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Operando Tracking of Resistance, Thickness, and Mass of
Ti;C,T, MXene in Water-in-Salt Electrolyte

Audrey Perju, Danzhen Zhang, Ruocun John Wang, Pierre-Louis Taberna,* Yury Gogotsi,*

and Patrice Simon*

MXenes are among the fastest-growing families of 2D materials, promising for
high-rate, high-energy energy storage applications due to their high electronic
and ionic conductivity, large surface area, and reversible surface redox ability.
The Ti;C,T, MXene shows a capacitive charge storage mechanism in diluted
aqueous LiCl electrolyte while achieving abnormal redox-like features in the
water-in-salt LiCl electrolyte. Herein, various operando techniques are used to
investigate changes in resistance, mass, and electrode thickness of Ti;C,T,
during cycling in salt-in-water and water-in-salt LiCl electrolytes. Significant
resistance variations due to interlayer space changes are recorded in the
water-in-salt LiCl electrolyte. In both electrolytes, conductivity variations
attributed to charge carrier density changes or varied inter-sheet electron
hopping barriers are detected in the capacitive areas, where no thickness

compositions.®)  Among MXenes, the
titanium carbide Ti,C,T, (with T being
= O, —OH, —Cl, or —F termination
groups and x the number of groups)
stands out as one of the most extensively
studied compositions, exhibiting re-
markably high conductivity ranging over
20 000 S cm~1.l7"1% Tts properties make
Ti,C, T, suitable for diverse applications,
including energy storage, where it can
serve as an active material for electro-
chemical capacitors,''12] as an anode
for Li-ion and Na-ion batteries,!''""3! as
a current collector,'* or as a conduc-
tive binder."! Ti,C,T, is also used in

variations are observed. Overall, combining those operando techniques
enhances the understanding of charge storage mechanisms and facilitates the able

development of MXene-based energy storage devices.

1. Introduction

MZXenes are a family of 2D materials that have attracted signifi-
cant attention!!! due to their metallic and ionic conductivity,?! ex-
cellent mechanical properties,[>} and a variety of structures and
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electrochemical  actuators,'%¥]  tun-
electromagnetic  interference
shielding,®*18-21 and implantable and
epidermal electrodes, 22! where the ef-
fects of ion transport and intercalation on
electrical properties are of importance.
When used as an electrode material for energy storage applica-
tions, Ti,C, T, shows very different behaviors depending on the
nature of the electrolyte. In acidic electrolytes, Ti,C, T, exhibits a
complex electrochemical behavior based on redox charge trans-
fer, rising from the interaction between protons and the oxygen
terminations of the MXene.[?*?*] However, only the double-layer
capacitive charge storage is typically observed in neutral aque-
ous and organic electrolytes.?*-28] Challenges facing Ti,C,T, in
aqueous electrolytes include the low-potential redox of titanium
and the electrochemical stability potential window of water. The
operating potential range of Ti;C,T, can be widened by utiliz-
ing Water-in-salt (WIS) electrolytes due to the strongly associated
water.[2-38] Recently, an anomaly in the charging/discharging
mechanism of Ti;C, T, in WIS LiCl has been reported.[*-39 It is
characterized by current peaks in the cyclic voltammograms, at-
tributed to surface-controlled redox-like processes with only par-
tial charge transfer during Li* ions intercalation/deintercalation.
Note that the negatively charged Ti,C,T, surface, in line with a
positive Potential of Zero Charge (PZC), only allows for cation
intercalation—in the present case, Li* ions.[*-**] Those current
peaks have been reported as related to the intercalation of sol-
vated Li* ions.[273] This distinctive behavior of the Ti,C,T, MX-
ene, only observed in WIS electrolytes, constitutes an intriguing
system requiring additional research to be fully understood.
In this work, we explored the charging/discharging mech-
anism of Ti;C,T, in both WIS LiCl and Salt-In-Water (SIW)
diluted LiCl using a set of operando techniques. The in-plane
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Figure 1. a) Cyclic voltammogram of a Ti;C, T, freestanding film at 1 mV s~', in 20 m LiCl, recorded in the in-plane resistance measurement cell. The
OCV is indicated with the red square, and the different regions mentioned in the text are also identified in the figure. The current is normalized to the
absolute maximum cathodic value. b) Normalized charge plotted versus potential, calculated from the CV displayed in (a). The OCV is indicated with
the red square, and the different regions mentioned in the text are also identified in the figure. The charge is normalized to the maximum value.

