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Abstract

We report a new type of combination of rare earth metal selenides (Ce,Se; and Er,Se;) with a
Ti13C,T,/S-doped graphitic carbon nitride heterostructure for bifunctional application in
flexible supercapacitors and oxygen evolution reactions. The incorporation of S-doped
graphitic carbon nitride in MXenes reduced the layer stacking tendency of both two-
dimensional sheets and eliminated volume expansion by forming a heterostructure. Cerium and
erbium rare earth metal centers induce reactive surface sites, whereas binary layers of
Ti;C,T,/S-doped graphitic carbon nitride provide a conducting matrix for the homogeneous
growth of the metal selenides. The assembled all-solid-state flexible asymmetric
supercapacitor exhibited a high specific capacitance of 60 F g1, an energy density of 10.1 Wh
kg! (volumetric energy density: 0.9 mWh cm) at 2 A g, and 100% capacitance retention
after 10,000 charge—discharge cycles with good flexibility for real-time applications.
Furthermore, the optimum nanohybrid showed a low overpotential of 280 mV and a Tafel slope
0f 99 mV dec! with durable electrocatalytic performance. This work is the first to investigate

the bifunctional energy efficiency of rare earth metal selenides grown over MXene materials.
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1. Introduction

To address the ever-increasing energy demand and depletion of environmental resources, the
exploration of inexpensive, eco-friendly, and abundant energy storage and conversion
materials plays a consequential role!-2. As renewable and green energy resources that consider
environmental sustainability, supercapacitors, batteries, electrocatalysts, and photocatalysts
have been developed significantly’->. Recently, portable and wearable electronic devices have
attracted increasing interest, leading to extensive studies on flexible supercapacitors. In this
respect, conventional rigid supercapacitors are not capable of supplying energy for flexible
electronic devices. Therefore, evolving flexible supercapacitors with efficient electrochemical
characteristics is necessary to fulfill the energy demand of portable and wearable devices®.
Generally, the electrochemical performance of energy storage and conversion devices greatly
depends on the characteristics of the electrode materials. However, the performance of
supercapacitors is restricted mainly by their low energy density, whereas the sluggish kinetics
of the oxygen evolution reaction (OER), which is the anodic half-cell reaction of water
electrolysis, is the fundamental limitation for electrocatalytic water splitting’. Commonly,
noble metals such as Ru, Pt, Pd, and Ir-based materials have shown the best performance as
electrocatalysts for the OER, but their high cost restricts their wide application®. On the other
hand, commonly used carbonaceous electrode materials for supercapacitors are associated with
low energy®. Therefore, investigating efficient electrode materials is crucial for developing
high-performance supercapacitors as well as OER electrocatalysts.

Recently, MXenes have gained increasing attention as emerging new two-dimensional
(2D) layered materials consisting of transition metal carbides, nitrides or carbonitrides due to
their unique physicochemical properties'. Among the different transition metal-based
MXenes, Ti;C,T, has become the most popular material in the energy field because of its
excellent electrical conductivity, hydrophilicity, large volumetric capacitance, high surface
area, and mechanical stability!!- 2. However, pristine nanosheets of Ti;C,T, generally suffer
from inevitable self-retacking, resulting in a low active surface area for the electrolyte ions and
degradation of the electrochemical efficiency!3. The incorporation of interlayer spacers can
prevent the restacking tendency of MXene sheets, leading to full utilization of their active
surface. Combining 2D sheet-like materials such as reduced graphene oxide (rGO), boron
nitride, layered double hydroxide, or graphitic carbon nitride (g-C5;N,) with MXenes can form
heterostructure arrangements, which restricts their layer stacking and enhances their

electrochemical performance!. The graphene analog 2D g-C3;Ny has versatile characteristics,
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such as a large surface area, tunable electrochemical properties, and stability, and the triangular
nanopores of triazine and tri-s-triazine of g-C;Ny facilitate easy doping, defect engineering,
and high edge site exposure!* 3. He et al. reported that a combination of MXene, g-C3Ny4, and
rGO can be used as an efficient, stable electrocatalyst with a low onset potential of 38 mV and
a Tafel slope of 76 mV dec''!'6. Additionally, Depijan et al. reported an increase in ion
accessibility and gravimetric capacitance via the incorporation of g-C3;N, into Ti;C,T, layers!”.
Furthermore, S-doped graphitic carbon nitride has attracted more attention than their undoped
versions because of the presence of nitrogen and sulfur vacancies, which enhance the electron
donor-acceptor capability by offering abundant anchoring sites!8. Despite having high stability
and energy density, 2D materials are associated with low energy density, and the incorporation
of redox-active centers into the electrode introduces pseudocapacitance to the system, which
leads to increased energy density. Similarly, materials with redox-active centers also facilitate
electrocatalytic OER performance’- 19-21,

In this context, transition metal chalcogenides, especially selenides, have been studied
as efficient electrocatalysts for the OER as well as pseudocapacitive electrodes for
supercapacitors because of their high theoretical capacitance, high conductivity (~103 S m),
high charge transfer capability, stability, and low cost?>. Owing to their interesting features,
such as good electrical conductivity, high theoretical capacitance, and potential
pseudocapacitive properties, earth-abundant environmentally friendly rare earth metal
selenides are emerging as promising electrode materials. In this context, cerium selenide has
been considered advantageous for energy storage and conversion applications. The reversible
redox state (Ce’" & Ce*") can heavily contribute to pseudocapacitance in the system, which is
associated with high energy density as well as interactions with oxygen ions via its adjustable
interface, leading to high OER capability?® 2. Manzoor et al. reported the excellent
electrocatalytic OER performance of CeSe, combined with carbon nanospheres with a 289 mV
overpotential in 1 M KOH?*. Additionally, a flexible all-solid-state supercapacitor fabricated
from CeSe, delivered good specific capacitance (48.8 F g!) and energy density (11.63 W h kg
123, Another stable rate earth element, erbium (Er), is generally used as a dopant in transition
metal selenides to increase their workability by tuning their band gap?> 2. However, erbium
selenides (Er,Ses) are still not studied as electrode materials for supercapacitors or the OER.
Additionally, previous studies exhibited that the incorporation of rare earth metals like Nd, Tb,
Eu, and Gd can enhance the physicochemical properties of MXene by tuning their band gap
energy?’-30, Tahir et al. reported that when Gd**-doped vanadium oxide was combined with

MXene the composite exhibited enhanced supercapacitor performance with specific
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capacitance of 1024 F g'! at 10 mV s13!, Still, rare earth metal combined with MXene is not
explored for two electrode supercapacitor devices and OER electrocatalyst.

