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Tracking ion intercalation into layered Ti;C, MXene films across
length scales

Qiang Gao®, Weiwei Sun® b*¥, Poorandokht Ilani-Kashkouli¢, Alexander Tselevd, Paul R. C. Kent?e,
Nadine Kabengi¢, Michael Naguibf, Mohamed Alhabebg, Wan-Yu Tsai?, Arthur P. Baddorf?, Jingsong
Huang®¢, Stephen Jesse?, Yury Gogotsig, Nina Balke?*

Enhancing the energy stored and power delivered by layered materials relies strongly on improved understanding of the
intricate interplay of electrolyte ions, solvents, and electrode interactions as well as the role of confinement. Here we report
a highly integrated study with multiscale theory/modelling and experiments to track the intercalation of aqueous Li*, Na*,
K*, Cs*, and Mg?* ions into Ti;C, MXene. The integrated analysis of experiments assisted by theory/modelling allows for a
deep understanding of energy storage processes highlighting the importance of the dynamics of cations, their positionings
between MXene sheets, their effects on mechanical properties and capacitive energy storage. Computational simulations
and operando calorimetry measurements proves the processes involving cation dehydration and H* rehydration, showing
good correlation for heat variations between experiments and theory. Operando liquid AFM mapped energy dissipation of
ions appears non-uniformly across the MXene surface, indicating heterogeneities of ions inside the MXene and confirming
partially the ion behaviour obtained in theory. We directly demonstrate that the average distance between the cation and
MXene surface follows a modified two-sided Helmholtz model when plotted versus the open circuit potential capacitance,
revealing a different electrical double layer mechanism in confinement. This new fundamental understanding lays the
foundation for improved functional devices utilizing electrodes and membranes made of two-dimensional materials.

Intercalation capacitance has emerged as an alternative chemistry for enhancing energy stored and power delivered by supercapacitors. Two-dimensional

metal carbide/nitride termed MXenes discovered in 2011 present very promising intercalation volumetric capacitance with ultrafast ion transport. A

fundamental understanding of energy storage chemistry under the confinement is critical for enhancing the amount of energy stored in MXenes, which

however remains elusive. In this contribution, we develop multiscale and multidisciplinary experimental-theoretical approaches to elucidate the confined

complexity of the intercalation interactions of cation, water, and MXene surface. The findings help to guide further development in the large MXenes family

and will be rapidly adopted to enable manipulating behaviours of ions and confined fluids for a variety of capacitive energy technologies.
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Intercalation of ions in active electrode materials is extremely critical
for many electrochemical energy storage systems. Layered materials
are especially attractive due to their ultra-fast intercalation kinetics-
3, MXenes* >, a rapidly growing class of two-dimensional (2D)
hydrophilic and layered metallic conductive materials, have shown
promising intercalation capacitance and kinetics in neutral and acidic
aqueous solutions® 7. The most studied MXene to date, i.e., TizC,, has
achieved striking volumetric capacitance up to 1500 F cm= and areal
capacitance up to 4 F cm in aqueous H,SO, electrolyte?. Ultra-high-
rate capacitive performance up to 100 V s** has been realized through
a 90-nm-thick Ti3C,® or vertically aligned MXene in aqueous 3M
H,S0,4?, surpassing many other state-of-the-art capacitive materials®.
The charging mechanism shows a strong dependence on the
electrolyte used. The electrochemically reversible redox
(pseudocapacitive) mechanism in acidic electrolyte and the electric
double layer (EDL) response in neutral aqueous media have been
demonstrated by in situ X-ray absorption!® (XAS) and Raman
spectroscopy’!, respectively. Wang et al. demonstrated the
pseudocapacitive Li* intercalation using TisC, MXene in lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) with different organic
solvents, and efficient desolvation of Li* from propylene carbonate
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solvent results in high volumetric capacitance and fast charge
transport'2. However, non-flammable and non-corrosive, safe,
environmentally benign, relatively high voltage, and low cost
characteristics leave neutral aqueous electrolytes as a better
alternative for industry?3 14,