resistance measurement technique, reported in our recent
work,[“*1] has been employed to investigate the MXene resis-
tance variations while undergoing cyclic voltammetry; an Elec-
troChemical Dilatometry (ECD) setup has been used to monitor
the displacement along the z-axis (electrode thickness variations)
under the same potential conditions; and Electrochemical Quartz
Microbalance with Admittance monitoring (EQCM-A) analysis
was performed to track mass changes during cycling. Integrating
these diverse sources of information provides a broader picture
of the physical changes of the MXene electrodes during Li* ions
intercalation/deintercalation.

2. Results and Discussion

2.1. Ti;C,T, in the WIS Electrolyte

Cyclic voltammetry (CV) of a Ti,C,T, free-standing film, pre-
pared according to the protocol reported by Mathis et al.l®¥] (also
described in the Experimental Procedures Section), conducted in
20 M LiCl (WIS) electrolyte using the in-plane resistance mea-
surements cell, is shown in Figure 1a. The experimental setup
allowing in-plane resistance measurements is identical to the one
described in our previous work,[“*#!l and is further elucidated in
Figure S1 (Supporting Information). In Figure la, the current
was normalized to the absolute value of the maximum cathodic
current. The dimensionless charge (Q/Q,,.,) is plotted against
the potential in Figure 1b. Three distinct regions are discernible
within the voltammogram and are highlighted in Figure 1a,b.
Starting from the fully delithiated state at 0.75 V versus
Ag/Ag* and beginning the lithium intercalation by applying a
decreasing potential, it is possible to identify a first region (C1)
ranging from 0.75 to 0.3 V versus Ag/Ag*, where only a small
current is recorded. C1 corresponds to the capacitive adsorption
of cations onto the surface of the MXene sheet.[?%3339]
Subsequently, a current peak (P1) appears at around 0.1 V ver-
sus Ag/Ag*. Following the peak, as lithium insertion proceeds
from —0.2 to —0.6 V versus Ag/Ag", a second capacitive region
labeled as C2 emerges within this potential range. Consistent
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with the previously reported CV of this system,[?>3%] the capac-
itive current within the C2 region exceeds that of C1, indicating
enhanced charge storage following the current peak (Figure 1a).
Moreover, as depicted in Figure 1b, the total charge in the region
C2 is higher than C1, illustrating an augmented charge storage
process.

This observation underscores the possibility of an “activation”
mechanism happening at the peak potential, leading to the en-
hancement of lithium intercalation. This activation of the charge
storage is most likely due to entering the nondesolvated Li* ions,
increasing the d-spacing and leading to partial charge transfer
(weak surface redox).[3%! During Li* deintercalation, the oppo-
site phenomenon occurs, starting with the C2 capacitive region
covering the —0.6-0.4 V versus Ag/Ag" potential range during
the anodic cycle. Then, the current peak emerges at around 0.5
V versus Ag/Ag*. Notably, those current peaks in both charge
and discharge have been attributed to surface-controlled par-
tial charge transfer involving the intercalation/deintercalation of
solvated Li* cations, contributing to the increased capacity in
the WIS electrolyte.[2%3942] Following the oxidation current peak,
symmetrically to what has been seen in charge, the current de-
creases when entering the C1 region between 0.6 and 0.75 V ver-
sus Ag/Ag*.

This study employed various operando techniques on this sys-
tem to delve deeper into the charging—discharging mechanisms
within each region (Figure 2a,b,c).

The CVs corresponding to each measurement are reported in
Figure S2 (Supporting Information). Figure 2a,b,c shows the in-
plane resistance variation of a Ti,C,T, free-standing film, the
thickness variation (displacement along the z-axis, directly re-
lated to interlayer space changes) obtained through ECD on a
Ti,C,T, free-standing film, and the mass variation obtained by
EQCM-A with freeze-dried Ti,C,T, powder sprayed on a 9 MHz
quartz, respectively (details in the Experimental Section).