Inspired by the tunability and great potential of composite materials in electrochemical
applications, in this study, we designed an approach to develop bifunctional electrodes
consisting of rare earth metal (Ce and Er) selenide-grown Ti;C,T,/S-doped g-CsNy ternary
nanohybrids via a simple hydrothermal method and tested their electrochemical efficiency as
positive electrodes for all-solid-state flexible asymmetric supercapacitors as well as
electrocatalysts for the OER. The electronic properties of g-C;N, are tuned by S-doping and
2D/2D heterostructure formation between the MXene and S-doped g-C;N,4 (S-CN), which
restricts the layer stacking of both 2D materials and reduces the volume expansion during
continuous charge—discharge. The incorporation of multiple metal centers, Ce(Ill) and Er(III),
within the MXene/S-CN binary system (MCN) facilitates electron transfer and triggers the
electrocatalytic performance of the electrode toward the OER. The heterojunctions generated
within the metal selenides and binary 2D system facilitate electron transport, enhancing
electrochemical performance. This combination of rate earth metal selenide with an MCN
binary system has not been synthesized and studied for energy applications to date; thus, this
work provides a future strategy for the development of bifunctional electrode materials for

supercapacitors and the OER.
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Fig. 1. Synthesis of rare earth metal selenides (Ce,Se; and Er,Se;) with a Ti;C,T,/S-doped

graphitic carbon nitride heterostructure.
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2. Results and Discussion

2.1. Optimization of MCN Binary Composites
The stepwise synthesis route for different samples is schematically illustrated in Fig. 1. The
morphology of the synthesized materials was investigated via FESEM analysis. Exfoliated 2D
Ti;C,T, sheets can be clearly visible from the FESEM images shown in Fig. 2(a, b), which
shows layer separation from MAX phase Ti;AlIC, due to successful etching of Al. The
ammonium ions intercalated during etching by NH4HF, ruptured the stacked layers and
resulted in delaminated Ti;C,T, layers. As a result, the availability of surface-active sites
increases, which is helpful for further composite formation and electrochemical performance.
EDS analysis (Fig. S1) further revealed very low Al weight % in the MXene, indicating the
removal of Al. The porous sheet-like morphology of S-CN is shown in Fig. 2(c) (high
magnification) and Fig. S1(a) (low magnification). Elemental mapping of S-CN [Fig. S1(b-¢)]
revealed the presence of sulfur within the carbon nitride sheets (C and N), and this trace amount
of sulfur originated from the starting material thiourea. Fig. 2(d) and Fig. S2b depict
homogeneous mixing of two 2D sheet-like materials, Ti3C,Tx and S-CN, resulting in the
formation of a uniform heterostructure. Similar uniform mixing of two-layered materials is
visible in the FESEM images of MCN-2:1 [Fig. S2(a)] and MCN-8:1 Fig. S2(c). Furthermore,
elemental mapping of MCN-4:1 [Fig. S2(d-j)] ensures the homogeneous mixing of C, N, and
S (from S-CN) with MXene (Ti, C, O, and F) nanosheets. A comparison of the crystal structures
of S-CN, MXene, and three binary composites, MCN-2:1, MCN-4:1, and MCN-8:1, was
performed via XRD analysis, as shown in Fig. 2(e). The XRD spectrum of S-CN exhibited a
strong peak at 20 = 27.3°, corresponding to the (002) plane coming from the interlayer stacking
of conjugated aromatic systems, and a weak peak at 26 = 13.2°, attributed to the (100) plane
coming from in-plane stacking of tri-s-triazine units 2. The XRD spectrum of Ti;C,T,
exhibited characteristic diffraction peaks at 20 = 7.4°, 19.5°, 28.2°, 35.7°, 40.9°, and 61°
attributed to the (002), (004), (006), (008), (0010), and (110) planes, respectively?3. The XRD
patterns of the binary MCN composites exhibit characteristic peaks of both MXene and S-CN
according to their concentration, with slight shifts, indicating successful composite formation.
For example, the (002) plane of pure MXene, which arises at 7.4°, shifted to approximately 7°
for MCN composites [Fig. 2(f)]. Specifically, after incorporation of S-CN into MXene, the c-
lattice parameter and d-spacing increased by 1.36 and 0.68 A, respectively, indicating an
increase in the interlayer spacing due to the intercalation of S-CN sheets between MXene

layers. Interestingly, the zoomed XRD spectra in the low-20 region [Fig. 2(f)] shows that the
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(008) plane of the MXene and (002) plane of S-CN merged and resulted in one broad peak for

MCN-4:1, indicating better interaction between the two components than the other two binary

composites due to heterostructure formation.

Intensity (a. u.)
Intensity (a. u.)

20
20 (deg.)

20 (deg.)
Fig 2. FESEM images of (a, b) MXene, (c) S-CN, and (d) MCN-4:1 and (e, f) XRD patterns
of S-CN, MXene, MCN-8:1, MCN-4:1, and MCN-2:1.

