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Abstract: MXenes, a large family of two-dimensional materials,
have attracted tremendous attention due to their unique physical and
chemical properties. Reversible ion intercalation between MXene
layers allows modification of the optical, thermal, magnetic, and
chemical properties. The electrochemical charge/discharge of
MXenes in aqueous electrolytes was reported to lead to reversible
electrochromic behavior. In this work, the electrochromic effect of
semitransparent Ti;C,T, MXene film was probed by electrochemical
intercalation of Li ions. Correspondingly, a peak shift of 100 nm was
observed in the UV-vis spectrum. By combining in-situ Raman
spectroscopy, in-situ X-ray diffraction, and density functional theory
calculations, we show that the electrochromic shift is primarily due to
the formation of robust O-Li bonds and the emerging bands induced
changes of inter-band excitations. Understanding the mechanism of
electrochromic behavior in Ti;C,T lay the foundations of designating
2D materials with durable, controllable, and efficient intercalation-
induced electrochromic behaviors.

Introduction

Electrochromism, the change of color by application of a
potential to specific electrode materials, is a widely used
phenomenon in light-regulation and displays.['l Typically,

electrochromic behavior is the result of redox reactions under an
applied electric field, and the color change is faster than
thermochromism or photochromism, where the active material
changes color when experiencing temperature changes or
exposed to electromagnetic radiation.['?- 2] Alteration of the redox
state of organic materials, such as polymers® and some organic
molecules 2 4, |eads to color change (e.g., polyaniline,
polypyrrole and viologens). However, most organic materials are
sensitive to UV light (<400 nm) and bleach in the near-infrared
region. This limits their practical applications as smart windows,
for example. Other functional materials, such as conducting
oxides, make use of the surface plasmonic effects, delivering
electrochromic performance with rapid switching speed and
great durability, however, their surface plasmon resonance only
occurs in the mid to near-infrared region.! In comparison, the
electrochromic effect introduced by reversible ion intercalation
into transition metal oxides (TMOs), shows color change in the
visible region. For example, WO; shows the change in color from
dark blue to transparent after the intercalation of electrolyte ions
6, but low conductivity of the oxide requires the use of an
additional layer of transparent conductor, such as intdium-tin
oxide (ITO).

The electrochromic behavior is usually induced by the
injection of charge, which is realized by the intercalation of
protons or alkali ions.[22: 71 Intercalation or deintercalation of ions
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into/out of bulk TMOs can induce reversible electrochromic
effects, and is accompanied by charge storage during cycling.l!
However, the electrochromic effect in bulk TMOs shows low
durability and coloration efficiency, because the process is
diffusion-controlled and is often limited by material degradation
or phase changes.l’> 8l Alternatively, intercalation of ions into
thin films fabricated from 2D materials differs greatly compared
to the intercalated bulk materials. In many cases, the differences
can result in drastically improved device performance for a wide
range of applications, such as energy storage, magnetic
properties, as well as electrochromic performance.l®! Assuming
a given 2D material in the format of thin film can be operated
under low resistance and highly reversible intercalation,
accompanied by redox reactions, it should be able to act as an
ideal electrochromic material.

2D transition metal carbides and/or nitrides, termed MXenes,
mostly have metallic conductivity, hydrophilic surfaces, high
mechanical strength, and are promising redox-active
intercalation hosts.['® With a metal carbide core and transition
metal oxide surface, MXene electrodes show charge storage
capability with fast charge/discharge speed.['"! Titanium carbide,
TisC,Ty (T, stands for the surface terminations, including =0, -
OH and -F), exhibiting outstanding electronic, optical,
mechanical, and thermal properties, was found to show
electrochromic behavior in an acidic electrolyte during cycling
under negative potential.l'd However, the relationship between
the intercalation process and the color change reflected in the
electrochromic behavior is still not fully understood and lacking
in-depth investigations.