Starting from the fully discharged state (black squares in
Figure 2a,b,c) and starting cathodic polarization (charging), the
resistance initially exhibits a slight decrease as the system goes
through the C1 region (Figure 2a). Conversely, the dilatometry
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Figure 2. Operando a) in-plane resistance, b) thickness, and c) mass flux measurement of Ti;C,T, in the 20 m LiCl water-in-salt electrolyte during cyclic
voltammetry. The black squares indicate the fully delithiated state, used as starting points for analysis. d) Normalized current (left y-axis) and normalized
mass flux (right y-axis) versus the potential obtained through EQCM-A (associated with the results shown in (c)). e) Solvation degree versus the potential,
obtained through EQCM-A molar masses calculation (associated with the results shown in (c).

measurement reveals no thickness variation within this region
(Figure 2b), consistent with the XRD findings indicating no in-
terlayer distance variation within this initial capacitive area of the
CV (Figure S3, Supporting Information).?”! This observation also
aligns well with the EQCM-D results from Wang et al.,[?°! show-
ing that the Li* ions, entering without a solvation shell in this po-
tential region, do not affect the interlayer distance. Consequently,
no ECD thickness variation is expected.

It is worth mentioning that, overall, the resistance of the
Ti,C,T, electrode is affected by two primary factors: intrasheet
resistance, which is sensitive to charge carrier density or mobil-
ity variations, and inter-sheet resistance, which is related to inter-
layer spacing and intercalated species.[**! As the electronic charge
carrier mobility has already been reported as independent of the
applied potential, the intrasheet conductivity was solely attributed
to charge carrier density in this study.l?’”! Thus, the resistance vari-
ation recorded in the C1 region during charge, since not related
to the thickness or interlayer distance variation, is most probably
associated with an intrasheet resistance decrease linked to charge
carrier density variation (density of state change).[*043-4]

Upon entering the P1 region, the resistance undergoes a sharp
increase (Figure 2a), coinciding with an abrupt thickness aug-
mentation (Figure 2b), also consistent with the recorded inter-
layer spacing increase.[??) Notably, these results align with previ-
ous findings on Ti;C,T, in an aqueous acidic electrolyte, where
a correlation was found between interlayer spacing and in-plane
resistance of Ti,C, T, .[**l Interestingly, during further Li* ions in-
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sertion, a significant linear decrease in resistance occurs within
the C2 region. However, no substantial thickness variation is
recorded in this area (Figure 2b), and no interlayer space vari-
ation was reported.!?’]

The EQCM-A data in Figure 2c shows a mass intake through-
out the charging process. Moreover, a change in slope can be ob-
served within the P1 region, indicating an enhanced mass flux
during the intercalation of solvated Li* ions. This observation is
further supported by Figure 2d, which reveals minor mass flux
variation within C1 and C2 regions, and that the maximums of
the current and mass flux are well-aligned at the current peak
potential (P1 and P2 regions, current and mass flux are normal-
ized with the maximum cathodic values, v being the scan rate).
Symmetrically, at the beginning of discharge (C2), no change in
thickness is observed (Figure 2b), while a sharp increase in re-
sistance is recorded in this capacitive region (Figure 2a). Subse-
quently, a consequent resistance and thickness decrease happens
during P2, mirroring the trend observed during cations interca-
lation (Figure 2a,b). Finally, within the C1 region, both resistance
and thickness stabilize (Figure 2a,b). Overall, in both charge and
discharge, the thickness variations recorded by ECD are con-
sistent with atomic force microscopy results obtained by Wang
et al.?’! Interestingly, the linear resistance variation recorded
in the C2 region, greater than the one recorded in C1, occurs
while no interlayer distance variation happens,?! and no sig-
nificant thickness variation is observed (ECD plot, Figure 2b)—
only 1% over the total 6% variation. This resistance variation is

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

QSUSOIT SUOWIWO)) dANEAI)) d[qeoridde oty Aq pauIoA0S a1k Sa[d1IE V() asn JO SA[NI 10§ A1eIqr] Sur[u(Q) AJ[IA\ UO (SUONIPUOI-PUE-SULId}/WO00" A[1m ATeIqr[aur[uo//:sd)y) suonipuoy) pue sua [, 9y 298 *[S707/€0/40] uo Areiqry auruQ A1 ‘8T0S0FZOT WUdR/Z00 T 0 /10p/wi0d’ KoM’ KIRIQIAUI[UO PaouBAPE//:sAY WOy PApLoTumod ‘0 ‘0¥89+ 191


