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ARTICLE INFO ABSTRACT

Keywords: Modulating ion-solvent interactions offers a powerful approach to tune the desolvation process, which in turn

Ion intercalation influences both the capacity and kinetics of electrochemical charge storage. This influence is particularly com-

ngenle plex in 2D MXenes due to their surface redox activity and flexible interlayer spacing and thus remains under-
0-solvent

explored. In this study, we investigate how tuning the Na® solvation structure using acetonitrile (ACN) co-
solvents affects charge storage mechanism of Ti3CyTy MXene. The addition of ACN enables a new intercala-
tion process at relatively positive potential, which enhances the overall capacitance by ~30 %. More interest-
ingly, varying the ACN content leads to a transition in the charge storage mechanism of this additional process
from non-Faradaic to redox-active. At lower ACN concentrations, strongly solvated Na' ions intercalate rapidly
through a primarily non-Faradaic process, resulting in even better rate retention (72 % at 1 V s') than in the pure
aqueous electrolyte. Meanwhile, higher ACN content (>50 %) promotes ion desolvation, enabling distinct redox
activity (confirmed by in-situ UV-vis) but reduces rate capability. These findings demonstrate a clear correlation
between solvation structure and charge storage mechanism in 2D materials, offering a rational strategy to

Solvation structure
Enhanced redox activity
High rate capability
Electrolyte engineering

optimize performance via co-solvent design.

1. Introduction

As solar and wind energy become more widespread, stationary
electrochemical storage systems are essential for grid stability [1].
Additionally, the rapid rise of portable electronics and electric vehicles
is driving the development of energy storage technologies with both
high energy and high power density. These requirements call for ma-
terials that combine large charge storage capacity, fast charge-discharge
capability, and excellent cycling stability [2]. With a high
surface-to-volume ratio and large interlayer spacing, two-dimensional
(2D) materials possess favorable structure that allows easy access of
ions to their extensive interlayer surface area with low resistance and
helps maintain structural integrity during repeated cycling [3]. Among
these, transition metal carbides and nitrides MXenes (M4 1XnTy),
particularly Ti3CyT,, stand out due to their great mechanical strength,
superior electrical conductivity, tunable surface chemistry, and good
hydrophilicity [4-6].

MXenes have demonstrated superior charge storage performance in
acidic and organic electrolytes, where fast surface redox reactions
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enable both high capacitance and excellent rate capability. However,
safety concerns in these environments have motivated interests in
neutral aqueous electrolytes [7], which offer milder, safer conditions but
often suppress surface redox activity of MXene, resulting in moderate
capacitance [8,9]. In dilute neutral aqueous electrolytes, cations such as
Na* and Li* are strongly solvated, forming a tightly coordinated structure
with four to six water molecules surrounding each ion. This strong co-
ordination makes complete desolvation (or dehydration) difficult,
leading to the frequent co-intercalation of water molecules with the ions
in MXenes [10]. The co-inserted water molecules reduce interaction
between the cation and MXene surface terminations, suppressing charge
transfer [9]. As a result, charge storage in dilute neutral aqueous elec-
trolytes is often dominated by electric double-layer (EDL) behavior,
yielding relatively low capacitance [11].

Electrolyte modification has been explored as a powerful strategy to
improve electrochemical performance for different neutral aqueous
electrochemical energy storage systems, including aqueous Li-ion bat-
teries, capacitors and zinc-metal batteries. Common approaches include
increasing salt concentration, introducing molecular crowding agents
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such as polyethylene glycol (PEG), or incorporating organic co-solvents
[11-13]. These strategies not only suppress water activity and expand
the electrochemical stability window but also reshape the solvation
structure, which in turn influences the charge storage behavior [14].

Modifying solvation structure has also been shown to alter ion
intercalation behavior and affect the charge storage for MXene elec-
trodes [15]. For example, both water-in-salt (WIS) and molecular
crowding electrolytes (MCEs) can enable additional intercalation steps
into MXenes’ interlayer at relatively high potentials, contributing to
extra capacity [16,17]. In MCEs, modified Li* hydration promotes a new
intercalation step at —0.25 V, involving the insertion of strongly sol-
vated Li* ions, possibly along with PEG molecules, leading to ~25 %
higher capacitance compared to dilute electrolytes [17]. In 19.8 m LiCl
WIS electrolytes, Li* ions are coordinated with ~2.85 water molecules,
which favors direct intercalation at more positive potentials without
prior desolvation [16,18]. This desolvation-free intercalation involves
minimal charge transfer, causes a sharp 1.9 A increase in interlayer
spacing, and contributes to enhanced capacitance. Compared to WIS and
MCEs, whose high viscosities significantly reduce ionic conductivity,
introducing organic co-solvents into aqueous electrolytes has emerged
as an effective strategy to tune ion solvation while preserving sufficient
ionic transport. Acetonitrile (ACN), with its low viscosity (~0.37 cP),
and moderate dielectric constant (~37.5), can efficiently disrupt the
water-water hydrogen bonding network and modulate cation solvation
through ion-dipole interactions [19,20]. This solvation tuning has been
shown to suppress parasitic water decomposition reactions and inhibit
dendrite formation in zinc-metal batteries, highlighting ACN’s potential
to enhance interfacial stability and electrochemical performance in
aqueous energy storage systems [21-23]. However, the impact of ACN
as a co-solvent on ion intercalation in MXenes remains to be systemat-
ically understood.

