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ABSTRACT

MXenes are 2D transition metal carbides, nitrides, and/or carbonitrides, capable of intercalation by
various cations through chemical or electrochemical means. Previous research has primarily focused
on intercalating alkaline and alkaline earth cations, such as Li*, K*, Na*, Mg?* or alkylammonium cations,
into TisC,Tx MXenes. However, the impact of intercalated transition metal (TM) ions on the electronic
and electrochemical properties of MXenes remains largely unexplored. In this study, we investigated
the effects of pre-intercalated Cu ions on TisC;Tx MXenes and vice versa to gain a comprehensive
understanding of how the electronic and electrochemical properties of both intercalated TM ion and
MXene host are altered. Using in-situ X-ray absorption spectroscopy (XAS), we reveal changes in the
oxidation states of intercalated Cu ions and Ti atoms during charging and their corresponding role in
charge storage mechanisms. Our findings show that electronic coupling between TizC,Tx and Cu ions
results in modified electrochemical and electronic properties compared to pristine TisC,Tx. These
insights lay the foundation for the rational design and utilization of TM ion intercalants to tailor the
properties of MXenes for various electrochemical systems and beyond.
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INTRODUCTION

MXenes are a family of two-dimensional (2D) transition metal carbonitrides! with a general
formula of M,.:.X, Ty, where M is an early transition metal, n=1 — 4; Xis carbon and/or nitrogen and
T, refers to surface termination such as =0, -OH, -Cl, -F etc. ).>*! MXenes offer a unique combination
of tunable metallicity!™ *! and hydrophilicity™ >7! coupled with attractive redox properties that gave
rise to their promise in numerous applications from fast energy storage!> 8> and electrocatalysis!*®
71 to biomedical*®2% and electromagnetic shielding!?!’. Electronic and electrochemical properties of
MXenes can be tailored by changing the chemistry of MXenes: from the type of transition metals (TMs)
constituting the MX layer to modification of the surface terminations. 2224 Further, since MXenes
are layered and have negatively charged surfaces,® 22! they can be (electro-)chemically intercalated
by a range of cations and polar molecules™ * 2-?loffering an additional tuning knob to alter their
physicochemical properties?> 3%, Intercalation of various types of cations was reported: monovalent
(Li*, Na*, K*, NH4*)® 1231 multivalent (Mg?*, AI**, Sn**)[® 123234 gnd organic cations (alkylammonium
(TBA)I22%:3%)) 'However, in the literature of MXenes, very few studies focus on the intercalation of TM
cations in MXenes and/or target the elucidation of the charge storage mechanisms occurring in the
TMe-intercalated MXene. Yet, intercalation of TM cations into semi-metallic MXenes represents a
unique scenario since redox-active intercalants can offer distinct reactivities and cause charge
redistribution within MXene layers, and thus, altering its electronic properties and electrochemical
responses./*’”! For example, immobilization of single Pt atoms on Mo vacancies in Mo,TiC,T, MXene
enabled excellent electrocatalytic performance and stability of the material.'”! This was attributed to
the favorable changes in electronic structure of both Mo,TiC;Tx MXene and Pt single atoms that
resulted in the enhanced hydrogen evolution electrocatalytic activity.*”! While recently a few more
reports of TM intercalation in MXenes appeared®38, a general mechanistic understanding is still
lacking on the fundamental interactions between such redox active TM intercalants and MXene.

Herein, we probe the effects of pre-intercalated Cu ions on Ti3C,Tx and vice versa, with the
goal of providing a comprehensive understanding of how the physicochemical and electrochemical
properties of both pre-intercalated transition metal cation and MXene itself are altered through a
combination of X-ray absorption spectroscopy (XAS) and four-point probe techniques, as well as ab
initio molecular dynamics (AIMD) and Density Function theory (DFT) calculations. Specifically, we
apply in-situ XAS, to track the oxidation changes of both intercalated Cu ions and Ti atoms of the
MXene under different applied potentials, providing insights into the charge transfer between Cu ions
and TizC,Tx. We show that the interactions between TizC,Tx and Cu ions resulted in altered electronic
and electrochemical properties compared to the Cu?* ions in solution and pristine TisC,Tx. Using Cu
ions and TisC;Tx MXene as an example, this work offers a mechanistic understanding of the
interactions between intercalated transition metal cations and MXene layers, providing foundation
for the rational design and utilization of transition metal ion intercalants to tune properties of MXenes
for their applications in different electrochemical systems and beyond.
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RESULTS AND DISCUSSION
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Figure 1 (a) Final structure of Cu-TisC;Tx MXene generated from ab initio molecular dynamics (AIMD)
calculation. (b) X-ray diffraction (XRD) patterns of pristine and Cu-intercalated TisC,Tx. (c) High-
resolution transmission electron microscopy (HR-TEM) image with the corresponding electron energy
loss spectroscopy (EELS) atomic maps of Ti, C and Cu elements of Cu-TizC,Ty.