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

probably due to an intrasheet resistance decrease linked to charge
carrier density variation (density of state change).[***3%5] In ad-
dition, considering the layered structure of the Ti;C,T, MXene
electrode, this resistance decrease may also stem from a dimin-
ished tunneling energy barrier (inter-sheet resistance decrease)
due to the increased presence of Li* ions between the sheets.!*3]
Notably, the CV data (Figure 1a) shows that the capacitive cur-
rent is higher in C2 than in C1. During charge, since the thick-
ness growth is relatively modest following P1, and the interlayer
spacing already had undergone a sharp increase during P1 (re-
duction peak), compared to the initial state, one can assume
that the system reached an expanded state after P1, facilitating
the entry of more Li* ions compared to the C1 state, thus en-
hancing the capacitive performance (double layer charge). Re-
garding EQCM-A measurements (Figure 2c), a mass decrease is
observed throughout the entire delithiation process, as for the
lithium intercalation process. Three distinct regions can be spot-
ted, corresponding to the previously described areas C2, P2, and
CL

In a previous report, Wang et al. demonstrated through EQCM
with Dissipation monitoring (EQCM-D) that the three stages out-
lined previously are correlated with different solvation numbers
of the Li* ions being intercalated/deintercalated.[?>3?] Within the
C1 region, almost no water accompanies the inserting cation.
Conversely, in the current peak regions (P1 and P2), the amount
of water entering with the cation increases, eventually reaching
the hydration number of Li* ions in the bulk of the WIS elec-
trolyte (2.85 water molecules per intercalated Li* ion). In the sub-
sequent C2 region, the number of solvating water molecules de-
creases, reaching the hydration number of Li* ions in a diluted
SIW electrolyte (1.45 water molecules per Li* ion). The molecu-
lar weight of the adsorbed species can be extracted from the pre-
sented EQCM-A data (details in the Experimental Procedures and
Supporting Information). Given that the cation flux is strongly
favored due to the negatively charged Ti;C,T, surface and the
polarization toward more negative potentials (resulting in an el-
evated concentration of cations in the immediate vicinity of the
Ti,C, T, surface), the type of adsorbed species is expected to be
Lit+ xH,0O, with x being determined by analysis of the mass-
to-charge charge plot from EQCM-A data. The determined mo-
lar masses are given in the Supporting Information. Figure 2e
shows the degree of solvation, defined as the measured molar
mass divided by the molar mass of lithium (see the Experimen-
tal Section), versus the CV potential. It is observed that there are
more water molecules accompanying Li* ion intercalation in the
current peak regions, and more water molecules entering with
the cation in the low potential capacitive area (C2) compared to
the high potential capacitive region (C1). This trend agrees with
the previous EQCM-D, XRD, and FTIR results on this system
(Figure S3, Supporting Information).[2]

2.2.Ti,C,T, in the SIW Electrolyte

To investigate the charge storage processes further, particularly in
the C2 region, we conducted the same characterizations in a reg-
ular SIW electrolyte, specifically 1 m LiCl. The CV normalized to
the absolute value of the maximum cathodic current (measured
in the in-plane cell, see the Experimental Procedures Section)
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along with the dimensionless charge versus potential plots are
presented in Figure 3a,b, respectively. In contrast to the behavior
observed in the WIS electrolyte, the charge storage mechanism
in this electrolyte is entirely capacitive, as evidenced by the rect-
angular voltammogram (Figure 3a) and the linear relationship
between charge and potential (Figure 3b).

Figure 4a,b,c below depicts the results obtained from the
operando techniques. Figure 4a illustrates the operando in-plane
resistance measurement, Figure 4b exhibits the operando thick-
ness variation obtained by ECD, with the same scale as Figure 2b,
and Figure 4c shows the operando electrode mass variation ac-
quired through EQCM-A. The CVs corresponding to each mea-
surement for Ti;C, T, in SIW LiCl are reported in Figure S4 (Sup-
porting Information).