In our study, we reveal how systematically tuning the Na* solvation
structure using ACN-water hybrid electrolytes can regulate ion inter-
calation and charge storage mechanisms of MXenes. Interestingly, the
introduction of ACN activates an additional ion intercalation step (S1 or
S1°) at more positive potentials (Fig. 1, middle & right panel) beyond the
typical ion intercalation (S2) (Fig. 1, left panel). As the ACN content
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increases, nuclear magnetic resonance (NMR) and Fourier transform
infrared (FTIR) spectroscopy confirm a progressive weakening of Na™-
H,0 interaction with increasing ACN content. This change modulates
the nature of high-potential intercalation (S1 or S1°), shifting from a
non-faradaic process at low ACN concentration (Fig. 1, middle panel) to
a pseudocapacitive mechanism at higher concentrations (Fig. 1, right
panel). Specifically, in 75 H30:25 ACN electrolyte, additional interca-
lation of solvated Na*-H»O clusters occurs with rapid kinetics, resulting
in a ~30 % increase in capacitance along with superior rate capability,
retaining 72 % of the capacitance at 1 V s™! compared to 62 % in pure
water. Our findings offer fundamental insights into the charge storage
process in co-solvent systems and provide guidance for the rational
design of electrolytes to enhance the energy storage performance of 2D
material-based electrodes.

2. Results and discussions
2.1. Electrochemical behavior of TisCsT, in ACN-containing electrolytes

The Ti3CeTy MXene synthesized by in-situ HF etching method
exhibited the characteristic (0 0 I) reflections in its X-ray diffraction
(XRD) pattern (Figure Sla) and a layered morphology (Figure S1b),
confirming its well-preserved lamellar structure. To investigate the in-
fluence of ion solvation on the electrochemical performance of TizCyTy
MXene, the NaClO4 was selected as the salt due to its exceptionally high
solubility in both water and ACN. This enables systematic exploration
over a wide solvent composition range, unlike NaCl, which shows
salting-out effect in ACN-rich media. 2 M NaClO4 electrolytes with
varying HyO:ACN volume ratios were prepared and are denoted as 2 M
NaClO4 x H20: y ACN, where x, y represents the respective volume parts
of H,0 and ACN, respectively).

Cyclic voltammetry measurements were conducted in a three-
electrode configuration using TizCyT, as the working electrode, acti-
vated carbon as the counter electrode, and an Ag wire as the reference
electrode in HoO:ACN hybrid electrolytes. In 2 M NaClO4 Hy0, TizCyTy
exhibited a nearly rectangular cyclic voltammogram (CV) shape from
—1.1 Vto 0 V vs. Ag (Fig. 2a), characteristic of EDL behavior. Upon
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Fig. 1. Schematic illustration showing cyclic voltammograms (CVs) and corresponding charge storage mechanisms of Ti3C,T, MXene in 2 M NaClO4 aqueous

electrolytes with varying ACN content: pure HoO (left panel), 25 % ACN (middle panel), and above 50 % (right panel). Red spheres represent Na*

ions, each

surrounded by a blue, diffuse layer denoting the solvation shell. Grey, silver, and blue spheres represent Ti, C, and O atoms in the MXene layers, respectively.
Incorporation of ACN introduces a distinct high-potential intercalation step (S1/51°) alongside the typical ion intercalation process (S2). In 75 H0:25 ACN, this new
step proceeds through intercalation of strongly solvated Na*-H,0 species without significant charge transfer (non-Faradaic). In 50 H,0:50 ACN, weaker interaction
between Na* and H,0 facilitates Na™ desolvation, leading to redox-active process (S1°).
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Fig. 2. Electrochemical behavior of TisC,T, MXene (a) Cyclic voltammograms (CV) of TisC,T, in different 2 M NaClO, H,0: ACN electrolytes at 5 mV s™'. CV of
TizC,T, in 2 M NaClO, in (b) Hz0. (c) 75 H,0:25 ACN. and (d) 50 H,0:50 ACN. (e) 25 H;0:75 ACN at different scan rates ranging from 5 mV s to 1 V s, and (f)

Rate performance in 2 M NaClO4 H,O:ACN electrolytes.

introducing ACN as the co-solvent, the electrochemical response
changed markedly (Fig. 2a). The applicable voltage window of TigCyT,
improves with increasing ACN content, as evidenced by a lower steady-
state leakage current measured at 0.2 V vs. Ag (Figure S2). This
improvement is attributed to reduced free water reactivity and sup-
pressed oxidative degradation of MXene. Notably, distinct redox peaks
emerged in ACN-containing electrolytes, which were absent in pure
aqueous electrolytes. In 75 Hy0:25 ACN, a sharp cathodic peak appeared
at —0.09 V, accompanied by an anodic peak at +0.1 V, yielding a peak
separation (AEp) of 0.19 V at 5 mV st (Fig. 2a). In 50 Hy0:50 ACN, the
CV curve became more symmetric, with a broader and less intense
cathodic peak at —0.11 V and a reduced AE, of 0.03 V. The capacity
contribution of the redox peaks (S1 or S1°) in the CV was estimated by
subtracting the baseline contribution, approximated as a rectangular
area using the current at —0.3 V, from the total integrated area under the
CV curve. Based on this method, the peaks contribute to 35 % and 30 %
of the overall capacity in 75 H0:25 ACN and 50 H20:50 ACN electro-
lytes, respectively. Importantly, the differences in peak shape and AEp
indicate that the charge storage mechanisms at the corresponding peak
potentials differ between the 75:25 and 50:50 electrolytes. Further
increasing the ACN content to 75 % merely shifted the redox peaks
negatively to —0.15 V, with minimal change in CV shape or peak in-
tensity. These electrochemical features differ significantly from those
observed in pure ACN. In 2 M NaClO4 ACN, Ti3C,Ty electrode exhibits a
much wider stability window and broad, nearly symmetric peaks
centered at —0.5 V, while no characteristic peaks appear in the positive
potential region (Figure S3). This behavior is consistent with the
partially (de-)intercalative process previously reported for Li" ions in
ACN-based systems [15] and is accompanied by a lower capacitance and
poorer rate performance.