Characterization of Cu-TizCTx

First, the Cu-intercalated TisC,Tx MXene was synthesized following the Ghidiu et al. method
(detailed procedure description in Experimental Section).?®! The successful intercalation of Cu ions
was verified by X-ray diffraction (XRD) analysis: the (002) peak experienced shift to the lower angle
(26 = 6.0°) corresponding to a larger d-spacing of 14.8 A compared to pristine TisC,Tx (26 = 6.7°, d-
spacing of 13.2 A)9 (Figure 1b, Figure S1). High resolution electron energy loss spectroscopy (EELS)
mapping (Figure 1c) coupled with scanning transmission electron microscopy (STEM) — energy
dispersive X-ray spectroscopy (EDX) maps (Figure S3) revealed the homogeneous distribution of Cu in
between TisC, Ty layers. The quantification of the intercalated Cu-ion fraction was carried out using
inductively coupled plasma - optical emission spectrometry (ICP), revealing an average of Cu content
of 0.23 + 0.007 per each TisC,Tx unit (Figure S2), these values are closely comparable with the values
from STEM-EDX. Importantly, the absence of Cu nanoparticles on the MXene surfaces was confirmed
by STEM-EDX imaging (Figure S3), SEM-EDX imaging (Figure S3), and XRD (Figure S1). These results
establish the successful intercalation of Cu ions within the TisC,Tystructure.

Next, we investigated the chemical state of intercalated Cu-ions using X-ray absorption
spectroscopy (XAS) (Figure 2a) and AIMD. Cu-TisC,Tx XANES spectra lacks a typical pre-edge feature
that is a known signature of the Cu?* presence (d° electronic configuration, classic 1s = 3d transition)
(Figure S4).[4Y Moreover, Cu absorption edge energy in Cu-TisC,T,sample resides between those of
Cuz0 (Cu) and CuO (Cu?), indicating that electron density around Cu-ions changed significantly upon
intercalation in MXene. Further, to provide a quantitative estimate of oxidation state of intercalated
Cu-ions, we compared XANES spectra of Cu-TisC;Ty, Cu;0, and CuO, and the corresponding edge
energy was plotted vs. Cu oxidation state in known Cu compounds (Figure S5). Using interpolation, an
average oxidation state of Cu-ions is estimated to be ~ +1.3. This correlates well with charge
redistribution observed from the density functional theory (DFT) calculations (Figure 2d): while from
DFT the oxidation number is not a direct observablel*?, however, an estimation of the partial charge
of Cu atoms provided by the Bader analysis (Table S1) of Cu-TisC;Tx DFT model yields a value of ~ +
0.42 |e|. This matches the Bader charge of Cu in bulk Cu,0 (+0.52 |e|), which indicates a more
reduced state of intercalated Cu ions compared to Cu® in the solution.
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In contrast, Ti K-edge energy of Cu-intercalated TisC, shifted by ~0.41 eV towards more
positive values compared to pristine TisC,Tx (Figure 2b, Figure S6). As such, we hypothesize that Cu-
ion intercalation induces charge redistribution, pulling some of the electron density on itself from
MXene layers.*” 43l To probe the effect of Cu intercalation on the electronic properties of MXenes,
we performed temperature-dependent electrical conductivity measurements of both Cu-Ti;C,Txand
TisC,Tx MXene pellets. Notably, Cu-intercalated MXene exhibited >2 orders of magnitude increase in
resistivity compared to pristine TisC,Tyx (Figure 2c). Although cation intercalation can lead to increased
inter-flake resistivity (and hence overall resistivity) in MXenes as a result of enlarged interlayer spacing,
it is important not to overlook the role of intercalant nature and chemistry.“**! It is important to note
that despite of the resistivity increase for Cu-TisC;Ty, the material can still be classified as electrically
conductive. In agreement with that, DFT calculations show that the Density of States (DOS) is not
significantly altered by the Cu ion intercalation (Figure 2d) as the electronic states associated to the
latter are below the Fermi level.
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Figure 2 (a) Normalized X-Ray absorption spectra of Cu-TisC;Ty, Cu;O and CuO at Cu K-edge. (b)
Normalized X-Ray absorption spectra of Cu-TisC,;Tx and TisC,Tx at Ti K-edge. (c) Temperature
dependence of resistivity of pellets from Cu-TisC,Tyx and TisC,Txpowders. (d) Density of States (DOS) of
the Cup23TizC,0273Hs (upper panel) and TisC;02.73Hs.46 (lower panel) MXenes obtained from DFT
calculations.
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Electrochemical response of Cu-TisC,Tx