Figure 4a illustrates that the resistance decreases linearly from
0.2to —0.9 Vversus Ag/Ag* upon Li* ions intercalation, followed
by a linear increase as the system discharges. At the end of dis-
charge, from —0.2 to 0.2 V versus Ag/Ag", the speed of resistance
increase is reduced, and resistance reaches a plateau. The thick-
ness variation (Figure 4b) is 6 times smaller than recorded in the
WIS electrolyte (—0.6% in the STW against 5.5% in the WIS elec-
trolyte). Moreover, a slight thickness decrease is noticeable at low
potentials, consistent with the reduction in interlayer distance ob-
served in Li-based diluted aqueous electrolytes, attributed to the
screening effect arising from the presence of Li* ions between the
sheet, reducing the repulsion between negatively charged MX-
ene layers.3%%] Such a small thickness variation in the SIW elec-
trolyte upon cycling is consistent with a capacitive charge storage
mechanism.

EQCM-A measurement in Figure 4c shows a monotonous
mass intake during Li* ions intercalation and a correspond-
ing decrease during Li* ions deintercalation until —0.3 V ver-
sus Ag/Ag". The extracted equivalent molar mass is 158 g
mol~!, corresponding to the intercalation/deintercalation of Li*
+ 8 H,0. As expected, this is higher than measured in the
WIS electrolyte because of the higher number of free wa-
ter molecules able to intercalate with the cation in the SIW
electrolyte.

The observed resistance variation may be attributed to inter-
layer distance variation, resulting from slight thickness changes,
as previously reported,*l where intersheet conductivity in-
creases when interlayer space decreases. Additionally, increased
charge carrier density and reduced intersheet hopping energy, as
explained earlier for the C2 region in the WIS electrolyte, might
also contribute to the resistance change.

2.3. WIS/SIW Comparison

In general, our findings further emphasize that an active ma-
terial’s behavior is dictated not only by its intrinsic properties
but also by its interplay with the selected electrolyte. Indeed,
the Ti,;C,T, MXene exhibits different charging and discharging
mechanisms depending on the LiCl concentration.

Regarding Ti,C,T, in the WIS LiCl, a small initial decrease
in resistance in region C1 during cation intercalation happens,
probably due to an intrasheet conductivity augmentation, con-
sidering the absence of any thickness change of the MXene elec-
trode. In the P1 region, when the current peak related to the
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Figure 3. a) Cyclic voltammetry of a Ti;C,T, freestanding film at 10 mV s~, in 1 m LiCl, performed in the in-plane resistance measurement cell. The
current is normalized to the absolute maximum cathodic value. b) Normalized charge plotted versus potential, calculated from the CV displayed in (a).

The charge is normalized to the maximum value.

adsorption of solvated cation appears, a significant increase in
electrode thickness occurs, leading to a rise of intersheet re-
sistance. In region C2, similar to what can be seen in C1, the
increase in the charge carrier density causes a decrease in in-
trasheet resistance. A reduced tunneling energy barrier (inter-
sheet resistance) can also be a reason for this resistance decrease.
The greater resistance variation recorded in C2 aligns with this
region’s higher current and higher capacity, indicating that stor-
ing more ions and more injected counter charges increases the
intrasheet conductivity.

In the case of Ti;C, T, in the SIW LiCl electrolyte, the insertion
of the Li* ion and its solvation shell does not cause any electrode
swelling upon polarization. This suggests that the electrode was
already irreversibly expanded along the z-axis after immersion in
the electrolyte, with sufficient interlayer spacing to accommodate
the Li* ions and the water molecules. Indeed, previous results
have shown a spontaneous increase of interlayer distance at open
circuit voltage (OCV) following Ti;C, T, MXene immersionin 1 m
LiCl electrolyte, higher than recorded in the corresponding WIS
electrolyte.3% The small thickness variation recorded in the 1 M
LiCl electrolyte observed here could thus be explained by a facil-
itated capacitive charge storage mechanism following the spon-