Galvanostatic charge-discharge (GCD) measurements further
confirmed these findings (Figure S4). In 2 M NaClO4 Hy0, the GCD
curve displayed a nearly triangular shape, consistent with rectangular
CV profiles. In 75 H30:25 ACN, the GCD curve became asymmetric with
sloped plateau. In contrast, more symmetric GCDs with short plateaus

were observed in 50 H50:50 ACN and 25 H50:75 ACN, consistent with
the peaks featured in the corresponding CV curves. To examine the
university of this solvent-dependent behavior, the charge storage
behavior of TigCyT, electrodes was tested in 2 M LiClO4 and 2 M Mg
(ClO4)2 dissolved in a 75 H0:25 ACN mixture (Figure S5). In both
electrolytes, similar cathodic features were observed, indicating that
solvation-modulated intercalation is not unique to Na*. However, the
corresponding anodic peaks were largely absent, likely because the de-
intercalation of solvated Li*/Mg2+ occurs at potentials where Ti3CoTy
begins to oxidize, resulting in poor reversibility.

To evaluate the rate performance, CV scans were performed from 5
to 1000 mV s™! (Fig. 2b-2e). Notably, the peak features remained visible
up to 500 mV s for all ACN-containing electrolytes. Importantly, an
enhancement in gravimetric specific capacitance was observed by
introducing ACN as co-solvent at any scan rates due to the additional
electrochemical process. At 5 mV s, the capacitance increased from
68.8 F g’ in Hy0, to 82.7 F gl in 25 Hy0:75 ACN, 89.4 F gl in 50
H50:50 ACN, and 92.3 F g'1 in 75 Hp0:25 ACN (Fig. 2f). Notably, best
rate performance was also delivered in 75 H20:25 ACN electrolyte,
achieving 66.6 F g1 (72 % retention) at 1000 mV s™, outperforming HoO
(429 F g'l, 62 %), 50 Hp0:50 ACN (529 F g'l, 59 %), and 25
H,0:75ACN (50.5 F g'l, 61 %) electrolytes. Given the similar electro-
chemical features in 50 Hy0:50 ACN and 25 H50:75 ACN electrolytes,
further analysis only focused on H20, 75 H20:25 ACN, and 50 Hy0:50
ACN electrolytes.

To elucidate the nature of the additional process, charge storage
kinetics were evaluated by analyzing the slope of log(i)-log(v) plots (b-
value) at cathodic peak potential [24]. The extracted b-values were 0.85,
and 0.8 for 75 Hp0:25 ACN and 50 H,0:50 ACN, respectively (Fig. 3a),
suggesting this process was dominated by surface-controlled behavior.
In comparison, a b-value of 0.95 was obtained in 2 M NaClO4 HO,
where the peak feature is absent, indicative of ideal capacitive behavior.
To further distinguish between surface and diffusion-controlled contri-
butions, the current response was analyzed using Dunn’s method, where
the measured current i(V) at a given potential is expressed as the sum of



C. Chen et al.

alb -
]® 75H,0:25ACN p-05 _.-° —_
1044 somoisoacn o7 2
< ]lm HO . S
E 0,5 - 3
8004 4 s
= | /
E’ -0,5 - e S
5 S
o T b=1 ]
-1,0 3
L Cathodic ©
-1,5 T T T T 1
05 1,0 15 20 25 3,0
Scan rate log(v) (mV s™)
c 100 2 M NaClO, x H,0:y ACN g
mA = H,0
80d . o 75H,0:25 ACN
4 50 H,0:50 ACN -
E 60 4 4 20 'g
(o] ° e L.
5 N 15 4
E 40 - ° 10- ° A‘..
' o
® 5. o
204 = :
y 0 o
0 _/ 0 5 10 15 20

0 20 40 60 80
Re(Z)(Ohm)

100

Y
o T
o
1

| 50 H,0:50 ACN

=]
o

2]
o
1

By
o
1

20 -

704 &

Energy Storage Materials 84 (2026) 104806

I H.0
[ 75 H,0:25 ACN

5 10 20 50
Scan rate (mV s™)

100 200 500

= H,0
75 H,0: 25ACN
4 50 H,0:50ACN

|

0.3 0.4 0.5 0.6 0.7 0.8 0.9

(1)-1/2 (HZ -1/2)

Fig. 3. Charge storage kinetics of Ti3C,T, in 2 M NaClO4 H,0, 75 H50:25 ACN and 50 H>0:50 ACN. (a) Linear fitting of logarithm of cathodic peak currents log(i)
versus the logarithm of scan rates log(v) for Ti3CoTy. (b) Surface-contributed capacitance contribution at different scan rates. (c¢) Nyquist plots of TizC,T, at open
circuit voltage. (d) Linear fit of real impedance (Z’) versus the inverse square root of angular frequency (o~ '/?) in the Warburg frequency region.

a capacitive contribution k;v and a diffusion-controlled contribution
kzvl/ 2 [25]. Using this approach, the surface-controlled (capacitive)
contribution at 500 mV s was determined to be 97.5 % for both HyO
and 75 H20:25 ACN, and 96.1 % for 50 Hy0:50 ACN (Fig. 3b). Elec-
trochemical impedance spectroscopy (EIS) further confirmed the
capacitive-dominated behavior, showing nearly vertical slopes in the
low-frequency region of Nyquist plots (Fig. 3c¢). Among them, the
steepest low-frequency slope was shown in 75 H0:25 ACN, while 50
H20:50 ACN showed the shallowest slope and the lowest phase angle at
0.01 Hz in Bode plots (Figure S6), suggesting slower kinetics at higher
ACN content. A magnified view of the high-frequency region showed no
clear semicircle, indicating negligible charge-transfer resistance in all
electrolytes (Fig. 3c). To study the ion transport kinetics further, the
Warburg coefficient (6) was extracted from the linear region of real
impedance Z’ versus 12 [26]. The lowest ¢ was obtained for 2 M 75
H50:25 ACN (6.8 Q cm2 51/2) compared to HyO (45.7 Q cm? 51/2) and
50 H,0:50 ACN (46.5 Q cm™ s'/2), indicating faster ion diffusion in
TigCaT, within 75 Hy0:25 ACN electrolytes (Fig. 3d). Therefore, while
the additional electrochemical process in ACN-containing electrolytes
remain surface-controlled, their charge transport kinetics depend on
ACN content. Despite the large AEp in 75 Hy0:25 ACN, the process (S1)
exhibits high capacitive contribution and fastest kinetic, indicating that
the peak separation arises from a distinct intercalation mechanism
rather than sluggish ion diffusion. In contrast, 50 H,0:50 ACN shows
more symmetric redox peaks (S1°) but exhibits slower kinetic.