Increasing the amount of energy stored in MXenes requires
improved understanding of the interfacial chemistry of cations
including the interactions of cation, water, and MXene surface under
confinement. Cations intercalated into MXene interlayers can
remarkably affect the interlayer spacing, the dynamics of confined
water, or electrical conductivity, etc® >, In addition, confined
water noticeably improves the energy and power density of
MXenes!® 19, X-ray diffraction (XRD)?, electrochemical quartz crystal
microbalance (EQCM)'® 21-23 gnd neutron scattering techniques'® 24
further provide insight into the extent of MXene volume variations
and their correlations with the quantity of co-intercalated water. This
is complemented by findings based on electrochemical dilatometry
and atomic force microscopy (AFM) on changes in electrode volume
and mechanical stiffness as a result of cation intercalation®?7. A
more recent communication demonstrates cation intercalation
dramatically alter the oxidation state of Ti atoms in TisC, MXenes via
XAS.22 To develop a fundamental understanding of the ion
intercalation processes, theory in combination with experiments is
often used. For instance, ReaxFF GCMC was applied to study the
diffusivity of the monolayer of water and the dynamics of cations?4.
Yamada et al. studied the capacitance by using of the solvation
model®. Although both reported good agreement with experiments,
the less verified theoretical parameters and the lack of explicit water
are expected to lead to incorrect solvation environment and the
cation-MXene interactions, which are of great importance to
capacitive performances but less studied?®.

In this study, we demonstrate highly integrated
approaches combining multiscale simulations/modelling and
multidisciplinary experiments to elucidate: i) how aqueous cations
interact with water molecules and Ti;C, MXene surfaces under
confinement; and ii) what the consequences are for other relevant
processes including capacitive energy storage. We started by
performing ab initio molecular dynamics (AIMD) calculations to
reveal the preferred positions of the monovalent Li*, K*, Na*, Cs*, and
divalent Mg?* cation within the confinement of MXene and the
surrounding hydration environment showing their significantly
different behaviours. The use of AIMD was chosen due to its high
accuracy needed for the characterization of ion-water interactions,
facilitating understanding interactions in the confined MXenes layers
non-empirically and correlating them to the energetic and capacitive
properties. The local density functionals used have been shown to
have a good match with structural and capacitive properties of
MXene.?>32 The overall energetics of the cation adsorption were
measured directly via operando flow microcalorimetry (FMC) and
consequences of cation adsorption, i.e., H* release, were measured
experimentally. Out of the complicated reactions, the theoretically
modelled heat change from two processes (cation dehydration and
H* rehydration) was in a qualitative agreement with calorimetry data.
The influence of the cations on the water network on the atomic level
within the confinement affects local energy dissipation, as measured
on length scales of 10s’ nanometers via operando AFM. Most
interestingly, the simulated distance between cations and the
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MXene surface can be linked to the macroscopically measured
capacitance at the open circuit potential (OCP). This shows a 1/d
relationship with an additional residual capacitance. We propose a
modified two-sided EDL Helmholtz model to explain the observed
capacitance trends and identify EDL formation as main energy
storage process in neutral aqueous electrolytes. A good agreement
between multiscale modelling and multidisciplinary experiments lays
a strong foundation for enhancing energy storage properties of a
variety of 2D and layered materials.

Results and discussion

To prepare the ground to rationalize the subsequent experimental
studies, we first investigate the intercalation states of Li*, Na*, K*, Cs*
and Mg?* cations inside the slit pores of MXene using AIMD
simulations. Anions are not considered due to the fact that MXene
surface are negatively charged,” leading to the expulsion of anions
and intercalation of cations. This assumption might not be true for
larger electrochemical voltage windows in a full battery or capacitor
with MXene electrodes. In those cases, the intercalation of anions
need to be considered as well. In addition, during
electrochemical cycling, only cation intercalation is probed due to
the oxidation of MXene at positive potentials. Fig. 1a shows
representative atomic arrangements around different cations
confined in two MXene layers. These clearly demonstrate the effect
of confinement on the cation. Each cation exhibits a different affinity
towards water molecules and the MXene surface. Li*, Na* and K*
display specific adsorption on the pore surface while Cs* and Mg?*
are located in the pore center. It is worth noting that among all
cations studied, the Na* ion caused a disordered structure of MXene.
Ren et al. have reported the penetration of Na* into TisC, MXene
membrane, which exhibits the highest permeation rate amongst the
studied cations and adsorption to MXene surface33, supporting the
AIMD findings.