taneous insertion of water molecules and solvated ions between
the MXene layers directly after immersion in the electrolyte. This
claim is confirmed by in-plane electrochemical impedance spec-
troscopy (EIS) measurement at OCV, achieved at different im-
pregnation times, as presented in Figure S5 (Supporting Infor-
mation). The in-plane impedance of the Ti,C,T, electrode at
OCV being sensitive to interlayer space variation (intersheet re-
sistance), electrode impregnation with electrolyte at OCV should
thus lead to a variation of the interlayer distance and directly af-
fect the electrode impedance.[**! Figure S5 (Supporting Informa-
tion) clearly shows that while only very small impedance varia-
tions have been recorded (+1.77%) upon electrode immersion
in the WIS LiCl electrolyte, much higher variations (+131%)
are recorded in the SIW LiCl electrolyte. These results are also
supported by contact angle measurements presented in Figure
S6 (Supporting Information), which indicate that the WIS elec-
trolyte, due to higher concentration and consequently greater vis-
cosity, reduces wetting of the Ti,C,T, surface compared to the
more diluted SIW electrolyte. As a result, the WIS electrolyte does
not spontaneously enter within the MXene layers at OCV. Dur-
ing further lithium intercalation, a slight shrinkage of the elec-
trode is observed, contrary to the behavior observed in WIS LiCl.
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ol Li* deintercalation =Ll a3 0T (During 100mV/s CV)
—_ 0.0 1 254
104 =
Q\\i -g 4T st Ta 20
-20 3 B fniinda Py
: 8ol W7 ouigiomyson| | U domercator
_g_ 30 L|+ Intercalatlon = sl 10 08 06 04 -02 00 02 04 08 E 154
L 4 3 < 10
e 50 & 1
< < 54 o \
504 ) Q or — Li* intercalation
s (BN OmiE O | o Li* intercalation °1
10 08 06 04 02 00 02 04 06 410 08 06 -04 02 00 02 04 06 10 -08 06 -04 02 00 02 04

Potential (V vs Ag/Ag™)

Potential (V vs YP50F)

Potential (V vs Ag/Ag™)

Figure 4. Operando a) in-plane resistance, b) thickness, and c) mass flux measurement of Ti;C,T, in the 1 m LiCl salt-in-water electrolyte during cyclic

voltammetry.

Adv. Energy Mater. 2025, 2405028 2405028 (5 of 8)

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

QSUSOIT SUOWIWO)) dANEAI)) d[qeoridde oty Aq pauIoA0S a1k Sa[d1IE V() asn JO SA[NI 10§ A1eIqr] Sur[u(Q) AJ[IA\ UO (SUONIPUOI-PUE-SULId}/WO00" A[1m ATeIqr[aur[uo//:sd)y) suonipuoy) pue sua [, 9y 298 *[S707/€0/40] uo Areiqry auruQ A1 ‘8T0S0FZOT WUdR/Z00 T 0 /10p/wi0d’ KoM’ KIRIQIAUI[UO PaouBAPE//:sAY WOy PApLoTumod ‘0 ‘0¥89+ 191


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

The positively charged Li ions act as screens, diminishing re-
pulsive forces between the negatively charged MXene sheet.?*33]
The reduction in electrode thickness during Li* ions intercala-
tion (interlayer spacing decrease) leads to an increase in inter-
sheet conductivity. Additionally, as observed for the C2 region in
WIS LiCl, polarization toward more negative potentials increases
charge carrier density, further decreasing the resistance. This be-
havior has also been observed with carbon material in aqueous
electrolytes.l*") A reduced intersheet electron hopping energy bar-
rier, and thus intersheet resistance, can also not be ruled out.
Both intra- and intersheet conductivity may decrease, contribut-
ing to the recorded resistance decrease upon Li* ion intercala-
tion.

3. Conclusion

The utilization of diverse and powerful operando techniques
has elucidated the varying physical properties of Ti,;C,T, upon
cations intercalation/deintercalation in WIS and SIW LiCl elec-
trolytes. These findings underscore further that the electrochem-
ical behavior of an active material is influenced not only by its
intrinsic properties but also by its interplay with the electrolyte.