2.2. Tunable charge storage mechanisms at different ACN ratio: from
non-Faradaic to redox-active

To gain a deeper insight into the charge storage mechanisms un-
derlying the additional electrochemical process, operando ultraviolet-
visible (UV-Vis) spectroscopy was conducted during electrochemical
cycling. This method tracks variations in light absorbance as a function
of applied potential, which reflects changes in the electron density of the
electrode material. Recently, this method has been employed to probe
redox activity, enabling the differentiation of charge storage mecha-
nisms based on characteristic patterns in absorbance changes [27]. In
EDL-type charge storage, the observed absorbance change remains
relatively constant with respect to potential, reflecting continuous
electronic changes. Pseudocapacitive processes typically exhibit a
modest slope change in absorbance with respect to potential, indicating
subtle potential-dependent redox activity. In contrast, battery-type
mechanisms produce sharp and intense absorbance changes within a
narrow potential range, associated with phase transitions [27].

To implement this approach, a custom three-electrode spectroelec-
trochemical cell was constructed, using a thin Ti3CyTy film spray-coated
on a glass substrate as the working electrode, a thicker spray-coated
Ti3CyTy film as the counter electrode, and an Ag wire as the reference
electrode. Fig. 4a-c presents the full UV-Vis absorption spectra of
Ti3CyTy during the cathodic scan. At OCP, a peak centered at 750 nm
was observed, corresponding to the surface plasmon resonance of
Ti3CyTy. Upon cathodic polarization, a blueshift was observed in all
electrolytes, indicative of increased electron density of Ti species.
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Fig. 4. Operando UV-Vis absorption spectra of TizC,T, MXene during cathodic scan at a scan rate of 1 mV s in 2 M NaClO, dissolved in (a) H,0, (b) 75 H,0:25 ACN
and (c) 50 H,0:50 ACN. Electrochemical (in red) and UV-Vis absorbance derivative CV (in blue) curves of Ti3C,Ty in 2 M NaClOy4 dissolved in (d) H»0, (e) 75 H,0:25

ACN and (f) 50 H,0:50 ACN acquired at a scan rate of 1 mV st

Figure S7 shows the relative absorbance changes of the plasmonic peak
at different potential. In both 2 M NaClO4 H20 and 75 H20:25 ACN,
linear relative absorbance changes (normalized by film thickness and
potential) were observed across the full voltage window with a slope of
0.82 V! um™ and 0.75 V! um™, respectively. In contrast, an increase of
the slope from 0.78 vl pm'l t01.89 V! pm'l was seen in 50 H,0:50 ACN
under the redox potential (4+0.1 V), suggesting that the additional pro-
cess in 75 H20:25 ACN (S1) and 50 H20:50 ACN (S1°) corresponds to
different charge storage mechanism.

To better distinguish between EDL and pseudocapacitive behavior,
we analyzed the potential-dependent derivative of absorbance at a
characteristic wavelength at 450 nm, where the spectral response
change was most significant. This approach provides a more direct view
of redox activity change across different electrolytes [27]. In 2 M NaClO4
H,0, the absorbance derivative remained nearly constant at 0.8 V! um'!
throughout the potential window (—1 V — 0 V vs. Ag). This uniform
response indicates that charge storage process is primarily non-Faradaic
(Fig. 4d). In 75 H20:25 ACN, despite the presence of broad redox peaks
with a large peak separation in the CV, the absorbance derivative
exhibited a similar rectangular shape and magnitude as in H20O, indi-
cating minimal charge transfer (Fig. 4e). Similar characteristics have
been reported in LiCl-based water-in-salt (WIS) electrolytes, where
additional desolvation-free Li" intercalation at positive potential in-
duces significant interlayer expansion with increased intersheet resis-
tance [16]. Despite these structural and resistance changes, this
desolvation-free Li" intercalation involves minimal Faradaic reaction
[27]. In contrast, a different absorbance feature was seen in 50 Hy0:50
ACN electrolyte. The derivative curve resembles the shape of the CV
curve, with a rectangular region (1.0 V! um™) at negative potentials
indicative of non-Faradaic behavior, and a pronounced peak (2.5
v um™) at the redox potentials, characteristic of a pseudocapacitive
charge storage process (Fig. 4f).