Electrochemical response of the Cu-intercalated TisC,Ty is characterized by the distinct cyclic
voltammetry profile with additional redox peak at ~-0.6 V vs. Ag/AgCl compared to TisC, Ty suggesting
the participation of intercalated Cu ions in the charge storage mechanism (Figure 3a). To further
examine the possible redox contributions of Cu ions, we performed in-situ XAS to probe the possible
changes in Cu K-edges of Cu-TisC,Ty at different applied potentials ranging from -0.45 V to -1.25 V vs.
Ag/AgCl. In the XANES region, a highly reversible shift of the Cu K-edge energy towards lower energies
was observed during cathodic scan, corresponding to a partial reduction of Cu ions (Figure 3b, c).
Concurrently, the overall electrode resistance decreases, as observed from the electrochemical
impedance spectra (EIS) collected at different reducing potentials (Figure 3d). We estimate that on
average, each Cuion gains ~0.2 e~ during charging (Figure S7). It is also important to note that, despite
applied charging potentials being significantly more reducing than Cu®/Cu?* (-0.44 V versus Ag/AgCl)!®
or Cu®/Cu* (-0.58 V vs Ag/AgCl“®) standard reduction potentials, Cu ions in Cu-TisC,Tx do not undergo
full reduction to metallic state, further indicating that electrons are delocalized between conductive
MXene matrix and Cu intercalants.
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Figure 3. (a) Cyclic voltammetry profiles of Cu-TisC;Tx and TisC;Txat 0.5mVs™. (b-c) Electrochemical XAS
data of Cu-TisC;Txwhere (b) Cu K-edge XANES spectra at different applied potentials and (c) Variation
of Cu edge energy (at 0.27 normalized XANES spectra) vs potential during negative and positive
potential sweep. (d) Electrochemical impedance spectroscopy (EIS) of Cu-TisC,Tx collected at different
applied potentials. (e) Ti K-edge XANES spectra of Cu-TisC;Tx measured at different applied potential.
(f) Variation of Ti edge energy (at half height of normalized XANES spectra) with applied potential.

Complementary to monitoring the changes in the Cu K-edge energies as a function of potential,
we also examined the corresponding changes in Ti K-edge energies to obtain a more comprehensive
insight of the charge storage mechanism in Cu-TisC;Tx. Similar to the trend observed in the case of Cu
K-edge, the Ti XANES spectra also displayed highly reversible shifts towards lower energy (decrease in
Ti oxidation state) during the negative scan (Figure 3e & f). By correlating edge energy shifts to the Ti
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valency, we estimate that each TisC,Tx unit gains ~0.18 e~ during charging over the potential window
of 0.8 V (Figure S8). Hence, according to XAS, each Cuo3TizC,Tx unit gains an estimated 0.22 e~ during
charging, corresponding to the redox capacitance of 125 F g. This value is quite close to the
capacitance value obtained from electrochemical measurements in Swagelok cell: 145 F g*. Therefore,
we can infer that both Ti of MXene layer and intercalated Cu ions actively participate in charge storage
and majorly contribute to the overall capacitance. It is also worth noting that the observed XAS
changes in the oxidation states of Ti (Figure 3e) also serve as a direct indication of the
pseudocapacitive nature of charge storage mechanism for TisC,Tx in alkaline electrolytes, similar to
the earlier proven mechanism observed in acidic electrolytes.[*-*8 This effectively refutes a hypothesis
that the lower capacitance TisC,Tx observable in alkaline and neutral electrolytes stems predominantly
from electrical double-layer capacitance.?”!