We further quantify the relative positions between cation
and the oxygen in water (-Ow) as well as the oxygen as part of the
MXene surface termination (-O;) by radial distribution functions
(RDF), g(r). As presented in Fig. 1b, Li* and Mg?* exhibit the shortest
cation-Ow distance, which can be interpreted as having the smallest
hydration shell radii while Cs* has the largest hydration radius in
confinement. The distance between the cation and oxygen is
determined by the maximum of the g(r) radial distribution function
whereas error bars are extracted from the standard deviation of a
gaussian curve fit to describe the first ion shell. More details are
given in Fig. S1, ESI. As shown in Fig. 1c, the distance between cation
and Ow scales linearly with the respective values in the bulk water3*
demonstrating that the 1%t shell hydration radius is not affected by
confinement. We note that the hydrated cation size intimately
follows the results of a recent EQCM study on TisC, MXene. As
reported by Shpigel et al., the hydrophilic Li*, Na*, Mg?*, and AI?*
cations co-inserted with larger amounts of water compared to the
hydrophobic K*, Cs*, and TEA*, which reduced the retained water in
the interlayer confinement.?® This effect is believed to be due to
intercalations of cations and their interactions with water/MXene
under confinement. When comparing the number of water
molecules per cation m,, with the cation-Ow distance, it can be seen
that extra water enters the TisC, MXene when the cation-water

will
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distance becomes smaller than the Ow-Ow distance and that water is
expelled from the electrode when the cation-water distance
becomes larger than the Ow-Ow distance (Fig. S2, ESI).

In contrast to the solvation shell radii, the coordination
numbers (CN) of the confined cations are clearly reduced compared
to bulk values (Fig. 1d), indicating all cations undergo a partial
dehydration upon entering the confined spaces of MXene. For Li*,
Na*, and K*, the surface oxygen Ow and termination oxygen Or are
equidistant, and both contribute to the number of oxygens
surrounding the cation. In the case of Cs* and Mg?*, only Ow is taken
into account due to their large distances from the MXene surface
(Fig. S3, ESI). These results clearly demonstrate the effect of
confinement on the cation hydration.

To further explore cation intercalation process, we
employed operando FMC to unravel the energetics that governs the
water-cation exchange as a function of time. TizC, MXene was
homogeneously packed into the FMC micro-column and equilibrated
with deionized water before the input solution was changed to a
solution containing one of the following salts Li,SO4, Na,SO4, K,SO4,
Cs,S04, or MgS0O, at a concentration of 0.5 M. For all solutions, the
initial pH was adjusted to 5.6 + 0.2. A consequence of metal cation
intercalation is the reduction of CN of ions (Fig. 1d) and, in case of

ARTICLE

absorption onto -OH terminated MXene surfaces, the release of H*
according to the conceptual Eq. 1. To quantify this process, in situ pH
measurements were performed during the calorimetry experiment.
TisC, —OH + M(H20) .} >TizC, —0 — M(H20), _, + H™ +yH,0 ¢))
The resulting calorimetric signal curves reflect the sum of transient
energies for all involved processes most notably the dehydration of
the intercalated cation which is an endothermic process, and the
rehydration of the desorbed H* which is an exothermic process (Fig.
2a). For instance, the net exothermic calorimetric signal of Na*
adsorption includes endothermic reaction, i.e., the smaller bulk
hydration enthalpy of Na* (AH,,4 = -409 k) mol?), and the larger bulk
hydration enthalpy of desorbed H* (-1091 kJ mol?) that is
exothermic. The measured heat of reaction (HOR) does show a
synchronous trend with the atomic size of the cations, where that of
Li* intercalated MXene has the greatest modulation of heat because
of long-lasting endothermic signal at the beginning of ~15 min visible
in Fig. 2a. Details about the HOR will be discussed below.
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Figure 1. Cations arrangements in MXene interlayers and their interactions with water via MD simulations. (a) Cation distributions in the interlayer space. Light

blue stands for Ti, dark grey for C, red for O, light pink for H. (b) Radial distribution functions of oxygen in water, g(r), Ow, around cations obtained from the
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AIMD modelling. (c) The cation-Ow distances corresponding to the positions of the maxima of g(r) demonstrate a clear correlation with values in bulk solutions.

(d) Coordination numbers extracted from b in comparison with values for bulk solutions. The numbers for bulk solutions were taken and averaged over all

values provided in ref.3%. The grey line indicates a reference for the case when the confined CN is equal to the CN in bulk solutions, i.e. 1:1.
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Figure 2. Energetics of cation/water exchange reactions. (a) Time dependence
of the calorimetric signal during exchange between water and cations. (b) pH
measurements performed during calorimetry. (c) Quantification of H*
released as result of cations adsorbing onto the -OH sites of MXene
terminations and heat of reaction determined from (a). (d) Radial distribution
functions of oxygen in water, g(r), Ow, around H onto termination (H;)
obtained from the AIMD simulations for pure water. (e) Energetics of cation
dehydration and H* rehydration normalized by cation valence. g, represents
the cation valence. (f) Heat of reaction correlation between theoretically
calculated using AIMD and experimentally measured using calorimetry.