2.3. Solvation structure evolution of NaClOy4 electrolytes with different
ACN content

To understand the origin of different charge storage mechanisms in 2
M NaClO4 with varying ACN content, we first examined the evolution of
the Na™ solvation structure using NMR and FTIR spectroscopy. As shown
in Fig. 5a, the 'H NMR signal of water progressively shifts upfield from
3.82 ppm in 2 M NaClO4 H20 to 3.71 ppm in 75 H20:25 ACN, 3.45 ppm

in 50 Hy0:50 ACN, and 3.19 ppm in 25 H20:75 ACN. This trend suggests
disruption of the water-water hydrogen bonding network by enhanced
interactions between H>O and ACN [28]. FTIR analysis of the —-OH
stretching region (Fig. 5b) corroborates this trend, showing an
increasing contribution of the weak hydrogen bonding (~ 3620 cm™!) as
the ACN content rises [29]. Meanwhile, the C=N stretching vibration
band of ACN shows a redshift from 2258.8 cm™ in 75 H,0:25 ACN to
2256.7 cm’! in 25 H0:75 ACN (Fig. 5d). This redshift could arise either
from strengthened dipolar interactions between ACN and water mole-
cules or from the enhanced ion-dipole interactions between ACN and
Na* ions. However, the complex shift trend observed in the 'H NMR
spectra of ACN suggests that the latter scenario dominates. The 'H NMR
signal of ACN (Fig. 5¢) initially shifts slightly upfield from 1.73 ppm in
75 H0:25 ACN to 1.71 ppm in 50 H20:50 ACN, followed by a pro-
nounced downfield shift to 1.90 ppm in 25 H0:75 ACN. This trend
reflects the evolving role of ACN in the Na™ solvation. At lower ACN
content, ACN molecules primarily interact with water through
dipole-dipole interaction, while Na* ions remain predominantly solvated
by water molecules (Fig. 5g, middle), resulting in the initial upfield shift.
As the ACN content increases to 50 %, stronger coordination between
Na* and ACN induces deshielding of ACN protons, causing a noticeable
downfield shift in the 'H NMR signal when comparing 25 H,0:75 ACN
to 50 H,0:50 ACN.

Further insight on Na* ion solvation is provided by 2*Na NMR
(Fig. 5e), which shows a continuous upfield shift from —1.48 ppm in
H30 to —1.73 ppm in 75 H0:25 ACN, —2.83 ppm in 50 Hy0:50 ACN,
and —3.18 ppm in 25 H,0: 75ACN. This reflects increased shielding of
Na* nuclei, as more ACN molecules and ClO4 coordinate with Na* ions
and weaken the interaction between Na'and water (Fig. 5g, right). FTIR
spectra in the ClO4” stretching region (Fig. 5f) reveals a redshift of the
asymmetric ClO4~ band and new vibrational features which may be
associated with contact ion pair formation around 1038 cm’, support-
ing increased Na™-ClOy4" interactions at high ACN content [30,31].

2.4. Potential-dependent Na* intercalation with different solvation level
enabled by ACN-containing electrolytes

The dominant charge storage mechanism in MXenes, either through
non-Faradaic or surface-redox reaction, is influenced by ion desolvation
prior to ion intercalation [8,9]. This desolvation process is strongly
affected by the surface terminations of the MXenes and the composition
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FTIR spectra of ClOg in 2 M NaClO,4 H,0, 75 H,0:25 ACN and 50 H,0:50 ACN. (g) Schematic illustration showing evolution of Na™ ion solvation structure with

increased ACN ratio. Red sphere: O atom; White sphere: H atom; Grey sphere:

of the electrolytes. Surface terminations directly affect the ion-surface
interactions and interlayer spacing, which govern how easily ions can
shed their solvation shells when entering the interlayer [32,33]. On the
other hand, adjusting the electrolyte composition alters the solvation
structure in the bulk electrolyte and the interaction with electrodes,
which in turn affect the desolvation energy and subsequent ion inter-
calation behavior [15,34,35]. Since direct ion-surface contact is a pre-
requisite for efficient charge transfer, the degree and nature of ion
intercalation can serve as an indirect probe of the underlying charge
storage mechanism [9]. Therefore, to correlate ion solvation with
tunable charge storage behavior across different ACN ratios, it is
essential to investigate how ion intercalation evolves in different elec-
trolytes. To this end, operando XRD was employed to monitor the
structural evolution of Ti3CyTy electrodes during electrochemical
cycling under varying solvation conditions.

Fig. 6a-c show the d-spacing evolution of (0 0 2) plane of TizCyTy.
Upon immersion in the electrolytes, large d-spacing of approximately

C atom; Blue sphere: Cl atom; Cyon sphere: N atom; Orange sphere: Na™ cation.

16.08 10\, 16.35 108, and 16.44 A was observed for 2 M NaClO4 in H50, 75
H30:25 ACN, and 50 H50:50 ACN, respectively, due to spontaneous co-
intercalation of Na™ with different solvent molecules (Figure S8). The
spontaneous intercalation of Na* ions was further confirmed by X-ray
photoelectron spectroscopy (XPS), which indicated approximately
0.06-0.08 Na* ions per TizCyTy unit (Figure S9, Table S1). Moreover,
FTIR spectroscopy on TizCyT, after electrolyte immersion and high-
vacuum drying (10”7 mbar) revealed a broad O—H stretching band at
3426 cm’! in 2 M NaClO4 H20 and 75 H,0:25 ACN, strongly suggesting
the confined water molecules in the interlayer (Figure S10)[36]. This
peak shows a blueshift to 3445 cm™ in 50 H,0:50 ACN, suggesting
weaker hydrogen bonding remained in MXene’s interlayer. Addition-
ally, the vibrational band corresponding to dangling —OH on the MXene
surface at 3622 cm™ was more pronounced in 50 Hy0: 50 ACN. Note-
worthy, during the first cathodic scan, no distinct reduction peak is
observed in any of the electrolytes (Figure S11), while operando XRD
reveals a gradual decrease in interlayer spacing, reaching 15.45 A, 16.14
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Fig. 6. Operando XRD and EQCM measurements of TizC,T, MXene in 2 M NaClO, electrolytes with different solvent compositions during cycling. Current-voltage
curve and corresponding XRD contour plots during the first three electrochemical cycles in 2 M NaClO4 (a) HzO and (b) 75 H20:25 ACN. (c¢) 50 H,0:50 ACN. (d) CV
curve collected at 20 mV s’ using EQCM cell. (e) Frequency change (f,/n) during the 1t cycle. (f) Frequency change (f,/n)-charge (q) in 75 H,0:25 ACN and 50

H,0:50 ACN.