Three-electrode electrochemical analysis in 1 M KOH was performed to determine the
optimum binary composite within a voltage window of 0.0 to 0.5 V. Fig. S3(a, b) shows the
electrochemical performance comparison of S-CN, MXene, MCN-2:1, MCN-4:1, and MCN-
8:1 with cyclic voltammetry (CV) curves at 50 mV s~! and galvanostatic charge—discharge
(GCD) curves at 1 A g*!, respectively. The study revealed that among all the single components
and binary composites, MCN-4:1 presented the highest CV area and maximum discharge time
in the GCD analysis. The MCN-4:1 electrode exhibited a maximum specific capacitance of
438.5 F g! among the other samples, including S-CN (10.8 F g'!), MXene (50.4 F g'), MCN-
2:1(102.2 F g'!), and MCN-8:1 (2249 F g'), at 1 A g'!. Therefore, the three-clectrode study
validates the superior electrochemical efficiency of MCN-4:1 with respect to the other two
binary composites because of the better interaction between two individual components, which
is also indicated by the XRD analysis. Thus, MCN-4:1 was further utilized to prepare ternary

composites with Ce and Er selenides.
2.2. Optimization of the MCN/CESe ternary composites

The surface morphology of the MXene/S-doped graphitic carbon nitride/cerium-erbium-
selenide (MCN/CESe) ternary composites was investigated via FESEM analysis, as shown in
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Fig. 3(a-f). Two different morphologies of Ce and Er selenides, including particles such as
Ce,Se; and rods such as Er,Ses are visible in the FESEM image [Fig. S2(k)]. FESEM images
of MCN/CESe-3:1 [Fig. 3(a, b)] depicts a thicker coating of Ce,Se; and Er,Se; with an
agglomerated morphology over MCN-4:1 nanosheets, indicating a higher concentration of
CESe. Due to the higher concentration of CESe compared to MCN-4:1 matrix the distinct
morphologies of Ce,Se; and Er,Se; are not clear. Uniform growth with homogeneous coatings
of particles such as Ce,Se; and rods such as Er,Se; over the MCN-4:1 matrix as well as
intercalation observed for the MCN/CESe-5:1 nanohybrid [Fig. 3(c, d)], indicating the
optimum concentration of individual components. The FESEM image of MCN/CESe-7:1
shown in Fig. 3(e, f) shows an incomplete coating of metal selenides over the MCN-4:1 matrix,
which is in line with the lower concentration of metal selenides used. Furthermore, FESEM
elemental mapping of MCN/CESe-5:1 [Fig. S4(b-h)] revealed a homogenous distribution of
Ce, Er, and Se (from CESe) over the MCN-4:1 (Ti, C, N, and S) nanosheets, indicating the

formation of a ternary nanohybrid.

1 MCN/CESe-7:1

MGN/GESe-5:1

d(i\i “X\e \T&\;‘ i ViE TAwR Gt

MCNJ/CESe-3:1

Intensity (a. u.)

DLP8T nm

d(002) of MXene

T
30 40

20 (deg.)

Fig. 3. FESEM images of (a, b) MCN/CESe-3:1, (¢, d) MCN/CESe-5:1, (d, e) MCN/CESe-
7:1; (g, h) TEM images, (i) HRTEM image with lattice fringes of MXene, Ce,Se; and Er,Ses,
(j) SAED pattern of MCN/CESe-5:1; (k) comparison of the XRD spectra of MCN-4:1, CESe,
MCN/CESe-3:1, MCN/CESe-5:1, and MCN/CESe-7:1.
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The XRD patterns of MCN-4:1, CESe, MCN/CESe-3:1, MCN/CESe-5:1, and
MCN/CESe-7:1 are shown in Fig. 3(k). The XRD spectrum of CESe shows characteristic peaks
at 20 = 16°, 28.7°, 33°, 40.6°, 49.7°, and 56.5° correspond to the (202), (220), (311), (222),
and (400) planes of Er,Ses* 35 and the characteristic peaks at 20 = 23.7°, 26.4°, 29.9°, 43.6°,
and 47.8° correspond to the (110), (111), (012), (312), and (121) planes of Ce;Ses?6. The
MCN/CESe composites exhibit characteristic XRD peaks of both Ce,Se; and Er,Se; with little
shifting, indicating interactions due to composite formation. Additionally, the characteristic
peaks at 20 = 6.7°, 14°, 28.5°, 40.5° and 61.2° exhibited by the MCN/CESe composites are
associated with the planes of MCN-4:1, which are slightly shifted and broadened compared
with those of the pure MCN-4:1 composite, indicating intercalation and interaction between
CESe and MCN-4:1. Interestingly, the characteristic (002) plane of the MXene shifted from 7°
for MCN-4:1 to 6.7° for the MCN/CESe composites, indicating the intercalation of CESe
inside the MXene layers, which further increased the number of surface active sites, leading to

increased electrochemical efficiency.
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Fig. 4. (a) ADF-STEM image, (b) TEM overlay map, (c-i) elemental mapping of C, Ti, N, Ce,
Er, Se, and S, respectively, of MCN/CESe-5:1; deconvoluted XPS spectra of (j) Ti 2p, (k) C
Is, () N 1s, (m) S 2p, (n) Ce 3d, (o) Er 4d, and (p) Se 3d of MCN/CESe-5:1.