The simultaneously measured changes in pH as a function
of time are shown in Fig. 2b. The pH signal for Li* returned to the
baseline faster than the other cations, which resulted in the smallest
H* release. In Fig.2c, the HOR in mJ mg! (MXene mass) and amount
of released H* extracted from Fig.2a-b do not show any correlation
between them (Fig. 2c), but HOR itself shows a clear trend of
Li*<Mg?*<Na*<K*<Cs*. We find that the HOR have a linear
relationship with the cation bulk hydration enthalpy with Mg?* as

4| J. Name., 2012, 00, 1-3

outlier (Fig. S4a, ESI)3>, suggesting the studied cations interaction
with MXene are undergoing processes involving their hydration
shells.

For a semi-quantitative analysis, the HOR is governed by
the cation dehydration and the proton hydration, which can be
estimated according to the CN theory based on AIMD results. For
this, we take advantage of the CN of cations by surrounding water
oxygen (Fig.53) and CN of the surface protons (Hr) extracted from g(r)
functions (Fig. 2d) for the endothermic and exothermic parts to
model the measured HOR. Here, we only consider the CN from the
water oxygen and neglect the adsorption energies onto MXene.
Table 1 summarized the CN in bulk solutions3* 3%, CN for ions
confined in MXene interlayers, bulk hydration enthalpies3” 38, and
total energy gain/loss per mol due to cation dehydration and proton
hydration. The corresponding energies normalized by cation charge
are shown in Fig. 2e and are calculated based on the fractional
change in CN with respect to the full hydration energy. It shows a
linear correlation for HOR between calorimetry and theoretical
modelled cation dehydration (Fig. S4b), implying relatively constant
heat contributions from H* rehydration amongst the studied cations.
The exothermic proton hydration is much larger than all endothermic
cation dehydration processes resulting in a net negative HOR. To
calculate the net energy, we use the measured concentration of
released protons to determine the quantity of intercalated cation
concentration under assumption of net zero charge. Comparing the
measurements with theoretical modelled values, we find a
qualitative linear correlation between experiment and theory with
Cs* as an outlier (Fig. 2f) but the energy scales differ by a factor of
4.2-7.6. We believe that the majority of this difference is due to the
simplified picture of AIMD model and CN theory analysis, e.g., the
CN-dependent hydration energies solvated hydronium complexes, in
which AIMD is restricted to a limited number of sites while
calorimetry experiments average over a larger numbers and
potentially energetical different sites3®. Additionally, varying
intercalation barriers representing the intercalation into different
depths of the multilayer electrode structure are not considered in
the theoretical description. The Cs* outlier may result from known
problems with limited electrolyte uptake!®. The thermodynamic
contributions we have discussed above provide a plausible trend of
HOR indicating we have likely identified the underlying atomistic
processes.

Another consequence of the cation intercalation is the
change in c-lattice parameter> ¢ and thus the local mechanical
properties of the MXene. To study local elastic modulus and energy
dissipation processes, contact resonance (CR)-AFM has been
performed with 10’s of nm lateral resolution. When mechanically
excited, the AFM probe oscillations in contact with the surface is a
function of the Young’s modulus and energy dissipation as expressed
by the inverse of the damping factor Q* (Fig. 3a). All results in this
study were acquired with both the MXene and the AFM cantilever
probe fully immersed in the aqueous electrolytes. Mapping of the
contact stiffness (related to Young’s modulus) has not shown clear

This journal is © The Royal Society of Chemistry 20xx
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variations between cation types (Fig. S5, ESI). However, the
experiments showed a notable effect of the cation type on the
mechanical energy dissipation into MXene (Fig. 3b).

Table 1 Summary of energies variations for cation dehydration and proton

hydration.
lon Bulk CN Confined Bulk E*
(A) ions’ CN Epyar. (kJ mol?)
(B) (k) mol?) (D)
(©)

H* 6 0.8 -1091 -945
Li* 4 0.87 -520 407
Na* 5.4 1.67 -409 283
K* 7.2 3.41 -322 170
Cs* 8.9 6.84 -264 61
Mg?* 6 3.86 -1921 685