A, and 15.96 A at —1.1 V in H,0, 75 H,0:25 ACN, and 50 H,0:50 ACN
respectively (Fig. 6a-c). These moderate decreases (by 0.6 A, 0.21 A, and
0.48 A) suggested the electrochemical intercalation of partially des-
olvated Na* ions into MXene interlayers at negative potential, driven by
electrostatic attraction between Na' and negatively charged TizCoTy
[37]. However, different structural evolution emerged in different
electrolytes during the subsequent anodic scan. In 2 M NaClO4 H,0, the
d-spacing increased gradually from 15.45 Aat-1.1Vto16.08Aat0V,
attributed to the de-intercalation of partially desolvated Na* ions
(Fig. 6a). In contrast, a two-step de-intercalation process was evident in
ACN-containing electrolytes: a subtle, continuous interlayer spacing
change at negative potential and a sharp and substantial interlayer
spacing change at more positive potential above open-circuit potential
(OCP).

Upon the first anodic sweep in 75 H20:25 ACN, the d-spacing of
TisCyTy initially increased slightly from 16.14 A to 16.32 A as the po-
tential rose from —1.1 V to —0.05 V, followed by an abrupt contraction
to 14.19 A at —0.05 V (Fig. 6b). The initial gradual expansion is likely
due to the de-intercalation of partially desolvated Na* ions. While the
subsequent sharp shrinkage by ~2.1 A is potentially attributed to the
electrochemical de-intercalation of strongly solvated Na*-HyO clusters.
These Na'-solvent clusters were spontaneously pre-inserted upon im-
mersion and remained in the interlayer during the initial cathodic scan.
Once the applied potential exceeded the OCP, the positive bias triggered
the de-insertion of Na* along with coordinated solvent molecules,
resulting in a pronounced reduction in interlayer spacing. This was
supported by a control CV experiment where the first sweep was initi-
ated in the positive direction, from OCP to 0.2 V, effectively avoiding
any electrochemical Na* intercalation (Figure S12). The observation of
a clear anodic peak further suggests that the origin of the anodic peak
arises from de-intercalation of the pre-inserted Na* ions.

To further investigate whether ACN co-solvents accompanied Na*
during de-intercalation, supplementary measurements were performed
in 2 M NaClO4 75 H0:25 DMF. DMF was selected due to its larger
molecular size and higher donor number, while the latter factor results
in stronger coordination with Na* ions. If organic cosolvents were de-
inserted together with Na* ions, the larger size of DMF would be

expected to cause a noticeable difference in the degree of d-spacing
contraction compared to ACN. However, a similar d-spacing contraction
of ~2.0 A was observed (Figure $13), suggesting that Na* ions were
primarily de-inserted together with water molecules. This indicates that
organic cosolvents did not directly participate in de-intercalation but
instead modified the Na*-H;0 coordination, as evidenced by FTIR and
NMR. Such modulation of the Na*-HO interaction is necessary to enable
electrochemical de-intercalation. Supporting this, applying a potential
of +0.2 V in 2 M NaClO4 H>0 only led to severe oxidation with a minor
d-spacing increase of ~0.2 A (Fig. 6a). During the subsequent cathodic
sweep in 75 H0:25 ACN, the d-spacing abruptly expanded from 14.19 A
to 16.32 A when the potential reached the reduction peak potential
(—0.15 V), corresponding to the electrochemical intercalation of Na't-
H,0 cluster (Fig. 6b). This was followed by gradual contraction to 16.09
A until —1.1 V, as partially desolvated Na* ions were inserted, con-
firming a reversible two-step electrochemical intercalation behavior.
Despite the substantial d-spacing change upon charging/discharging,
Ti3CoTy exhibited moderate long-term stability, retaining 79.1 % of its
initial capacitance after 1 000 cycles at 1 A g in 75 Hy0:25 ACN
electrolyte (Figure S14).

A similar two-step (de-)intercalation behavior was also observed in
the 50 Hy0:50 ACN system, albeit with different trends (Fig. 6c).
Starting from the fully intercalated state at —1.1 V, the dspacing grad-
ually increased from 15.96 A to 16.35 A as the potential swept anodi-
cally toward O V. Upon reaching 0 V, a sharp increase in d-spacing to
18.01 A (~1.7 A jump) was observed near the oxidation peak. Although
FTIR and NMR analyses suggest enhanced coordination between ClO;
anion and Na* ions with increased ACN ratios, direct intercalation of
anions into MXene interlayers is energetically unfavorable [30]. The
influence of the counter anion was further investigated by conducting
operando XRD in 2 M NaCl 75 H20:25 ACN within the positive potential
range. Despite the stronger Na'-Cl" coordination, a similar electro-
chemical response was observed in NaCl 75 H,0:25 ACN, such that
noticeable redox peaks at positive potentials appeared. Moreover,
operando XRD revealed a comparable ~2 A contraction in d-spacing at
the anodic peak potential (Figure S15). These results demonstrate that
the high-potential intercalation process is dominated by Na*-solvent
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interactions, and that Cl- does not intercalate into the MXene. However,
the identity of the anion influences electrolyte solubility in mixed sol-
vents. Notedly, NaCl does not fully dissolve in 50 H20:50 ACN, pre-
venting direct comparison under this condition.