The cross-section of MCN/CESe-5:1 was studied via TEM analysis, as shown in Fig.
3(g, h). The uniform distribution of Ce,Se; particles and rod-like Er,Se; over the MXene and
S-CN heterostructure is clearly visible from the high-magnification TEM image shown in Fig.
3(h). The HRTEM fringes shown in Fig. 3i reveal the presence of heterojunctions between the
metal selenides and the 2D sheets, which allows facile pathways for electron transfer, leading
to enhanced electrochemical performance. The calculated d-spacings are 0.355, 0.287, and 1.3
nm, which correspond to the (110) plane of Ce,Ses, (111) plane of Er,Ses;, and (002) plane of
Ti;C,T,, respectively. The selected area electron diffraction (SAED) pattern indicates rings
consisting of multiple bright spots, indicating the polycrystalline nature of the nanohybrid. The
rings obtained from the SAED pattern are indexed with characteristic XRD planes, including

the (110) plane of Ce,Ses, the (111) plane of Er,Se;, and the (0010) and (110) planes of Ti3C,T,.
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The TEM elemental mapping [Fig. 4(c-1)] clearly shows that the rod-like morphology is made
up of Er,Se; and that the particle-like morphology arises from Ce,Se; over MCN-4:1 (Ti, C,
N, and S). Additionally, the homogeneous distribution of each element confirms good
interaction among the individual components of MCN/CESe-5:1.

XPS analysis was performed to evaluate the valence state and bonding nature of
different components in MCN/CESe-5:1. Fig. S3(c) shows a full surface survey scan of
MCN/CESe-5:1, which confirms the presence of C, Ti, N, O, F, Ce, Er, Se, and S. The absence
of Al in the survey scan indicates the successful etching of Ti;C,T, from TizAlC,. The high-
resolution XPS spectra of Ti 2p shown in Fig. 4(j) exhibit six characteristic peaks at 455.3,
458.2,460.03,461.3,463.96, and 466.4 ¢V, which are attributed to Ti—C 2ps5, Ti** 2ps/, Ti—O
2p3s, Ti2" 2pysn, Ti—C 2py 5, and Ti—O 2py ., respectively?’. Here, Ti—O bonds represent surface
functional groups of Ti3C,Ty. The deconvoluted C 1s spectrum shown in Fig. 4(k) depicts peaks
with binding energies of 281.2, 284.65, 286.15, 287.77, 289.3, and 290.1 eV, which correspond
to C-Ti, C—C, C— N, C-0, N=C-N, and O=C—0 bonds, respectively’- 38, Fig. 4(1) shows the
high-resolution N 1s XPS spectrum, which depicts characteristic peaks at 398.76, 400.24, and
401.63 eV corresponding to C—N=C, N—(C)3, and NH, bonds, respectively?®. There is also a
small peak of S 2p [Fig. 4(m)] at a binding energy of 161.4 eV corresponding to C—S—C bonds,
which confirms the presence of sulfur in S-CN 38, Fig. 4(n) shows the high-resolution XPS
spectrum of Ce 3d, which depicts two Ce** doublets due to the spin-orbit coupling of Ce3* 3ds,
(883.04 and 886.48 eV) and Ce*" 3d;3, (901.3 and 905.08 eV). The spin-orbit splitting was
around 18.26 eV and the intensity ratio of I 3ds,/I 3ds, was fixed to 1.1%°. For the high-
resolution Er 4d XRS spectrum [Fig. 4(0)], the characteristic peak at 169.7 eV corresponds to
Er3* 4ds),, which confirms the presence of Er(Il) in erbium selenide*!. The deconvoluted XPS
spectrum of Se 3d [Fig. 4(p)] shows two overlapping peaks at 54.68 and 55.87 eV, which are
attributed to the Se 3ds, and Se 3d;; states, respectively, with a spin-orbit splitting of 1.19 eV,
indicating a Se?” valence state’®. Therefore, an XPS study revealed S-doping in graphitic
carbon nitride and the presence of Ce** and Er**: confirming the formation of Ce,Se; and
Er,Ses. Thus, the formation of MCN/CESe-5:1 is evidenced by XPS analysis as well as the

interactions among different components.
2.3. Supercapacitor performance

The supercapacitor performance of the synthesized samples was first optimized by a three-
electrode system in 1 M KOH within a potential window of 0 to 0.5 V. Fig. 5(a) shows a
comparison of the CV profiles of MCN-4:1, MCN/CESe-3:1, MCN/CESe-5:1, and

10
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MCN/CESe-7:1 at 50 mV s'!. The CV profile indicates an electrochemical double layer-type
charge storage mechanism, as there is no prominent redox peak. Among the synthesized
samples, the largest CV area and highest current response are exhibited by MCN/CESe-5:1
because of the synergistic mixing of Ti;C,T,, S-CN, and CESe. The incorporation of CESe in
the binary MCN-4:1 composite enhances the electrochemical performance in terms of the CV
area and current response. This phenomenon is also supported by the measured conductivity
of the samples, as the highest conductivity of 1247 S m™! is obtained for MCN/CESe-5:1,
followed by MCN-4:1 (66 S m!) and TizC,T, (953 S m!). The layered heterostructure of
MCN-4:1, as observed via FESEM analysis, facilitates K™ ion intercalation by providing more
electrolyte access and producing fast electron transfer through the MCN-4:1 layer. The typical
cation intercalation—deintercalation process on the surface as well as in the bulk of the Ti;C,T,
layers can be depicted by the following Eq. (1, 2)**:
Ti;C, T, + xK* + xe > K, Ti3C, T, (1)
Ti3C, + xK* + xe= > K, Ti3C, (2)

On the other hand, CESe nanoparticles provide high contact with the electrolyte, which
increases the number of ionic interactions. Fig. 5(b) shows a comparison of the GCD profiles
of the synthesized materials at 1 A g'!> and among them, MCN/CESe-5:1 has the longest
discharge time. The highest specific capacitance (calculated via Eq. S1) of 973 F g! is obtained
for MCN/CESe-5:1 compared with MCN/CESe-3:1 (680 F g''), MCN/CESe-7:1 (773 F g'!)
and MCN-4:1 (438.5 F g!). The superior specific capacitance of the MCN/CESe ternary
composite to that of the binary MCN-4:1 composite is attributed to the significant contribution

of CESe, which facilitates electron transfer within the electrode system.
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Fig. 5. (a) CV at 50 mV s'! and (b) GCD at 1 A g'! comparison of MCN-4:1, MCN/CESe-3:1,
MCN/CESe-5:1, and MCN/CESe-7:1, (¢) CV at different scan rates, and (d) GCD at different
current densities of MCN/CESe-5:1. (e, f) Nyquist impedance plot of synthesized materials;
the inset of (f) shows the fitting circuit.

