncoated electrodes.27

To understand the elemental composition of MXenes and
Ti3C2Tx@PC composites, an X-ray photoelectron spectrosco-
py (XPS) study was conducted, and it is shown in Figure 3b.
The distinctive Ti peaks in MXenes were identified to occur at
455.1, 455.7 eV (Ti−C 2p3/2), and 461.4 eV (Ti−C 2p1/2),
while the characteristic C peak was revealed to occur at 284.5
eV C−C.46 On the other hand, the composite shows MXene
characteristic peaks and as well as Mn, Ca, K, and Mg peaks
were observed at 638.89, 346.7, 294.6, and 88.7 eV,
respectively.47 It is also worth mentioning here that there are
other functional groups (Tx) in the composite and serve as
active sites that facilitate the binding of MXenes onto the
substrate surface.
2.2. Current Density Evaluation. The MES cathodes

were kept at a constant voltage of 800 mV (vs Ag/AgCl) to
determine the current density.48 In our MES setup, we used a
pre-mixed microbial culture and growing media in a batch
mode (see the Supporting Information). Ti3C2Tx@PC’s
output current density recovered after 22 h during the first
cycle, demonstrating fast microbial adsorption.

Figure 2. XRD pattern for Ti3C2Tx, PC, and Ti3C2Tx@PC
composites.
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Both coated and uncoated PC exhibit an increase in their
current density efficiency, indicating a rise in the current
density output, as shown in Figure 4b−e. The estimated
average density (mA m−2) was calculated for each MES cycle.
At the end of cycle 2 (Figure 4b), the average current density
increased from −58.3 (PC) to −140.6 (Ti3C2Tx@PC) and at
the end of cycle 3 from −106.6 (porous carbon) to −221.2
(Ti3C2Tx@PC) (Figure 4c). While for cycle 4 and cycle 5, the
value was −187.1 and −225.4 for PC and −309.2 and −352.3
for Ti3C2Tx@PC, respectively. A 2.1- and 2.5-fold increase in
current density output was recorded in cycles 4 and 5,
highlighting a significant MES performance enhancement
(Figure 4d,e). In line with these findings, MXenes may also
improve the efficacy of systems and biological catalytic redox
reactions. This enhanced bio-electrochemical performance may
be attributable to a decrease in electrode charge-transfer
resistance (Rct), as determined by Nyquist curves and
electrochemical impedance spectroscopy (EIS) analysis

(Figure 4f). Furthermore, the Coulomb efficiency (CE) was
also evaluated for all MES cycles and average 24 and 18% CEs
were observed for Ti3C2Tx@PC and PC, respectively, as
shown in Figure 5. The Rct at the electrolyte−cathode interface
was determined to be lower for the Ti3C2Tx@PC (108 Ω)
electrode as compared to an uncoated electrode (137 Ω) based
on these observations. This decline in Rct indicates that the
MXene coating improved the electrode charge transfer, hence
enhancing the current density and MES performance. The
current density performance between the cathode and the
microbes was boosted as a result of the decrease in Rct. From
this, we can infer that PC exo−electrogenic activity, which aids
direct and indirect electron transfer, may be responsible for its
enhanced performance.
2.3. Cyclic Voltammetry and Electrochemical Impe-

dance Spectroscopy Analysis. The electrocatalytic activity
of each CE is studied by performing cyclic voltammogram
(CV) scans using the three-electrode setup, as depicted in

Figure 3. (a) Brunauer−Emmett−Teller (BET) adsorption−desorption isotherm of PC and composite and (b) X-ray photoelectron spectroscopy
(XPS) spectrum of Ti3C2Tx and Ti3C2Tx@PC.