Therefore, the observed expansion in d-spacing in 50 Hy0:50 ACN is
likely attributed to the de-intercalation of weakly solvated Na™ ions,
which strongly interact with the negatively charged MXene surfaces and
help maintain a compact interlayer structure. Removal of these Na™ ions
may reduce electrostatic attraction with MXene layer, allowing the re-
sidual confined solvent molecules to reorient or redistribute more freely,
resulting in a looser molecular packing and expanded interlayer spacing.
During the subsequent cathodic scan, the d-spacing abruptly reduced to
16.46 A at the cathodic peak potential, indicating reversible insertion of
weakly solvated Na*t ions and re-establishment of compact interlayer
structure. If a greater number of Na* ions or strongly solvated Na™
species were intercalated, interionic repulsion or steric effects would
likely lead to interlayer expansion instead. Further evidence for the
participation of weakly solvated Na* species is provided by electro-
chemical quartz crystal microbalance with dissipation monitoring
(EQCM-D) analysis. As shown in Fig. S16, the dissipation change (AD)
remains negligible across the entire voltage window, confirming that the
frequency shifts arise predominantly from gravimetric mass changes
rather than viscoelastic effects of the Ti3CqTy film. The corresponding
frequency(Af)-voltage(V)-time(t) (Fig. 6e) and frequency (Af)-charge(q)
(Fig. 6f) profiles further reveal the ion intercalation process. In 50
H20:50 ACN electrolytes, the frequency change slows when the poten-
tial reaches ~0.1 V (Fig. 6e), which coincides with the anodic peak
potential in the CV (Fig. 6d). Moreover, the Af-q plot exhibits a reduc-
tion in slope at higher state of charge (Fig. 6f). This behavior signifies the
insertion/extraction of species with lower effective molar masses at
higher potentials. Quantitative analysis using the Sauerbrey relation
coupled with Faraday’s law yields water coordination numbers of only
~1-3 per Na* at higher potentials (from +0.1 V above) (Table S2), in
contrast to the strongly hydrated species at lower potential (~3-5 H,O
per Na®). Together, these results directly support the mechanism of
weakly solvated Na* (de)intercalation driving the distinct charge storage
behavior observed in 50 H,0:50 ACN.

In summary, the incorporation of ACN into the electrolyte alters the
solvation structure of Na* ions, thereby modulating the intercalation
behavior and charge storage mechanisms of Ti3CoT, MXene. This sol-
vation structure modification activates a two-step Na* intercalation
process in TizCoT, MXene upon cathodic sweep. At higher potential (S1
& S1°), sharp interlayer spacing changes are observed near the cathodic
peak when ACN is employed as the cosolvent. In 75 H,0:25 ACN, the
interlayer spacing expands abruptly by 2.1 A at high potential, indi-
cating the intercalation of strongly solvated Na®™-H,0 clusters. While
this step does not contribute to significant charge transfer, it enables
additional ion storage with rapid kinetics (Fig. 1, middle). This inter-
calation behavior leads to an overall ~30 % increase in capacitance and
improved rate performance compared to pure water. In contrast, in 50
H20:50 ACN, Ti3CyT, undergoes an abrupt contraction in d-spacing by
1.6 A, likely due to the intercalation of weakly solvated Na* ions and the
solvent reorganization, accompanied by enhanced redox activity (Fig. 1,
right). At more negative potential (S2), both systems involve the inter-
calation of partially desolvated Nat ions. This behavior is consistent
with that observed in pure aqueous electrolytes and is non-Faradaic in
nature (Fig. 1, left).

3. Conclusion

This study demonstrates that modifying the electrolyte composition
by introducing ACN as co-solvent alters the Na* solvation structure and
thus the charge storage behavior in Ti3CyT, MXene. As Na*-H,O in-
teractions weaken with ACN addition, a distinct high-potential inter-
calation step emerges alongside the conventional low-potential EDL
process. Importantly, we show that the nature of this additional
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intercalation step, whether non-Faradaic or pseudocapacitive, is corre-
lated to the solvent-ion interactions. These findings establish a clear
relationship between ion solvation and intercalation behavior in
MXenes, offering a practical approach to enhance both capacitance and
rate capability through electrolyte design. Extending such co-solvent
strategies to other ion-electrode systems may provide a rational
pathway to optimize electrochemical performance through controlled
ion-solvent interactions.

4. Methods

Synthesis of Ti3CoTy: To synthesize TisCoTy, 1 g TizAlCy was
gradually added into a solution of 1.6 g LiF and 20 ml of 9 M HCI. This
mixture was kept at 35 °C and stirred for 24 h for etching. Subsequently,
the etched material was washed several times with deionized water
through centrifugation at 8000 rpm until the pH of the supernatant was
neutralized to 6. The remaining sediment was re-dispersed in 40 ml of
deionized water and subjected to 1 hour of sonication under an argon
atmosphere to facilitate the delamination of the multilayers. The sus-
pension was then centrifuged at 3500 rpm for 1 h, and the black su-
pernatant was collected, yielding a few-layered Ti3CyTy colloidal
solution. The Ti3CyT, film was then obtained through vacuum-assisted
filtration and stored in a desiccator before subsequent characterization.

Electrochemical measurements: Electrochemical performance was
evaluated using Swagelok cells configured in a three-electrode setup
with a Biologic VSP-300 potentiostat. In this configuration, the free-
standing Ti3CyT, films served as the working electrode, an Ag wire
and activated carbon were used as the reference and counter electrode,
respectively, while Whatman GF-A films served as separators. Cyclic
voltammetry was conducted over scan rates ranging from 5mV s to 1V
s'L. For galvanostatic charge and discharge (GCD) tests, current densities
varied from 0.2 A g to 10 A g!. Electrochemical impedance spectros-
copy was performed with a 10 mV amplitude across a frequency range
from 10 mHz to 200 kHz. The gravimetric specific capacitance derived
from cyclic voltammetry is calculated using the formula:

) Jidv
CFe™) = Ssav
where i represents the current (A), s is the scan rate (V s'l), m is the mass
of the working electrode (g), and AV is the applied voltage window (V).