In this work, the electrochromic behavior of Ti;C,T, thin films
was investigated in organic electrolytes cycling with Li* and 1-
ethyl-3-methyl-imidazolium (EMIM*) ions. The organic
electrolyte is used to avoid corrosive acidic electrolytes and
achieve a larger operating voltage window. The intercalation of
Li ions from 1M LiTFSI in propylene carbonate (PC) into Ti;C,T,
leads to  electrochromic  behavior = dominated by
pseudocapacitive intercalation. In addition, = in-situ X-ray
diffraction (XRD) and in-situ Raman spectroscopy were used to
show that the surface groups are highly correlated with the
intercalation-induced  electrochromic  behavior.  Density
functional theory (DFT) calculations indicate that the =O and -
OH terminated MXenes result in varying binding mechanisms
ultimately leading to distinct band excitations. We thus
demonstrate that the electrochromic phenomenon resulting from
Li intercalation is predominantly driven by the O-termination.

Results and Discussion

The suspension of monolayer Ti;C,T, MXene (Figure 1a) was
prepared following the previously reported approach as
described in Experimental Section.l'l A typical scanning
electron microscope (SEM) image of the monolayer TizC,Ty
flakes obtained from the suspension is presented in Figure S1a,
from which the lateral dimension of the flakes is generally in the
range of 200-300 nm. The semitransparent Ti;C,T, thin film was
prepared by spray coating the colloidal solution of delaminated
TisC,T, with the concentration of ~2 mg mL™' onto a glass
substrate (see Figure 1a), where the thickness was controlled by
the number of spray coating passes. The SEM images (see
Figure S2) show that the Ti;C,T, film that showed a
transmittance of about 60% at 550 nm is uniform with a thickness
of ~50 nm. Raman spectroscopy was conducted to understand
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the surface environment (Figure S3). According to a prior DFT
study,[' the Raman peaks at 200 and 723 cm™ are
correspondingly assigned to the Ti-C and C-C vibrations (Ag
symmetry) of the oxygen terminated Ti;C,0,. The peak at 620
cm™' is primarily resulting from Eg4 vibrations of the C atoms in
the OH-terminated Ti;C,T,. The peaks at 389 and 580 cm™"' are
attributed to the Eg and Ay, vibrations of the O atoms,
respectively. The 282 cm~' peak appears due to the contribution
of H atoms in the OH groups of Ti;C,T,.

A three-electrode cell was assembled by using the TizC,T,
coated glass slide (Ti3C,T,-glass) as the working electrode, ITO
coated glass (ITO-glass) as the counter electrode, a silver wire
as the reference electrode, and the cell was filled with different
organic electrolytes for the in-situ tests, as shown in Figure 1b,
c. Furthermore, digital images of the assembled cell tested in 1M
LiTFSI/PC electrolyte in Figure 1d showed a reversible green-to-
blue color change as the applied voltage changed from 0 to -2
V, indicating the electrochromic behavior of Ti;C,T, MXene. The
RGB values were collected at the central point using Adobe
Photoshop CS6. The digital video shown in Video S1 was filmed
during cyclic voltammetry (CV) scanning at a scan rate of 10 mV
s between -2 and 0.2 V to demonstrate the electrochromic
performance of TizC,T, MXene. The color switched from green
to blue gradually and returned to green as the CV was scanned
back to 0 V, conforming the reversible color-changing process.
To quantify the color changes of the Ti;C,T, film in LiTFSI/PC,
the optical properties were evaluated by combining the cyclic
voltammetry with ultraviolet-visible (UV—vis) spectrophotometry.
The UV-vis data was collected at different potentials during the
CV test in a stable potential window (-2 to 0.2 V) at 2 mV s
(Figure 2a). As shown in Figure 2b and Figure S4, the device
has an initial transmittance of 57% at a trough (T) at 780 nm, a
crest at 550 nm (C17) a transmittance of 64% and a shoulder at
428 nm (S) with a transmittance of 53%. As the voltage
increased from 0 to -2 V, a blue shift occurred on T and Cf7,
accompanied by an increase in transmittance. It is worth noting
that the crest (C2) due to the free-electron plasma oscillations,
which is at about 1250 nm initially,['! shifted to 929 nm with a
transmittance of 68% when the voltage reached -1.5 V. This
indicates that the peak shifts to higher energies when charge is
injected. At-2 V, T shifted to 680 nm with a transmittance of 61%,
demonstrating a blue shift of 100 nm and a 4% increase in
transmittance, accompanying the visible green-to-blue color
change. Moreover, C1 shifted to 536 nm with 68% transmittance
(4% increase), while C2 shifted to 854 nm with the same
transmittance. Additionally, the transmittance of S increased 8%
without shifting. As the voltage was returned to OCV, the UV-vis
curve returned to its initial state, indicating a reversible blue-to-
green color change process (see Figure S5a). The coloration
efficiency (CE) at 450 nm and 810 nm were calculated to be 7
and 6 cm? C-' (Figure S6), respectively, at an applied voltage of
-2 V.