Figure 4. (a) Current density performance using uncoated PC and Ti3C2Tx@PC cathodes at an applied voltage of −0.8 V for MES cycles (a) 1,
(b) 2, (c) 3, (d) 4, (e) 5, and (f) Nyquist curve for uncoated PC and Ti3C2Tx@PC electrodes.
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Figure 6. The capacitive properties of a material were shown by
the CV closed area size, which was larger for the coated
electrode systems than the uncoated electrode. The role of
MXenes on an electron uptake was investigated using CV at
several scan rates ranging from 5 to 200 mV/s. The results
showed that the current response (mA) increased for the
coated electrode from −4.5 (Figure 6a) to −20.2 (Figure 6b),
showing improved electron-transfer behavior. It is suggested
that this change is probably due to MXenes greater
conductivity and electrogenesis capabilities. This increased

effectiveness could be related to the synergistic interaction
between PC and MXenes, which has stronger conductivity and
capacitive behavior for electrogenesis. These findings are
consistent with the idea that improved electrode capacitance
can facilitate electron transmission by decreasing charge-
transfer resistance, which agrees with the above results.
This was done in order to determine the electron uptake by

the microbes. The PC material had a couple of redox peaks,
although both the size and intensity of the peaks were less
pronounced in comparison to those showed by the Ti3C2Tx@
PC biocathode, as presented in Figure 6c. This suggested that
the biofilm in all coated electrode systems had improved
electrochemical activity.
The substantial redox peaks of Ti3C2Tx@PC biofilm are

displayed at −741, −516, and −427 mV vs Ag/AgCl,
suggesting an enhanced electron transfer owing to the
Ti3C2Tx@PC complex coating. The diversity of the exper-
imental settings, the electrode substance, and the enrichment
of free or biofilm-bound catalysts could influence the difference
in the measured redox values. It is suggested that these changes
are associated with either single or mixed microbial inoculum
in the study.
2.4. Microbial Electrosynthesis of VFA. At greater

concentrations, HPLC was used to detect the formation of
volatile fatty acids (FFAs), including butyric acid. On the other
hand, the amounts of acetic acid and propionic acid were
found to be significantly lower. A larger quantity of butyrate

Figure 5. % CE for MES cycles using PC and Ti3C2Tx@PC
biocathodes.

Figure 6. CV profiles recorded at different scan rates (5−75 mV/s) and applied potential (−0.8 to +0.2 V) for (a) PC, (b) Ti3C2Tx@PC, and (c)
first derivative deduced from the CV (from positive to negative voltage) recorded using uncoated PC and MXene@PC electrodes. By exploring the
first CV derivative presented in Figure 6c, the biofilm on both electrodes was assessed to further study the electrochemical activity.
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was produced as a consequence of the PC ability to impede the
growth of specific microorganisms, which in turn promoted
selective microbial enrichment. However, acetic and propionic
acids were generated in lower titers. On the other hand,
Ti3C2Tx@PC composites inhibit larger growth than PC for
certain microbes and alternately highly promote selective
microbial enrichment for higher butyrate concentrations while
acetic and propionic acids are generated in lower titers. Porous
carbon volatile organic compounds and pyrolysis products are
known to promote and inhibit the growth of various microbes;
therefore, this finding makes intuitive sense.
This strategy encourages the pro-selection of genes for

selective microbial enrichment and antibiotic resistance, which
increases butyrate concentrations. However, for MES cycles 1,
2, 3, and 4, the MXene-coated biocathode revealed enhanced
butyrate synthesis with 25, 33, 42, and 46% higher than the
uncoated PC, respectively (Figure 7). This indicates that
MXene tends to change the composition of microbial
populations, loading them with more microorganisms that
produce butyrate as their principal product. In addition, the
richness and co-existence of various acetogenic and fermenta-
tive microbes suggests that butyrate formation may occur via
multiple pathways. The bioconversion of acetate to butyrate
may occur via the reductive acetylCoA or Wood-Ljungdahl
pathway. Acetate is digested more quickly than butyrate, and
some anaerobic microbes can effectively utilize acetate. In
addition, the Ti3C2Tx@PC composite possesses larger number
sheets by sheet structure, which strongly facilitates the nutrient
uptake by microbial cells. Additionally, essential nutrients, such

as magnesium, salt, nitrogen, potassium, and phosphorus, may
promote microorganism growth and biofilm formation. The
profitability of MES systems employing various common and
modified cathode materials was compared to that of Ti3C2Tx@
PC composites both coated and uncoated cathode materials
(Table S1). Strategic factors, such as cathode composition,
applied potential, and microbial inoculum enrichment, may be
responsible for MES performance differences, including
current density, VFA products, and yields. Several studies
have found a correlation between improved MES performance
and upgraded cathode properties. These findings are in
agreement with better electrochemical properties of
Ti3C2Tx@PC, which indicates that high electron uptake by
the microbial catalyst is critical for greater VFA formation. This
proved that adding MXene to PC (PC) modifies the contact,
increasing microbial production. Therefore, the high current
density performance of Ti3C2Tx@PC composite as an anode
showed effective results for MES systems.