* Calculation Equation: D = [(A-B)/A]xC

In the following, we will discuss mechanical energy loss
through relaxations of molecular and atomic arrangements in the
sample in response to elastic strains®® 4! to focus on the energetics
for the water and ions themselves rather than the reactions
discussed above. The water confined between MXene layers is the
main damper of the probe oscillations in MXene. It is well accepted
that in the bulk solution the relaxation processes are significantly
influenced by the dissolved ions as water-ion interactions affect
water structure and, hence, rotational and translational mobility of
the water molecules in the immediate vicinity of hydrated ions and
beyond the hydration shells34 42, Even though the relaxation times of
water molecules are in a few picoseconds range3* 43, the relaxation
rate is reflected in the low-frequency liquid behaviour, for example,
in liquid viscosity as expressed by the Stokes-Einstein-Debye
equation*?, more generally relating fluid viscosity and species
mobility (diffusion coefficient). In turn, the effect of ions on the water
structure and viscosity is expressed through the B coefficient of the
Jones-Dole expression relating the solution dynamic viscosity and
ionic concentration34. Therefore, we expect a relationship between
the B coefficient and the energy dissipation in MXene. In Fig. 3c, we
plot the energy dissipation relative to DI water normalized by ion
concentration with the B coefficient. While the exact amount of
spontaneously intercalated cations is unknown, it was found that
after long exposure times of MXene to electrolytes, the amounts of
spontaneously intercalated Mg?* and K* are the lowest, as quantified
by X-ray photoelectron spectroscopy (XPS, Fig. S6, ESI) and energy-
dispersive X-ray spectroscopy (EDX, Fig. S7, ESI). Note that the error
bars in Fig. 3c indicate variations across the sample surface,
uncertainty of the measurement at a single pixel is much smaller. Fig.
3c shows the linear correlations with the fitting line passes through
the origin of the coordinate system. The opportunities which arise
from the link of cation and mechanical energy losses include the
capability to map ion distribution on 10s of nanometers length scales
as shown in Fig. 3d for Li*. It can be seen that the energy dissipation
for Li* is heterogeneous and patches of high energy loss appear

This journal is © The Royal Society of Chemistry 20xx
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across the sample surface. Accordingly, these can be interpreted as
accumulation of Li* inside the MXene probed in the near surface
regions. Images of other cations are given in Fig. S8, ESI. This
approach provides future accessibility to track the local energy
storage processes under electrochemical cycling.
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Figure 3. Energy losses driven by cations in confinement. (a) Schematic of CR-
AFM. (b) Measured distribution of energy dissipation Q. of the sample under
mechanical vibrations as a function of electrolyte. (c) Change in energy
dissipation relative to pure water normalized by ionic concentration and
plotted versus the Jones-Dole coefficient B. (d) Spatial map (size 10x10 pum)
of local energy losses measured in 0.5 M Li,SO, recorded at the immersed

time point of two hours.

To shed light on the charge storage mechanism, we explore
the link between cation-MXene distance and capacitance measured
by cyclic voltammograms (CVs) at 5 mV st in a three-electrode cell
configuration (Fig. 4a). The rectangular shaped CVs suggest the main
charge storage mechanism is EDL!" 18, Once the cations intercalate
into MXene, they occupy preferable sites of MXene layers that are at
different distances from the MXene surface as probed via the RDF of
cation around the termination oxygen (-Or) taken as a reference
point for the MXene surface (Fig. 4b). Li* is the closest to the surface
followed by Na* and K*. This series of trend found in g(r) is
qualitatively the same trend in previous ReaxFF-based studies?*. We
correlate the measured capacitance at the OCP averaged over the
charge and discharge curves (Fig. S9, ESI) with the cation-Oy distance
d suggested by the Helmholtz model (C= eg¢/d, where C is the
capacitance, € and g are the dielectric constant and the vacuum
permittivity, and d is the distance from the ion to the EDL), as
determined from the positions of the major peak in the g(r). We
chose the capacitance at OCP as the closest to the theoretical results
external potential applied.
Interestingly, we observe a linear relationship between capacitance
at OCP and the inverse cation-O; distance d with an intercept of
39.9+6.6 F g! (Fig. 4c). To rationalize the residual intercept
capacitance, we propose a modified Helmholtz model that considers
two double layers contributed by two MXene surfaces for each slit