CONCLUSIONS

In summary, we demonstrate that the electronic and electrochemical properties of MXenes
can be altered through the intercalation of redox-active TM cations. Specifically, we reveal a distinct
difference in electrochemical response of the Cu-TisC,;Txcompared to pristine MXene and provide the
evidence for the participation of both intercalated Cu ions and Ti of MXene in the charge storage. We
attribute this to the redistribution and delocalization of electrons between MXene matrix and
intercalated Cu ions. Our results demonstrate a reciprocal interplay between TM intercalant and
MXene host, wherein they exert a synergistic effect on each other properties and hence providing an
additional avenue to tune MXene properties through TM intercalation. Finally, our findings highlight
the significant contribution of Ti redox to the Cu-TisC;Tx capacitance, thereby confirming the
pseudocapacitive charge storage mechanism of TisC,Ty in alkaline electrolytes.
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MATERIALS AND METHODS

Synthesis of TisC.T,. Cu-intercalated TisC,Tx and Tizc,Tx MXene were synthesized following Ghidiu et al.
procedure.!3%% Specifically, 1 g of TisAlC; powder (Carbon-Ukraine, <44 um particle size) was gradually
added to a 10 ml solution of 10 wt% hydrofluoric acid (HF, Sigma-Aldrich, 48 wt%) and ~1.1 g LiCl (with
a molar ratio 5:1 to TisAlC;). Then, the mixture was stirred at 300 rpm for 24 hours at room
temperature. This step leads to the simultaneous selective removal of Al layer from Ti3AIC; and the

intercalation of Li* ions in between TisC,Tx layers. Next, the wet sediment was divided into two batches
and washed 3 times with 6 M HCI (hydrochloric acid, Sigma-Aldrich, 37%) with a ratio of 0.5 g MXene
to 40 ml of HCl solution. After each washing, centrifugation at 3500 rpm for 5 min was performed. This

yielded the TisC,Tx MXene in which intercalated Li* ions were exchanged by H30*. Finally, the sediment

was washed with 40 ml MiliQ water at least 4 times until pH 5 was reached. For the control sample —

non-intercalated “pristine” TisC,;Tx — the wet sediment was collected directly after DI washing and

dried and used as is for the experiments.

Preparation of Cu-intercalated TiC,T, For the intercalation of Cu ions, 40 ml of 0.1 M copper (ll)
sulphate pentahydrate (CuSO,* 5H,0, Carl Roth, 99%) was added to 0.5 g of wet Ti;C,T, sediment. The
mixture was hand shaken for 2 min and left to rest for 1 hour. After centrifugation at 3500 rpm for 5

mins, the supernatant was removed and replaced with a fresh 0.1 M CuSO, solution. Then, the mixture

was left for another 24 hours under continuous stirring at 300 rpm and Ar bubbling at room

temperature. Finally, the sediment was washed three times with MiliQ water, collected via vacuum

filtration and dried under vacuum for 24 hours.

Electrode preparation. The electrodes were prepared following the procedure described in

references® %°\. The working electrode was composed of 90 wt.% of MXene powder, 5 wt.% of
polytetrafluoroethylene binder (PTFE, Sigma-Aldrich) and 5 wt.% of carbon black (CB, Orion). The
counter electrode contained 95 wt.% of activated carbon (MTI) and 5 wt.% of polytetrafluoroethylene

binder (PTFE, Sigma-Aldrich).

X-ray diffraction patterns were acquired using PANalytical Empyrean X-ray Powder Diffractometer

with Cu K, radiation at 40 mA and 40 kV. The powders were scanned in 26 range from 4.5° to 60°, with

an acquisition step of 0.067° and 700 s per step in reflection geometry.

Scanning transmission electron microscopy (STEM) images with the corresponding energy-dispersive

X-ray spectroscopy (EDX) mapping were collected at 200 kV for 5 mins on FEI Talos F200X microscope

and equipped with an FEI SuperX detector (Chem S/TEM, ScopeM, ETH Zurich). Samples for scanning

transmission electron microscopy were prepared by grounding sample and dusting the powder onto

standard nickel mesh lacey carbon support films (EMresolutions, Quantifoil).

High resolution TEM images and Electron Energy Loss Spectroscopy (EELS) maps were collected on

cross-section TEM lamellas that were prepared with a lift-out method using a Thermo Fisher Scientific

(TFS, former FEI) Helios G4 UC Focused lon Beam (FIB) instrument. Further, the lamellas were studied
using a Cs aberration-corrected at the probe side TEM (TFS Themis Z 80-300, operated at 300 kV,
equipped with a Gatan Continuum 1065 Electron Energy Loss Spectrometer). Both Helios G4 UC and

Themis Z microscopes are a part of Potsdam Imaging and Spectral Analysis facility (PISA).
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Scanning electron microscopy (SEM) images with the corresponding EDX analysis were collected using
Hitachi S-4800 microscope at 20 kV for 5 mins. A thin layer of MXene powder was spread on the carbon
tape. Excess powder was removed with compressed air.