Material characterization: X-ray diffraction (XRD) analysis was
performed using a PANalytical X'Pert Pro diffractometer with Cu Ky
radiation (A = 0.1542 nm) at an operating voltage of 45 kV and a current
of 40 mA. Operando XRD patterns were obtained over a 20 range of
3'-15 with a step size of 0.02" and a scan rate of 2.5 /min. These
measurements were conducted simultaneously with CV at a scan rate of
0.2 mV s?, using a Biologic VSP-300 potentiostat. Cross-sectional
scanning electron microscopy (SEM) was performed with JEOL JSM-
6010LA equipment. NMR spectra were acquired using a Bruker 600
MHz (14.1 T) Ascend magnet equipped with a NEO console. For NMR
measurements, NaClOy4 salts were dissolved in a mixture of deuterated
water (D20) and ACN in different volume ratio. The Larmor frequencies
were 600.13 MHz for 'H and 158.76 MHz for 2>Na. The 90" pulse lengths
were determined to be 16.2 ps for 'H and 13.4 ps for 2*Na. Spectra were
recorded using a 30 excitation pulse with a 2 s recycle delay, collecting
4 scans for 'H and 8 scans for 2>Na. A 2 M NaCl solution in D-0 served as
the reference for 2>Na, while tetramethylsilane (TMS), sealed in a
capillary and immersed in the electrolyte, was used as the 'H reference.
Fourier-transform infrared (FTIR) spectroscopy was employed to
analyze the solvation structure of electrolytes using a Thermo Scientific
Nicolet iS50 spectrometer equipped with an iS50 ATR module. X-ray
photoelectron spectroscopy measurements were performed on a Thermo
Scientific K-Alpha Spectrometer with an Al K-alpha (1486.6 eV)
monochromator. The spot diameter was set to 400 um. Survey spectra
were recorded with a pass energy of 200 eV and step size of 0.5 eV, while
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high-resolution spectra were recorded with a pass energy of 50 eV and
step size of 0.1 eV. The binding energies were referenced to adventitious
carbon at 284.8 eV. To minimize local heterogeneity, survey spectra
were collected from three randomly selected spots on each sample, and
the averaged values were used for quantification. The Nals and Ti2p
peak areas were integrated and corrected with the instrument’s relative
sensitivity factors (RSFs) to determine atomic percentages. Since
Ti3CoTy contains three Ti atoms per formula unit, the average Na'
content was obtained by normalizing the measured Na:Ti ratio to three
Ti atoms.

EQCM-D experiments were carried out using a Bionaivis QCM-D 100
equipped with a temperature control unit. Frequency and dissipation at
different states of charge were recorded by applying CV at 20 mV s’
using a Biologic potentiostat in a three-electrode configuration. A thin
Ti3CoTy layer (~20 ug cm™2) was spray coated onto a Ti/Au-plated 14
mm quartz crystal, which served as the working electrode. Ti foil and Ag
wire were used as the counter and reference electrodes, respectively. A
narrow potential window between —0.1 V and 0.3 V vs. Ag was applied
to avoid potential side reactions. The effective molar mass of the (de)
intercalated species was extracted using the Sauerbrey equation com-
bined with Faraday’s law:

_G4q

M
nF

where M is the atomic mass of the inserted species, q is the charge, n is
the number of electrons transferred, F is the Faraday constant, and Cy is
the mass sensitivity constant of the sensor (Cs= 56.6 Hz pg! em?). From
this, the average number of coordinated water molecules per Na* ion can
be estimated.

Operando UV-Vis spectroscopy was performed using a Thermo Sci-
entific Pro Evolution One Plus spectrophotometer, equipped with a
xenon flash lamp as the light source. The system was operated with a
spectral bandwidth of 1 nm and a beam size of 0.46 mm x 2.5 mm. Thin
Ti3CoTy working electrodes and thick Ti3CoTy counter electrodes were
prepared by spray-coating a ~5 mg mL" TisCoTy aqueous dispersion
onto pre-cleaned glass substrates at 60 °C. The thicker counter electrode
ensured sufficient capacitance to avoid polarization throughout the
applied potential window, thereby preventing potential side reactions.
Prior to measurement, a reference spectrum was acquired using a clean
glass-glass configuration without electrolyte. The absorbance of the as-
prepared electrode was recorded across 300-800 nm to estimate film
thickness and serve as the initial baseline. Using a previously reported
linear relation (A = 0.005 x [), where A is the absorbance and [ is the
thickness of the Ti3CoTy working electrode [38]. The thicknesses were
calculated for absorbance minima ranging from 0.6 to 1.8, corre-
sponding to 120-360 nm, allowing us to obtain the normalized ab-
sorption. While this relation was originally validated for thinner
coatings (5-70 nm), its consistent application across all samples allows
for comparative analysis within this study. Subsequently, the in-situ cell
was filled with electrolytes and sealed with UV-curable resin to prevent
electrolyte evaporation and aligned in the beam path. Then the UV-Vis
spectra were collected simultaneously with cyclic voltammetry. Under
the scan mode, full absorbance spectra were captured every ~ 45 mV by
synchronizing with a 1 mV s CV scan. To visualize spectral evolution,
absorbance curves at selected potentials during anodic and cathodic
sweeps were extracted. For quantitative evaluation, the fixed wave-
length mode was used by monitoring a single wavelength (450 nm),
which corresponds to the wavelength with the most pronounced optical
response, was collected as a function of potential. The normalized
absorbance derivative was calculated using the following equation:
Normalized absorbance derivative = (Ay—Ay.qv) / (dV x D), where Ay is
the absorbance at potential V, dV is the potential difference between
measurement points, [ is the thickness of the Ti3C,T, working electrode.
This normalization accounts for both the potential scan resolution and
film thickness, enabling direct comparison of optical behavior across

Energy Storage Materials 84 (2026) 104806

different electrolyte systems.
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