which were obtained without

J. Name., 2013, 00, 1-3 | 5
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pore. Fig. 4d shows the confined space of width W=d;+d, sandwiched
by two MXene surfaces of the same area A. Assuming the individual
MXene sheets are electrically connected (i.e., they have the same
potential), an equivalent circuit containing two parallel capacitors
with a distance of d; and d, is obtained. Note that d; is the closest
distance between cation and MXene surface and extracted from g(r).
Since the two capacitors are connected in parallel, the total
capacitance measured by CVs is simply the sum of the contributions
from the two MXene surfaces. After determining the width W from
AIMD (Fig. 4e), we decompose the total capacitance to C; and G,
derived from d; and d, (W-d,) for best statistics from the simulations.
When plotted individually over 1/d, a linear relationship is derived
with an intercept of -6.1 + 5.4 F g, i.e., the fit goes through the
graph’s origin (Fig. 4f). The two parts of the total capacitance, C; and
C, derived from d; and d, respectively are showing an almost
identical slope, which is the product of &gy, suggesting the nearly
identical dielectric constants for & and &. The most interesting
observation is that the C, capacitance is comparable for all cations
and is concentrated around 40-50 F g%, which is very close to the
capacitance intercept in Fig. 4c, suggesting that the capacitance
intercept originates from the capacitance of the surface associated
with d,. The resulting total capacitance C,.; is determined by gg4(1/d;
+1/d,), presented as the modified Helmholtz model. Thus, the
location of cations under confinement is needed to fully explain the
observed energy storage properties.
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Figure 4. Cations interactions with MXene result in the variations of
electrochemical performance. (a) Cyclic voltammograms (5 mV s?) for
different cations in 0.5 M sulfate solutions. The thermodynamic potential for
water reduction is around -0.59 V vs. Ag/AgCl, suggesting there is no redox
water reduction involved. (b) The cation radial distribution functions with

6 | J. Name., 2012, 00, 1-3

respect to oxygen on the MXene surface. (c) Relationship between cation-
MXene distance™ corresponding to d* and averaged capacitance at OCP. (d)
The schematic of modified Helmholtz model in two MXene layers. d; and d,
vary with aqueous cations. (e) The confined space of width W= d;+d,
determined from AIMD modelling. (f) Relationship between C; and C,, and the
corresponding inverse distance of 1/d; and 1/d,, respectively, at OCP. Inset:
an equivalent circuit containing two parallel capacitors with a distance of d;
and d, is obtained.

Conclusions

Given the complex nature of interactions between electrolyte
and electrode in confinement, the observed trends and
modulated interactions between the cations and MXene
surfaces hold promise for broader application in layered
materials with nanoconfined fluids. Under strong confinement,
the system is dominated by the cation hydration and cation
exchange with surface termination groups (cation adsorption).
The demonstrated cation-MXene interaction for aqueous
cations has consequences for macroscopic material behaviour
such as cation exchange energetics, mechanical energy losses
which can be employed in the future to study spatial variations
of the intercalation process and electrochemical capacitance.
For the latter, we directly demonstrate that the average
distance between the cation and MXene surface follows a 1/d
relationship when plotted versus the open circuit potential
capacitance. We proposed the modified Helmholtz model to
elucidate the EDL mechanism for MXenes which is applicable to
a wide range of aqueous electrolytes and layered materials. The
capture of rational coordination number of hydration of ions
and protons is the key of understanding energetics under
confinement. These highlight the importance of understanding
the cation-water-MXene interactions under confinement in
order to get a complete understanding of MXenes’ energy
storage properties and processes. This is only possible when
experiment and ab-initio theory with the framework of having
explicit water and solid-liquid interactions well described are
combined and analysed together to reveal the relevant
relationships. The demonstrated approaches and findings
enhance our understanding of the energy storage in 2D
materials and help to guide further development in the large
MXenes family. We further anticipate that the integrated
research will be rapidly adopted to enable understanding and
manipulating behaviours of ions and confined fluids for
electrochemical energy storage, water desalination, and ion-
selective membranes.

Experimental

MXene synthesis. MXene was synthesized by etching Al from TizAIC,
using a mixture of LiF and HCl as reported previously**. In short, 6 g
of LiF was dissolved in 90 mL of 6M HCl aqueous solution, then a total
amount of 9 g of Ti3AIC, (particle size < 45 micron) was added in small
portions gradually to the solution at room temperature. Afterward,
the reaction vessel was moved to an oil bath that was kept at 40 °C.
Teflon coated magnetic stir bar was used to stir the solution during
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the reaction. After 45 h, the reaction was stopped, and the
suspension was centrifuged (at 3500 rpm) to separate the powders
from the solution. Then, fresh DI water was added and followed by
centrifugation to washout the residual acids and etching products.
The step of adding fresh DI water and centrifuging was repeated till
the pH of the decanted liquid after centrifuging was higher than 4.
The chemical compositions turned out to be TizC,Fg79Clo.1501.06Li0.16,
in which the Ti:Li was estimated from inductively coupled plasma
mass spectrometry analysis and the rest from EDX analysis.