3. CONCLUSIONS
In summary, we proposed a hybrid MXene@PC composite
(Ti3C2Tx/PC) coated over an electrode for butyrate
production as the primary MES product. The proposed
electrode retains the advantages of 2D materials and porous
carbon by decreasing the electrode resistance to support and
increase in a capacitive behavior. The main results are the
following:

Figure 7. Accumulated concentration profile of VFAs (butyrate, acetate, and propionate) using the (a) uncoated PC cathode, (b) Ti3C2Tx@PC
cathode, and (c) butyric acid comparative profile for coated and uncoated PCs.
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(1) the average current density for cycle 4 and cycle 5, the
values were −187.1 and −225.4 for PC and −309.2 and
−352.3 for Ti3C2Tx@PC, respectively, which means that
2.1- and 2.5-fold increase in current density output was
recorded in cycles 4 and 5, which showed a significant
improvement in the MES performance.

(2) Due to MXene’s greater conductivity and electrogenesis
capabilities, the current response (mA) increased for the
coated electrode from −4.5 to −20.2, showing improved
electron-transfer behavior.

(3) The substantial redox peaks of Ti3C2Tx@PC biofilm are
displayed at −741, −516, and −427 mV vs Ag/AgCl,
suggesting an enhanced electron transfer owing to the
Ti3C2Tx@PC complex coating.

(4) MES cycles 1, 2, 3, and 4, the MXene-coated biocathode
revealed enhanced butyrate synthesis with 25, 33, 42,
and 46% higher than the uncoated PC.

4. MATERIALS AND METHODOLOGY
4.1. Materials. Ti3AlC2 MAX phase powders (400 mesh)

were purchased from 11 Technology Co., Ltd Beijing. LiF
(98.5%) and HCl was bought from Fuchen Chemical Reagent
Factory in Tianjin. Sigma-Aldrich provided dimethyl sulfoxide
(DMSO).
4.2. Sample Preparations. 4.2.1. Synthesis of MXene.

Figure 8 (route MXene) describes a general map of MXene
preparation from Ti3AlC2 phase powders. Around 1 g of LiF
was added to 10 mL of 9 molar HCl (37% wt) and stirred for
15 mins at 35 °C. After that, chemically etched Al from
Ti3AlC2 was done by adding 1 g of MAX gradually to the
solution for the next 36 h at 35 °C in a water bath to produce
HF. Now, the resultant suspension was washed with deionized
water (DI H2O) via centrifugation at 3500 rpm for 10 min per
cycle until the pH of the supernatant reached approximately 6
and then, the sample was dried in a vacuum oven for the whole
night at 80 °C. After that, 40 mL of DMSO was mixed and
stirred for 18 h in the sediment to intercalate MXene sheets
and again centrifuge to collect DMSO. The precipitate was
then dispersed into water via an ultrasonication process for 1 h

with a frequency of 20 kHz (Power: 600 W). The obtained
few-layered Ti3C2Tx was centrifuged and washed with water
and ethanol several times. The resulting material was used
without further modification or processing. The concentration
of the as-prepared MXene solution was approximately 1 mg/
Ml.49,50

4.2.2. Synthesis of PC. Aloe vera peel-derived porous
carbon nomenclature as porous carbon (PC) was extracted by
drying aloe vera peel waste at 105 °C, as presented in Figure 8
(route PC). The homogenous mixture was obtained by stirring
the dried biomass with deionized water for 4 h. Subsequently,
the obtained slurry was transferred into a Teflon-lined
stainless-steel autoclave and treated hydrothermally at 120
°C for 12 h. The obtained black powder was activated by 1
mol/L KOH then sintered at 800 °C for 2 h in a tubular
furnace under a N2 atmosphere. Then, the powder was washed
with 1 mol/L HCl, deionized water, and absolute ethanol and
finally dried to obtain PC.51