An electrochemical impedance study was carried out to determine the resistance
generated at the electrode—electrolyte interface. Fig. 5(e, f) shows a comparison of the Nyquist
impedance plots of the synthesized electrodes fitted with the equivalent circuit shown in the
inset of Fig. 5(f). The fitted values of the Nyquist impedance plot are summarized in Table S2.
The absence of semicircle in the impedance plot indicates a low interfacial charge transfer
resistance due to the rapid diffusion of ions around the electrode/electrolyte interface** 44, The
equivalent series resistance (Rgsg) describes the interfacial resistance of the electrode and the
ohmic resistance of the electrolyte. The smallest Rgsg value for MCN/CESe-5:1 among the
other synthesized composites indicates that the minimum interfacial resistance for MCN/CESe-
5:1. This results in the most facile charge transfer, indicating its optimum electrochemical
performance. Fig. 5(c) shows the CV curves of MCN/CESe-5:1 with different scan rates. The
CV curve area and current response increase with increasing scan rate, which is a typical
characteristic of supercapacitor electrodes. The corresponding GCD profiles of MCN/CESe-
5:1 at different current densities represented in Fig. 5(d) follow a similar tendency to that of
CV. The higher discharge time of MCN/CESe-5:1 agrees with better electrode—electrolyte

interactions as well as the highest conductivity, leading to enhanced charge storage.

12

Page 12 of 26



Page 13 of 26

Journal of Materials Chemistry A

Therefore, a three-electrode study confirmed the optimum electrochemical
performance of the MCN/CESe-5:1 nanocomposite. Therefore, the practical applicability of
the MCN/CESe-5:1 nanohybrid was further tested by assembling an all-solid-state asymmetric
supercapacitor (ASSASC) device within a voltage range of 0.0—1.1 V. A slurry of electroactive
material was prepared following a similar three-electrode method and was coated on a piece of
carbon cloth with dimensions of 2 cm % 2 cm. The mixture was then dried at 60 °C for 12 h
under vacuum and used as an active electrode. Fig. S5(a-c) shows digital photographs of the
bare current collectors (carbon cloth), electroactive material-coated current collectors, and
assembled ASSASC device, respectively. The MCN/CESe-5:1 nanocomposite was used as the
positive electrode, and MXene was used as the negative electrode. Fig. S3(d) shows a
comparison of the electrochemical performance of MXenes in the negative voltage range (0.0
to —0.5 V) with that of MCN/CESe-5:1 in the positive voltage range (0.0-0.5 V) at 50 mV s~
lin a three-electrode setup in 1 M KOH. A high CV area for the MXene in the negative
potential window is observed, which indicates its efficiency as a negative electrode. The active
mass loading for the fabrication of the ASSASC device was 3.5 mg. A PVA-KOH polymer
gel (synthesis method in S1) was used as both the electrolyte and separator. The PVA-KOH
gel was painted over both active electrodes and dried to fabricate the ASSASC device. Fig.
6(a) shows different components of the assembled ASSASC device.

(a) 8 —0deg. 104 () 0 deg.

—~ | —s0deg. ——60 deg.
"o 6] ——90 deg. ——90 deg.
< ——120 deg. 0.8 ——120 deg.
— 7 —— 180 deg. — —— 180 deg.
=4 =t

7] T 064

c 2 =

] =

2 el 2 0.4

] o

[ o

=2

5 0.2

S,]

T T T T T 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25
Potential (V) Time (s)

(d) ——0deg.

8 ——90 deg.
——120 deg.
——180 deg.

a 6
Z' (Ohm)

Fig. 6. (a) Schematic illustration of the assembled ASSASC device, (b) CV, (c) GCD, and (d)

Nyquist plots of the ASSASC at different bending states, (e) digital photograph of the
assembled ASSASC at different bending angles, and (f) schematic illustration of the probable

electron transfer pathway during charging.
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Fig. 6(b-d) shows the CV curves at 50 mV s7!, GCD curves at 4 A g!, and Nyquist plots,
respectively, keeping the device at different bending angles, including 0, 60, 90, 120, and 180°,
as shown in Fig. 6(e). Under different bending states, there is no obvious change in the current
response or CV area for the CV profiles, and the discharge time for the GCD is the same.
Additionally, the Nyquist plots for the device overlap under various bending states. A long-
term mechanical stability under repeated bending cycles was also performed to evaluate the
flexibility and durability of the ASSASC device. The CV profiles and capacitance
corresponding to each CV profile after different number of bending test cycles are presented
in Fig. 7(a, b). It is observed that there is no sharp drop of capacitance after multiple bending
test cycles and the capacitance loss was only 9 % after 200 cycles of bending test which may
be due to the aging or environmental influence. Additionally, the Nyquist plots and equivalent
series resistance values corresponding to each Nyquist plot after continuous bending test cycles
are presented in Fig. 7(c, d). The resistance increment after repeated bending cycles was 1.1 %
which is almost negligible. These results confirm the good flexibility of the assembled