In the WIS electrolyte, the in-plane resistance measurement of
Ti,C,T, revealed variations linked to the thickness changes, with
an increase in intersheet resistance when the interlayer space is
increased. Besides, unrelated to any thickness variation, a lin-
ear resistance decrease/increase was observed in the low poten-
tial capacitive region during charging/discharging. This is at-
tributed to the variation in charge carrier density (intrasheet re-
sistance variation) or a reduced electron hopping energy barrier
between Ti;C,T, sheets due to the increased Li* ions concen-
tration between the MXene layers (intersheet resistance varia-
tion). Conversely, in the SIW electrolyte, the resistance exhibited
a monotonous decrease/increase during charging/discharging,
while only slight thickness variations were recorded upon Li*
ions intercalation/deintercalation. Similar to capacitive regions
of Ti;C,T, in WIS electrolyte, this may be due to either charge
carriers’ density variation or a reduced intersheet electron tun-
neling energy barrier. The thickness variations obtained by ECD
agree with the microscale variation of the interlayer spacing
measured by XRD. EQCM-A measurements are in accordance
with the findings for the WIS electrolyte reported in the litera-
ture, confirming the solvated Li* ions intercalation at the cur-
rent peak potential. The larger number of water molecules ac-
companying lithium ions in the low-potential capacitive area fur-
ther confirmed an “activation-deactivation” mechanism at the
current peak, leading to increased capacity and interlayer spac-
ing and, thus, reduced desolvation of the lithium upon entry be-
tween the MXene sheets. In the SIW electrolyte, almost no thick-
ness change was observed upon polarization, but an irreversible
change was recorded at OCV, as suggested by the large electrode
impedance variation recorded immediately after immersion of
the Ti,C,T, electrode in the electrolyte. EQCM-A shows that Li*
ions enter with their full solvation shell, implying sufficient in-
terlayer space after immersion in the electrolyte to accommodate
solvated lithium and the solvent molecules.

Overall, these results provide a comprehensive understand-
ing of the variations of the physical properties of the Ti,C,T,
MZXene upon lithium intercalation/deintercalation in WIS and
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SIW aqueous electrolytes with the combination of different
characterization techniques. In the context of growing inter-
est in operando techniques, this work illustrates how integrat-
ing such versatile and powerful tools can help understand the
charge/discharge mechanisms in MXenes and other materials
for energy storage.[*047-53]

4. Experimental Section

For all electrochemical experimentation, the used electrolytes are 20 m
LiCl (WIS) or 1 m LiCl (SIW) in water. Molality (m) has been used instead
of molarity (M) for the WIS electrolyte to account for the volume variation
of the solution after the addition of the large quantity of salt (20 m is thus
20 moles of salt per liter of solvent, whereas 1 m is a mole of salt per liter
of solution).

Material Synthesis: Ti;C,T, was synthesized by etching the corre-
sponding MAX phases (325 mesh, Ti;AlC,) with a mixture of HF
(48.5%—51%, Acros Organics) and HCl (36.5%-38%, Fisher Chemical)
acids. Typically, 1 g of Ti;AlC, powder was added to 2 mL of HF, 12 mL of
HCl, and 6 mL of De-lonized (DI) water. The mixture was stirred at 35 °C
for 1day. After etching, the reacted solution was repeatedly washed with DI
water through centrifugation at 3500 rpm for 5 min until the pH was > 6.
After washing, the sediment was dispersed in a mixture of 10 mL DI water
and 1 g of LiCl for stirring overnight. After that, the mixture was washed
repeatedly with DI water by centrifugation at 10 000 rpm for 5 min until
the pH was <8. At last, the supernatant was collected as MXene solutions
after centrifugation at 3500 rpm for 10 min.

Vacuum-Filtered MXene Electrode Preparation: The freestanding MX-
ene films were prepared by vacuum-assisted filtration of the colloidal MX-
ene dispersion on a polypropylene membrane with a thickness of 25 um
(3501 Coated PP, Celgard LLC) followed by vacuum drying.

In-Plane Resistance and Impedance Measurements:  Operando in-plane
resistance measurements were performed with a potentiostat/galvanostat
from Gamry Instruments (potentiostat #2 in Figure S1, Supporting In-
formation). The changes in the in-plane resistance of the electrode upon
cycling (potentiostat #1 in Figure S1 (Supporting Information), Biologic
or Gamry Instruments) were measured using the complete electrochem-
ical setup depicted in Figure ST (Supporting Information), utilizing the
two potentiostats. Potentiostat #2 was used to apply a small current
(Icp = 10 mA) while recording the voltage drop DV¢p (V) during the cy-
cling of the sample through potentiostat #1 to allow accessing the DC
resistance R; (Q) through Ohm’s law (Equation (1))

in—plane

AVep
in—plane = IC_P ()]

R

The resistance variation AR;, _ pjane (%) was then calculated thanks to
Equation (2) below, with Ry the initial resistance (Q) of the fully discharged
material

Rin—plane — Ry % 100

A"?in—p\ane = R—O (2)

The CV scans were performed at 1and 10 mV s~ for 20 m and 1 wm LiCl
solutions, respectively, to reduce ohmic drop coming from the setup and
to match the scan rate used in dilatometry cell. The working electrode was
a Ti3C, T, free-standing film obtained by vacuum-assisted filtration with a
thickness of around 5-8 um. The counter electrode was an overcapacitive
activated carbon film, and the reference electrode was a silver wire. The
measurement was performed during several cycles to ensure the system
was stabilized, and a representative cycle was then chosen for the figure.