4.2.3. Synthesis of MXene@PC Electrode (Ti3C2Tx@PC)
Preparation. After cooling, a 10 g chunk of aloe vera peel-
derived porous carbon was dipped in a solution of chitosan (1
g) and Ti3C2Tx (25 mg) dispersed in C2H4O2 (2%) and stirred
for 30 mins, as presented in Figure 9. The resultant biomass
monolith was enclosed in a stainless-steel mesh, and washed
with deionized water at vacuum dried at 60 °C. The prepared
electrode had a surface area of 5 × 5 cm2 and a thickness of 1
cm, respectively. The MXene coating procedure was simple to
use and did not require an intense experimental setup, making
it a practical and environmentally friendly approach. The same
steps were used to prepare the uncoated PC electrode except
for adding MXenes.

4.2.4. Characterization. The morphological study of
MXene and Ti3C2Tx@PC composite was characterized
through TEM (Tecnai G2 F20 S-TWIN) and SEM. TEM
samples were prepared by scratching the SnO2/MXene powder
off Cu-foil and dispersing it in ethanol. SEM samples were
gold-sputtered before the observation. Pore size distributions
of MXene and MgSO4/MXene were calculated by the BJH
method from the desorption isotherm and surface areas were
calculated by the BET method at 77 K. The physicochemical

Figure 8. Schematic diagram of Ti3C2Tx@PC using porous carbon synthesis (PC route), MXene synthesis (MXene route), and composite
preparation.
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measurement of samples was investigated at Rigaku Smart Lab
II powder X-ray diffraction (Rigaku Co., Tokyo, Japan) using
an average Cu Kα1 + Kα2 radiation (λ = 0.15425 A) source.
XPS characterized the binding energy of samples using a
scanning X-ray micrograph (ULVAC-PHI II; Quantera,
Tokyo, Japan.

4.2.5. MES System Construction and Operation. As the
MES assembly, a dual plexiglass tank with a 0.2 L (anode/
cathode) capacity and dimensions of 5 cm × 5 cm × 8 cm was
used. Carbon fabric infused with 20 wt % Pt was utilized as the
anode and cathode materials, which was Ti3C2Tx@PC. Both
anode/cathode chambers were separated by a Nafion 117
proton exchange membrane (DuPont Co.; Wilmington, DE,
USA) pretreated with H2O2 (3%) and H2SO4 (0.5 M). A gas
bag containing N2 was used to constantly purge both the
anode and cathode chamber. Both MES modules were
autoclaved prior installation to assure system decontamination.
The efficiency of the MES was assessed throughout four cycle
periods, every one of which operated for 120 h at a stable
cathodic potential of about −800 mV (vs AgCl). At the
beginning of each cycle, new growth media containing
bicarbonate as a carbon source was added. Sodium
bromoethanesulfonate was employed to prevent the growth
of additional methanogens and the synthesis of methane
during the microbial enrichment phase. The Supporting
Information contains comprehensive information on the
MES culture, selective enrichment, and growing media. A
magnetic stirrer (180 rpm) ensures that the biological
catholyte was homogeneously mixed, whereas a temperature
controller maintains the system temperature at 35 ± 1 °C.26

4.2.6. Electrochemical Measurements. A multi-channel
potentiostat with a three-electrode system was used. The
Ti3C2Tx@PC composite and uncoated PC were designated as
working electrodes, while the anode served as a counter
electrode. The biocathode was evaluated using CV and
chronoamperometry (CA) and analysis using EIS. At a
constant cathodic potential (−800 mV vs Ag/AgCl), the
current−time behavior was studied using CA. Three cycles of

CV analysis were performed to evaluate electrochemical
properties at various scan rates (5−200 mV/s). The electrode
and electrolyte were kept in balance by putting fresh growth
medium in the cathode compartment 24 h before the CV
analysis. The electrolyte for EIS was a potassium ferricyanide
(5 mM) and phosphate-buffered (5 mM) solution. MXene@
PC and PC EIS analyses were performed at a frequency range
from 100 kHz to 0.01 Hz. The EIS study was performed over a
large frequency spectrum (100 kHz−0.01 Hz) utilizing a
constant cathodic potential (+200 mV vs AgCl) and a Pt wire
as the counter electrode (CE).20
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Figure 9. Schematic diagram of MXene@PC electrode preparation
and MES operation.
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