ASSASC device.
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Fig. 7. After continuous bending test cycles (a) CV profiles at 50 mV s!, (b) capacitance
corresponding to each CV profile, (c) Nyquist plots, and (d) equivalent series resistance (ESR)
corresponding to each Nyquist plot.
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Fig. S6(a) shows the CV profiles of the ASSASC device at different scan rates, which
depict electrochemical double layer-type charge storage in the system, as no obvious redox
peaks are visible. A similar result was obtained from the GCD analysis at varying current
densities, as shown in Fig. S6(b). The specific capacitance of the device was calculated via Eq.
S2. The energy density and power density of the device were calculated via Equations S3 and
S4, respectively. The calculated specific capacitance, energy density, and power density of the
ASSASC device are 60 F g'!, 10.1 Wh kg'!, and 2203.6 W kg'!, respectively, at 2 A gl
Interestingly, the specific capacitance and energy density of this assembled device are much
superior to those of previously reported Ti3C,T,-based supercapacitor devices (Table S2). The
ASSASC device also has the highest power density among all the devices. Furthermore, the
calculated volumetric energy density of the ASSASC device was 0.9 mWh cm- which appears
to be good for real-time application. Hence, the fabricated device is one of the best for practical
applications in the current scenario. Fig 6(f) schematically depicts a probable electron transfer

mechanism while charging occurs.
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Fig 8. (a) Cyclic stability study of the ASSASC device, where the inset shows the CV profile
before and after the stability study at 50 mV s!, (b) Ragone plot; photograph of (¢) charging
setup of three flexible ASSASC devices, and (d) a light blue LED.
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The flexible ASSASC device showed a superb cycling life with ~100% specific
capacitance retention for up to 10,000 charging—discharging cycles [Fig. 8(a)]. The CV profiles
before and after the cyclic stability study at 50 mV s! are shown in the inset of Fig. 8(a). The
almost identical CV areas before and after the stability study indicate the excellent stability of
the electrode material after continuous charge—discharge cycles. The FESEM image [Fig.
S5(d)] of MCN/CESe-5:1 after the stability study shows a stable morphology of particle-like
Ce,Se; and rod-like Er,Se; decorated over the MCN layers, which is in accordance with the
cycling stability results. Fig. 8(b) shows a Ragone plot, which shows that the energy density
and power density of the assembled ASSASC device are much greater than that of previously
reported Ti;C,T,-based devices (+//-), such as Ti;C,T,/N-doped carbon foam//Ti;C,T,/N-
doped carbon foam (8.75 Wh kg ! and 1871 W kg 1)*, Ti;C,T,//activated carbon (5.5 Wh kg~
I'and 500 W kg )%, reduced graphene oxide (rGO)//Ti;C,T, (8 Wh kg™! and 50 W kg 1)¥,
MXene/carbon nanotube//MXene (7.34 Wh kg!' and 50 W kg 1)*, MXene/rGO//MXene/rGO
(3.81 Wh kg!' and 163 W kg)*, MXene/metal porphyrin frameworks//MXene/metal
porphyrin frameworks (2.04 Wh kg! and 601.5 W kg 1)*°, N-Ti;C,T,//N-Ti;C, Ty (9.57 Wh
kg™! and 250 W kg ')’!, Ti;C,T,//TizsC, Ty (4.7 Wh kg! and 242 W kg!)°2, MXene/non-
peripheral octamethyl-substituted copper (II) phthalocyanine (N-CuMe,Pc)//MXene/N-
CuMe,Pc (8.84 Wh kg ! and 112.3 W kg)3, and freeze-dried MXene//freeze-dried MXene
(6.1 Wh kg ! and 175 W kg ). Interestingly, MCN/CESe-5:1 exhibited the highest specific
capacitance in three electrode study among the above mentioned Ti3;C,T,-based electrodes
indicating a benchmark supercapacitor performance. The real-time application of the optimum
electrode for lighting LEDs is further studied. Fig. 8(c) shows the charging setup of three
flexible ASSASC devices with series connections. The ASSASC devices were able to
illuminate a blue LED (3.2 V), as shown in Fig. 8(d). Interestingly, bending in different states
does not affect the practical applicability of the devices, as there is no change in the brightness
of the LEDs under bending conditions, as shown in Fig. S6(c, d). This study indicates the
excellent flexibility of the assembled devices for real-time application, indicating their
potential for future portable and wearable electronic devices. Overall, MCN/CESe-5:1
exhibited excellent performance toward flexible supercapacitors with good specific
capacitance, energy density, and power density due to the synergistic effect of the conducting
matrix of MCN-4:1 and the ordered growth of Ce,Se; and Er,Se; over the 2D/2D

heterostructure of MCN-4:1, enabling facile electron transfer within the electrode.
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2.4. Oxygen evolution reaction performance

The electrocatalytic performance of blank glassy carbon, MXene, MCN-4:1, MCN/CESe-3:1,
MCN/CESe-5:1, MCN/CESe-7:1 and commercial RuO, (for comparison) toward the OER was
evaluated in 1 M KOH. Fig. 9(a) shows the linear sweep voltammetry (LSV) analysis of the
electrodes within 1.2-2.0 V vs. RHE at 20 mV s!. Among the synthesized samples,
MCN/CESe-5:1 has the highest current density of 139 mA cm at 2.0 mV, with the lowest
onset potential of ~1.48 V vs. RHE, and this result is the closest to that of the commercial RuO,
electrocatalyst. On the other hand, the blank glassy carbon electrode does not show any
electrocatalytic performance. The LSV profiles of MCN/CESe-5:1 at different scan rates are
depicted in Fig. S7(a), and the LSV curves follow the typical trend of increasing current density
with increasing scan rates. A comparison of the potentials (vs. RHE) required for the electrodes
to obtain a current density of 10 mA cm2, which is noted as the required voltage (overpotential)
for solar water splitting with 10% efficiency, is shown in Fig. 9(b)’. The lowest overpotential
of 280 mV at 10 mA cm is acquired for MCN/CESe-5:1 compared with the other synthesized
electrodes, including MXene (550 mV), MCN-4:1 (370 mV), MCN/CESe-3:1 (300 mV), and
MCN/CESe-7:1 (330 mV). Interestingly, the overpotential of the optimum electrocatalyst
MCN/CESe-5:1 is comparable to that of commercial RuO, (250 mV). Table S3 summarizes
the comparison of the overpotential values of previously reported MXene-based
electrocatalysts with our optimum electrode, and it is observed that MCN/CESe-5:1 results in

the lowest overpotential, indicating its efficient electrocatalytic performance toward the OER.
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Fig. 9. (a) LSV curves at 20 mV s’!, (b) overpotential at 10 mA cm2, (c) Tafel plots, and (d)
chronopotentiometric stability comparison of MCN/CESe-5:1 and RuO; at 10 and 50 mA cm-
2.