The sedimented powder paste after washing was
transferred to vacuum-assisted filtration setup to dry the powders.
To prepare free-standing MXene paper, 1 g of TizC,-clay was added
to 20 mL of DI water and sonicated for 1 h then centrifuged at 3500
rpm and the black dispersion of MXene in DI water was decanted and
filtered through a Celgard membrane. After allowed to dry at RT the
free-standing MXene film was peeled off the membrane.

Computational MD simulations. We performed ab initio molecular
dynamics in Vienna atomic simulation package (VASP)** 46 within the
all-electron projector augmented wave (PAW) method*” for all
calculations. The van der Waals density functional of optB86b was
included to describe the inter-layer dispersive forces*®. The cut-off
energy was set to 450 eV, and structural optimizations were
converged to 1e eV in energy and 0.03 eV/A in force residuals. A 1
x 1 x 1 gamma-centred k mesh grid was used to sample the Brillouin
zone. The AIMD simulations have been performed in the NPT
(constant number of atoms (N), constant pressure (P) of ambient
conditions and constant temperature (T) of room temperature)
ensemble, with a time step of 1 fs using the Langevin thermostat**
50, The AIMD eventually reaches the timescale at 18 ps, in which the
first 12 ps was removed to account for equilibrations, and the last 6
ps subsequently analysed.

The structure model considers multiple-layered hydroxyl
terminated MXenes in a 2 x 2 x 1 orthogonal supercell containing 244
atoms (containing four metal ions) with in-plane lattice parameters
a, b of about 6 and 12 A and the varying c-LP ~ 30 A. We assume the
MXenes are fully covered by a bilayer of water giving a chemical
formula of TisC,(OH),(H,0),. For the initial positions of metal ions, we
compared four symmetry inequivalent sites, and took the lowest
energy configurations. Due to the slight energetic differences
between considered sites of ions, we used 4x4x1 gamma-centred k
mesh grids for the Brillouin zone sampling in this comparison to
achieve a convergence of about 3 meV. Note that the inserted
cations were treated as neutral atoms, and the stacking of water
molecules are consistent with earlier studies?®. The data after 10 ps,
in where we started taking statistics, has been used for analysing till
signal was equilibrated after that time (Fig. S10, ESI). The number of
cations was kept constant for all cations for better comparison and
was guided by the analysis shown in Fig. S7.

AFM measurements. CR-AFM measurements were conducted on a
Cypher AFM (Oxford Instruments, UK) in air and liquid environments
using the band excitation BE approach during scanning in contact
mode. A 200 kHz wide frequency excitation band was sent to the
cantilever probe with a “BlueDrive™” photothermal laser focused at
the base of the cantilever. The cantilever response was detected and
thenFouriertransformedto extract the contact resonance peak. The

This journal is © The Royal Society of Chemistry 20xx
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probe used in this study was a gold-coated silicon probe (PPPFM-Au,
Nanosensors, USA) with a spring constant k.~ 3 N/m and a free
resonance frequency in air f, ~ 65 kHz. Typical parameters for the
cantilever probe employed were: L[=225um, L;=215pum,
h =12 um, and cantilever tilt angle = 12°. The perfusion cantilever
holder from Asylum Research USA was used throughout our
measurements. The contact resonance frequency f and quality
factor Q were extracted from each contact resonance curve via
fitting with a simple harmonic oscillator (SHO) model. Tip calibrations
were conducted in air and in an 18 MQ deionized water on reference
samples (freshly cleaved HOPG, Bruker, Germany). Aqueous 0.5 mol
L Li,SO4, Na,S0,, Cs,S04, K,S04, MgSO, were used as electrolytes.
During the CR-AFM, the cantilever and the studied MXene paper
were fully immersed into the electrolytes.