Electrochemical Quartz Microbalance: EQCM-A experiments were per-
formed using a SEIKO EG&G QCM922A to record the frequency change
during electrochemical cycling performed with a Biologic potentiostat.
Freeze-dried Ti;C, T, powder was dispersed in water and spray-coated on
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9 MHz Ti/Au quartz sensors (AWSensors). Faster scan rates of 20 and
100 mV s in 20 m and 1 m LiCl were possible and preferred in EQCM
because of the small mass of active material enhancing surface reactiv-
ity at a low scan rate. The WIS system displays redox-like features; it was,
however, necessary to reduce the scan rate compared to the purely capaci-
tive WIS system. Mass loadings were deduced from the frequency change
in the air and were 52 pug cm=2 for 20 m LiCl and 15 pg cm™2 for 1 m
LiCl. The frequency variations Af (Hz) were converted into mass varia-
tions, AMg,yerprey (8), Using the Sauerbrey equation (Equation (3)), valid
for stiff films[>4]

AmSauerbrey == 2f02 Af (3)
where pqzis the quartz density (g cm™3), Hq is the quartz shear modulus (g
cm™! s72), and f; is the quartz fundamental frequency (Hz). The percent-

age mass variation Am (%) values plotted in Figures 2c, 5¢; and Figures
S2c and S4c were obtained using Equation (4) below, where my is the mass
of material sprayed on the quartz (ug)

_ A""’Sauerbrey

Am = % 100 (4)

mg

Eventually, it is possible to extract molecular weights of the adsorbed
species from EQCM data by plotting the charge versus the mass change.
The slope of this plot can give access to molar mass thanks to Sauerbrey
and Faraday’s first law of electrolysis equations, only if the frequency vari-
ations are solely caused by electrode weight variations (elastic behavior).
The motional resistance is plotted versus frequency change in Figure S7
(Supporting Information), illustrating the elastic behavior of the coating
and, thus, the possibility to extract molecular weight thanks to Equation (5)
using the slope of the Am versus AQ curve

M:gan (5)

where M is the atomic mass of the specie (g mol™"), % is the slope
of the Am versus AQ plot, n is the number of transferred electrons, and
F the Faraday constant (C mol™"). The degree of solvation discussed in
the main text was calculated by dividing the calculated molar mass by the
molar mass of Lithium.

For EQCM experiments, the counter electrode was a carbon electrode,
and the reference electrode was a silver wire. 10 and 50 mV s~ scan rates
were used for 20 m and 1 m LiCl, respectively. The measurement was per-
formed during several cycles to ensure the system was stabilized, and a
representative cycle was then chosen for the figure.

Dilatometry:  ECD experiments were performed with an EL-CELL ECD-
3-nano dilatometer (5 nm resolution) during electrochemical cycling with
a Biologic potentiostat. Vacuum-filtered free-standing Ti;C,T, films of
about 8-5 pm thickness were used as working electrodes. Counter and
reference electrodes were both made of carbon. A stiff porous frit sepa-
rates the counter and working electrodes in the ECD cell, allowing only the
working electrode thickness changes to be transmitted to a capacitive dis-
placement sensor. A slow scan rate of 1or 10 mV s~! is needed for ECD
measurements to reduce the ohmic drop coming from the resistance of
the ECD cell. ECD data shown in this paper are averaged data from sev-
eral cycles, corrected from the displacement drift induced by the cell. The
recorded sensor position was converted into thickness variation (%) using
Equation (6) below

z-2z4

Thicknes variation (%) = (6)

e
where z is the sensor position (um), z, is the initial position at the fully
discharged state (um), and e is the thickness of the electrode (um).

Considering the 2D structure of Ti;C,T, and the prominent variation
of the c-lattice parameter as compared to the a and b parameters, the dis-
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placement of the sensor along the z-axis is assimilated in the text to a
c-lattice-parameter-related thickness variation of the vacuum-filtered MX-
ene electrode.[6]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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