The kinetic pathway of the synthesized electrocatalysts was investigated via Tafel plots
[Fig. 9(c)], which were obtained by plotting the log of the current density against the
overpotential and then fitted with the Tafel equation (Eq. S10). The lowest Tafel slope of 99
mV dec! is obtained for MCN/CESe-5:1 among the synthesized electrocatalysts, such as
MCN/CESe-3:1 (126.2 mV dec!), MCN/CESe-7:1 (132.6 mV dec''), MCN-4:1 (169.4 mV
dec!), and MXene (183.8 mV dec!). On the other hand, the Tafel slope of commercial RuO,
(95.6 mV dec!) is also comparable with that of our synthesized optimum electrocatalyst
MCN/CESe-5:1. Interestingly, the Tafel slope of MCN/CESe-5:1 is comparable to that of the
previously reported MXene-based electrocatalysts summarized in Table S3. Additionally, the
exchange current density, which reflects the rate of the reaction at equilibrium (n=0), was
calculated from the Tafel plots. MCN/CESe-5:1 has the largest exchange current density of
1.84 mA cm indicating the fastest reaction rate at equilibrium among all the prepared
electrocatalysts, including MCN/CESe-3:1 (1.32 mA c¢cm?) and MCN/CESe-7:1 (1.44 mA cmr
2). MCN-4:1 (1.05 mA cm?), and MXene (0.88 mA cm2).
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Fig. 10. (a) LSV profiles of MCN/CESe-5:1, (b) linear fitting plots of the current density
difference against the scan rate, (c) bar plots comparing the TOF, and (d) EIS plots of the
synthesized electrocatalysts.

The durability of an electrocatalyst toward the OER is an important parameter for its
application in future energy technology. The choronopotentiometric stability of the
MCN/CESe-5:1 electrocatalyst was compared with commercial RuO, electrocatalyst at 10 and
50 mA cm? current densities for 30 h [Fig. 9(d)]. The MCN/CESe-5:1 catalyst showed
outstanding stability with the potential retention of 96.7% for 10 mA c¢cm current density and
96.1% for 50 mA cm current density which is comparable with commercial RuO, catalyst
(retention 96.2% for 10 mA c¢cm current density and 98.9% for 50 mA cm current density).
Furthermore, a comparison of the LSV profiles of MCN/CESe-5:1 before and after 2000 cycles
at 20 mV s is depicted in Fig. 10(a). The almost negligible change in the LSV profile in terms
of current density and onset potential after 2000 cycles indicates the structural stability and
durable electrocatalytic performance of MCN/CESe-5:1 toward the OER. Furthermore, the
electrochemical double layer capacitance (Cq) of the solid-liquid interface and
electrochemically active surface area (ECSA) of the synthesized materials were evaluated
following the methods described in the supporting information S2. The linear fitting plots of
the current density difference against the scan rate of the synthesized electrocatalysts are shown

in Fig. 10(b). The calculated C4 and ECSA values of the prepared electrocatalysts are
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summarized in Table S4. The highest Cg (26.22 mF ¢cm2) and ECSA (655.5 cm?) are obtained
for MCN/CESe-5:1 among the synthesized electrocatalysts, which indicates the efficiency of
the electrocatalytic performance toward the OER. The turnover frequency (TOF) was
calculated following the process described in the supporting information S3 to quantify the
intrinsic OER performance. Fig. 10(c) shows a comparison of the TOF values of the prepared
materials, and MCN/CESe-5:1 delivered the highest TOF value (35.7 x 10~ s'!) among them.
This result indicates that the incorporation of the multimetal centers Ce and Er within MCN-
4:1 effectively increases the intrinsic OER efficiency compared with the individual
components. In addition, Fig. 10(d) shows the EIS curves of the synthesized materials, and
among all the synthesized nanomaterials, MCN/CESe-5:1 has a lower solution and contact

resistance, which signifies the superior electrocatalytic performance of MCN/CESe-5:1.
3. Conclusion

This study reports the successful hydrothermal fabrication of Ce,Ses. and Er,Ses-grown MCN
nanohybrids and the investigation of their bifunctional efficiency toward flexible ASSASC as
well as the OER. Among the fabricated nanohybrids, MCN/CESe-5:1 delivered the optimum
electrochemical performance for both flexible supercapacitors and the OER. The assembled
flexible ASSASC device (MCN/CESe-5:1//Ti3C,Ty) exhibited a high specific capacitance of
60 F g'! and an energy density of 10.1 Wh kg (volumetric energy density: 0.9 mW h cm) at
2 A g'! with 100% capacitance retention after 10,000 charge—discharge cycles. Additionally,
the assembled device depicted good flexibility toward real-time applications, indicating
potential applications toward future portable and wearable devices. Furthermore, MCN/CESe-
5:1 showed a low overpotential of 280 mV and a Tafel slope of 99 mV dec’! with durable
electrocatalytic performance. These significant outcomes highlight the potential of the
MCN/CESe-5:1 nanohybrid as a versatile electrode material with a transformative impact on
future energy storage and conversion applications.

Overall, the excellent electrochemical efficiency of MCN/CESe-5:1 toward flexible all-
solid-state asymmetric supercapacitors as well as the OER can be attributed to the following

factors.

(a) The presence of different metal centers increases the number of surface-active sites.
(b) The synergistic effect of individual components resulted in enhanced electrochemical
performance, as shown by the performance comparison of the individual and composite

materials.
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(c) The ordered heterostructure and conducting matrix of MCN-4:1 facilitate
electrode—electrolyte interactions.