The damping of the mechanical vibrations due to energy
dissipation in the sample Q; ' is calculated using the equation Q!
= Q_l—Qf_z&id, where Q is the quality factor of the measured
contact resonance in solution, and Q¢! is the damping due to the
liquid. Qgyig? are determined for the DI water and each of the
electrolyte solutions via hydrodynamic functions. The equations for
the estimation and application of the hydrodynamic function,
correction and calculation of loss tangent, equations from Ref. 3!
were used. This is necessary to separate sample from electrolyte
effects. To excite flexural cantilever resonances, the power of the
photothermal excitation laser of the AFM microscope (Blue Drive,
Cypher, Asylum Research) was modulated with amplitudes of 1 mW
in air and 2 mW in solutions. For non-contact, near-surface data
collection, the cantilever was positioned near the surface by first
touching the surface with the tip and then retracting the cantilever
by approximately 150 nm. The control for this distance is
accomplished with the help of the single-point force-distance-curve
programming developed in house. Because this distance is less than
2% of the height of the probe tip (about 15um), the distances
between the probe cantilever and the surface are very close for the
contact measurement and the near-surface measurement. Thus, the
probe hydrodynamics should be similar as well, once we account for
frequency and cantilever vibrational shape effects. All the correction
measurements have been performed with the Band Excitation
technique up to a 2 MHz excitation frequency. The calibration
procedure described above and the fact that bulk properties
determine the vibrational sample response with the used contact
forces®> 53 ensure the probing of material properties instead of
surface properties.

Flow microcalorimetry experiments. The interactions of cations with
MXene were probed using flow microcalorimetry in tandem with in
situ pH measurements. In addition to the heats in mJ mg?! (MXene
mass), of adsorption/intercalation reactions, the mass of H* involved
was also quantified to probe underlying differences between cations.

The flow microcalorimeter (FMC) used was custom-
designed and fabricated in the Kabengi laboratory (Prof. Dr. Nadine
Kabengi, Georgia State University). The flow microcalorimeter
consists of a micro-column which is sealed inside a 500-mL bottle and
is immersed in an insulated container filled with water and
maintained at room temperature. Solution containing the species of
interest was allowed to flow through the packed column at flow rates
between 0.30- and 0.35-mL min~! until a steady baseline is obtained.
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Two thermistors located on the upstream and the other downstream
from the column, sensed temperature changes in the solution as it
passed through the column. Any changes in solution temperature
from heat evolved or consumed as a result of either physical or
chemical interactions between the reacting solution and the solid
produce a differential output voltage, which was amplified and fed
into a computer for processing where they are displayed graphically
and recorded as a function of time. The end of reaction is
demonstrated by the return of the calorimetric signal to the initial
baseline.

The heats of reactions (Q in mJ mg? solid) are determined
by integrating the calorimetric peaks to obtain flow rate-averaged
peak areas, which are converted to energy units (Joules) by
comparison to peaks of known energy input generated from a
calibrating resistor located within the flow stream inside the micro-
column. A MXene sample of known mass (7.0 + 0.1 mg) was
homogeneously packed into the FMC’s micro-column and
equilibrated with 18.2 MQ deionized water adjusted at a pH of 5.6 +
0.2 to obtain thermal equilibrium. Then, the input solution (water)
was changed to a solution containing the cation of interest at 0.5 mol
L, i.e. either Li,SO4, Na,SO,, K;S0,, Cs,S0,4, or MgS0,, adjusted to
the same pH using the corresponding hydroxide solution (i.e., 0.1 M
of LiOH, NaOH, KOH, CsOH and, Mg (OH),) and the Q.. for each
cation were obtained. Multiple replicates for each cation were made
to establish the reproducibility of the measurements. During all
experiments, the effluent pH was monitored using a flat surface pH
probe (S450CD, Sensorex; OrionStar A215 pH meter, Fisher Scientific)
connected in line to the effluent line of the FMC and which
continuously recorded pH as a function of time. The mmol of H* was
calculated by converting the pH measurements to the hydrogen ion
concentrations and integrating over the time measured. The
integrated values were then multiplied by corresponding flow rates.
For calculating the number of H*, the same integration was applied
for a constant pH of 5.60. The difference between the two values
was determined and taken as the H* differential, AH".

Electrochemical characterizations. An ECD-3-Nano (EL CELL®,
Germany) three electrode cell was employed to perform cyclic
voltammetry (5 mV s?) of free-standing MXene film electrodes (2
um) in aqueous 0.5 mol L7 Li,SO,, Na,SO,, Cs,S0., K,SO4, MgSO,
electrolytes. The electrolytes compared in this study were prepared
to have the same cation charge instead of cation number
concentration since the charge is the relevant property for electrode
charge compensation. The cell was connected to a potentiostat (VSP
200, Bio-Logic S.A., France). An activated carbon film (YP5OF,
Kuraray, Japan) was used as a counter electrode as well as the quasi-
reference electrode reference electrode (0.1 V vs. Ag/AgCl). The
capacitance of MXene electrode was calculated from the CV curve
from the following equation:*2

Clrg=

mV
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