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were conducted
with an Agilent 720 ES instrument. The ICP sample preparation involved the addition of approximately
5 — 8 mg of Cu-Ti;C,T, powders (stored in dry box) to a 10 ml solution of 20 wt.% HNO; (Sigma-Aldrich,
70%) at room temperature for at least 24 hours under continuous stirring (100 rpm) until complete
dissolution was achieved. After that, the solution was diluted until concentration of 10 wt.% HNO;was
reached.Prior to each measurement, instrument calibrations were performed using solutions of CuSO,
(Carl Roth, 99%) in a 10 wt.% HNO; with concentrations of 0, 10, 50, and 100 ppm of Cu ions where
the signals were recorded at the most prominent emission wavelength of 327.395 nm.

Resistivity measurements. Utilizing a Quantum Design Physical Property Measurement System
(PPMS), resistivity measurements were conducted over a temperature range of 4 K to 300 K. For these
measurements, we utilized MXene pellets that were prepared using a standard laboratory press at
room temperature and a pressure of 20 MPa. These pellets were cut into rectangular stripes for the
measurement. On each pellet, four gold (Au) electrode pads, each measuring between 50 - 100 nm in
thickness and 0.1 mm in width, were deposited with a Leica EM ACE200 sputter coater. These pads
were 2.5 mm apart. Indium wires were subsequently attached to the Au pads, creating a 4-probe
geometry. To ensure optimal electrical contact, a small amount of silver (Ag) paint was additionally
applied at the contact points.

Electrochemical set-up and measurements. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed using Biologic MPG-200 and VSP-300 potentiostats, respectively,
with a three-electrode Swagelok cell configuration. MXene electrode served as working electrode with
glassy-carbon disk as a current collector (CH instruments), while activated carbon electrode served as
counter electrode with Ti rod as a current collector and an Ag/AgCl in 1M KCI (CH instruments) as
reference electrode. 1 M NaOH (Sigma-Aldrich, =98%) electrolyte and one layer of polypropylene
separator (Celgard 3501) were used to assemble the cell. CV was performed at the scan rate of 0.5
mVs? while EIS was measured at open circuit voltage in frequency range from 100 kHz to 100 mHz,
with an amplitude of 10 mV and 6 points per decade.

X-ray absorption spectroscopy (XAS) measurements were performed at P64 Advanced X-ray
Absorption Spectroscopy beamline in Deutsches Elektronen (DESY) Synchrotron (Hamburg, Germany),
using a Si (111) monochromator. Samples were prepared by mixing ~4 mg of powder sample with ~60
mg of cellulose (Sigma-Aldrich), and made into a 1-mm-thick pellets that are 13 mm in diameter using
a pelletizer die set at 5 ton-force. These pellets were measured in transmission mode for Ti K-edge,
while Cu K-edge measurements were performed in fluorescence geometry using passivated implanted
planar silicon (PIPS) detector (positioned at 90° angle relative to the incident X-ray). For each pellet,
data was collected for about 2 mins around Ti K-edge (4.96 keV) and Cu K-edge (8.97 keV); a total of
5 acquisitions for both transmission and fluorescence signals were collected. Energy calibration for
each spectrum was performed using Cu (edge at 8.97 keV) and Ti (edge at 4.96 keV) foils. The data
was averaged for 5 acquisitions and analyzed using Athena software. The Cu edge energy for each
sample was defined as energy at the normalized intensity of 0.27 (this intensity corresponds to the

8

https://doi.org/10.26434/chemrxiv-2023-84f91 ORCID: https://orcid.org/0000-0002-2794-4322 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-84f91
https://orcid.org/0000-0002-2794-4322
https://creativecommons.org/licenses/by-nc-nd/4.0/

zero of the 2™ derivative®®>? and a maximum of the 1 derivativel® for Cu foil spectrum). The Ti
edge energy position was extracted based on the half height of the normalized intensity of spectrum®”:
50,531 which is close to the zero of the 2" derivative."%52