(d) The presence of different interfaces provides facile electron transfer pathways.

4. Experimental Section

Materials: MAX phase (TizAlC,), erbium (III) chloride hexahydrate (ErCl;.6H,0), and
polyvinylidene fluoride (PVDF) were purchased from Sigma—Aldrich, USA. Cerium(III)
nitrate hexahydrate (Ce(NO;);.6H,0) was purchased from ACROS, USA. Thiourea, N-
methyl-2-pyrrolidone (NMP, 99.5%), and carbon black were procured from Alfa Aesar, USA.
Ammonium bifluoride (NH4HF;) was acquired from Ricca Chemical Company, USA. Se
powder, polyvinyl alcohol (PVA, 98-99%, high molecular weight), ethanol (96%, v/v), and
potassium hydroxide (KOH) were obtained from Thermo Fisher Scientific, USA.
Cetyltrimethylammonium bromide (CTAB) was procured from MP Biomedicals, and
hydrazine monohydrate (N,H4. H,O (>98%) was purchased from TCI, USA.
Characterization techniques: The crystal structure of the synthesized materials was studied via
X-ray diffraction (XRD) analysis on a Rigaku MiniFlex 600 with Cu Ka at a wavelength of
1.5406 A. The conductivity of the samples was measured via an Ossila P2010A2 four-point
probe. Morphology and elemental mapping were investigated via field emission scanning
electron microscopy (FESEM) and energy dispersive X-ray spectroscopy (EDS)-Mapping,
respectively, on a JEOL JSM-IT800 Schottky instrument. The internal topography of the
sample was obtained via high-resolution transmission electron microscopy (HRTEM) on a
JEOL 2100PLUS instrument at 200 kV with an EDS facility. Kratos Axis Supra X-ray
photoelectron spectroscopy (XPS) was used to characterize the elemental composition and
bonding state of the sample. Electrochemical analysis was carried out with a BioLogic VSP-
50 electrochemical workstation.

Synthesis of MXene (Ti;C,T,): MXene (Ti3C,T,) was prepared from its precursor MAX phase
(Ti3AlIC,) by selective aluminum etching following a previously reported strategy with slight
modifications 3°. Typically, 500 mg of Ti3;AlC, was added slowly into a 20 ml solution of 2 M
ammonium bifluoride. The mixture was then stirred constantly at 200 rpm for 36 h at 45 °C.
After completion of the reaction, the solution was neutralized by washing several times with
water and ethanol via centrifugation until the pH of the solution reached ~6. The final product
was vacuum dried at 60 °C for 12 h.

Synthesis of S-doped graphitic carbon nitride (g-C3N,).: S-doped g-C;N,4 was prepared via a

simple thermal polymerization method reported previously 6. Briefly, thiourea (5 g) was added
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to a covered crucible and heated at 500 °C for 2 h at a heating rate of 5 °C min!. After cooling
naturally at room temperature, the sample was ground into a fine powder and labeled S-CN.
Synthesis of the MXene/S-doped graphitic carbon nitride (MCN) binary composite: For the
synthesis of MCN binary composites, Ti;C,T, and S-CN were mixed at certain ratios in 50 ml
of DI water and ethanol (1:1 v/v). The solution was shaken with Ar purging in an orbital shaker
for 12 h at 160 rpm to obtain a homogeneous mixture. After that, the product was separated by
centrifugation and dried under vacuum at 60 °C for 12 h to obtain the MCN composites. The
MXene and S-CN ratios (w/w) were varied by 2:1, 4:1, and 8:1, and the products were
designated MCN-2:1, MCN-4:1, and MCN-8:1, respectively. The ratios of these three binary
composites were further optimized via three-electrode electrochemical analysis.

Synthesis of the MXene/S-doped graphitic carbon nitride/cerium-erbium-selenide
(MCN/CESe) ternary composite: The ternary composite of MCN and cerium-erbium-selenide
(MCN/CESe) was prepared via a facile hydrothermal method following a previously reported
procedure 7. Briefly, MCN was added to a 1:1 (v/v) mixture (60 ml) of DI water and ethanol
under constant stirring. After that, Ce(NO;);.6H,O and ErCl;.6H,O were added to the
homogeneous MCN-4:1 dispersion, maintaining a 1:1 ratio of Ce and Er. After 1 h, 0.05 g of
CTAB was added to the mixture while stirring. Separately, Se powder was added to 10 ml of
N,Hy4. H,O and stirred for 12 h. Then, the resulting Se solution was added dropwise into the
MCN-4:1 and metal salt mixture. The resulting solution was poured into a stainless steel-lined
Teflon autoclave and treated hydrothermally for 24 h at 180 °C. After cooling to room
temperature, the product was washed with water and ethanol via centrifugation. The obtained
sample MCN-CESe was then dried under vacuum at 60 °C for 12 h. The MCN-4:1 and Ce/Er
ratios were 3:1, 5:1, and 7:1, and the samples were termed MCN/CESe-3:1, MCN/CESe-5:1,
and MCN/CESe-7:1, respectively. Egs. (3-5) depict the growth mechanism of CeSe, and Er,Se;
over the MCN matrix.

2Se + 5N2H4 — 2Se* + N2T + 4N2H5+ (3)
Ce3t + Se? - Ce,Ses ()
Er** + Se* — Er,Se;s (5)

Supporting Information

The supporting information contains (1) synthesis of the PVA/KOH gel electrolyte, (2)
electrochemical measurements for supercapacitors and the OER, (3) calculation methods for
Cqa, the ECSA, and the TOF, (4) FESEM, EDX, and elemental mapping, (5) CV and GCD
profiles, (6) XPS survey scans, (7) digital pictures of the ASSASC showing flexibility, and (8)
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comparison of the supercapacitor and OER performances of the optimum sample with those of
previous reports.
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