In-situ X-ray Absorption Spectroscopy (XAS) was performed using a Si (111) monochromator and PIPS
detector, at P64 Advanced X-ray Absorption Spectroscopy beamline at DESY Synchrotron (Hamburg,
Germany). Both Ti K-edge (4.96 keV) and Cu K-edge (8.97 keV) were collected in fluorescence mode,
where the PIPS detector was position at 45° relative to the MXene electrode in the in-situ cell. A three-
electrode in-situ cell (ECC-Opto-Std test cell, EL-cell, Germany) was used: a 50 nm Au evaporated on
1-mme-thick polyetherimide sheet was utilized as both cell’s X-Ray window and a current collector for
Cu-intercalated TisC,Tx MXene working electrode (90% MXene, 5% PTFE, 5% CB). Overcapacitive
activated carbon served as counter electrode, leakless Ag/AgCl with filling electrolyte 3.4 M KCl (eDAQ)
served as reference electrode and one layer of polypropylene separator (Celgard 3501) was used
during the cell assembly. Prior XAS measurement, the cell was precycled at 1 mVs™? for 3 CV cycles
between -0.45 V and -1.25 V vs Ag/AgCl. Next, for in-situ XAS data acquisition, a linear sweep
voltammetry (LSV) followed by about 15 min potential hold were performed for each potential of
interest (-0.45V, -0.65V, -0.85V, -1.05 V, -1.25 V). The in-situ XAS data were collected for at least 10
minutes in total during potential hold and at least 3 spectra were collected at each potential.

The data analysis was performed using Athena software. The Cu and Ti edge positions were
defined as specified above. An estimation of the Cu oxidation state for Cu-TisC,Tx samples was
performed by referencing edge energy and Cu valence to those of reference compounds Cu,0 (Sigma-
Aldrich, =99.99%) and CuO (Sigma-Aldrich, =99.0%) (Figure S7). The changes of the Ti oxidation state
were assessed in a similar manner, using TiO (Alfa Aesar, 99.5%) and TiO; rutile (Sigma-Aldrich, 99.5%)
reference compounds (Figure S8).

The valency changes obtained from Cu and Ti XANES spectra were further correlated with the
experimental capacitance values calculated from cyclic voltammetry. To estimate charge storage

contributions from Ti and Cu redox the following formula: C; = MZ—FV was used, where Cy [F gl] refers

w

to gravimetric capacitance, z corresponds to the number of electrons participating in the
electrochemical reaction, F [96485 C mol™] is the Faraday’s constant, M, [g mol] is the molar weight
and V [V] is the potential window. The electrochemical reaction occurred is assumed as followed:
Cug23Ti3C,0,(0OH)Fy_x_y + be™ + SNat - Cug23Ti3C,04(0OH)yF,_x_yNas

In the case of Cu, the number of electrons participating is equal to 0.19 X 0.23 = 0.04; while for Ti, the
number of electrons participating is equal to 0.06 X 3 = 0.18. Assuming the molecular weight of 215.5
g mol? for Cup.sTisC,T,, capacitance of 125 F g was estimated as a result of Cu and Ti redox
contributions. This matches very well with the experimental capacitance of 145 F g (calculated from
Cv).

Density functional theory (DFT) calculation and molecular dynamics (MD) simulation. The electronic
structure calculations were performed within the density functional theory framework as
implemented in Vienna ab initio simulation package (VASP)®*>*. The wavefunctions were expanded
in plane wave basis sets and projector augmented wave (PAW) method. The exchange-correlation
energy was approximated with the generalized gradient approximation as formulated by Perdew,
Burke, and Ernzerhof (PBE)™®. The MXene structure with single-water layer was simulated following
the procedure reported in reference.®” To lower the computational cost, we reduced the a and b
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dimensions where our final TizC,Tx structure contains 90 Ti atoms, 60 C atoms, 82 O atoms, and 104 H
atoms. Then, the Cu?* ions were added step-by-step, followed by geometry optimization to stabilize
the structure. Experimentally, each TisC,Tx unit corresponds to 0.23 + 0.007 Cu, therefore we inserted
7 Cu atoms into the water layer with 14 H atoms randomly removed concurrently. For structural
optimization, we set the kinetic energy cutoff to 520 eV and sampled the Brillouin zone with a k-
spacing of 0.3 A™L. The electronic convergence threshold is set to 10°® eV and the forces are converged
to 0.05 eV A, The Cu ions-intercalated structure was then equilibrated using AIMD for 40 ps and we
computed the Bader charges®, and the density of states (DOS) based on the final structure. The AIMD
calculations were performed with an NVT ensemble, where we fix the number of atoms, volume and
temperature and with a timestep of 1 fs. Gamma point was used to sample Brillouin zone with a
reduced cutoff energy of 450 eV to make the computation more affordable.
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