The transmittance at 450 nm and 810 nm were selected to
evaluate the cycle stability of the Ti;C,T, semitransparent film;
the two characteristics were obtained by applying a pulse
voltage of -2 and 0.2 V, repeating for 300 cycles, as shown in
Figure S7a, b. Figure S7c shows 14 cycles in detail, which
demonstrate the stable transmittance oscillation during
electrochemical cycling, indicating the high electrochemical
stability of TizC,T, in organic electrolytes. To further confirm its
electrochemical stability, XRD patterns before and after long-
term cycling were conducted and shown in Figure S8, showing
no phase transformation or oxidation after cycling. Ex situ X-ray
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with only slight oxidization. The larger anodic potential in 1
M EMIMTFSI electrolyte may induce oxidation of the
MXene film.

Figure 1. (a) Schematic illustration of a Ti;C,T, film prepared by spray coating. (i) and (ii) are the structure of TizAIC, and Ti;C,T,, where Ti, Al, C, O, and H atoms
are shown in blue, purple, yellow, red, and white, respectively. Digital image (b) and schematic illustration (c) of the fabricated 3-electrode cell for in-situ testing. (d)
Digital images of the device at different voltages in 1M LiTFSI electrolyte and their related red-green-blue (RGB) values.

The electrochromic behavior was measured in TisC,Ty
induced by intercalating protons within acidic aqueous
electrolytes.['2 Recently, strong lithium intercalation of TizC,T,in
organic solvent PC with a large voltage window was reported.['3]
Similarly, such a significant color change of MXene in LiTFSI/PC
electrolyte is expected to relate to the intercalation/
deintercalation of Li ions during cycling. However, it is still
unclear how the intercalation process is correlated to the optical
change during cycling. As the intercalation process can
physically expand or shrink the interlayer space, in addition to
modification of the surface terminations, and bring about
charge/electron transfer with MXene surface groups.[6]

Different intercalating ions are capable of changing the
interlayer space because the ion size and interactions are
different.'’l  1-Ethyl-3-methylimidazolium  bis(trifluoromethyl-
sulfonyl)imide (EMIMTESI) in PC was chosen to test the
electrochromic performance, as EMIM* (0.7 nm in length and 0.4
nm in width) is much larger than Li-ions. Previously, it was
observed that a change in interlayer space modifies the optical
transmission.[® 18 Larger ions may open up a greater interlayer
space during cycling, which may be beneficial for electrochromic
performance. However, in-situ UV-vis data for 1M EMIMTFSI/PC
showed similarly reversible, but smaller electrochromic shift (see
Figure S5b, c), with a stable potential window from -1.6 to 0.6 V.
The C2 didn’t appear even when the applied voltage increased

to -1.6 V. The blue shift for T and C7 was 33 and 18 nm,
displaying a transmittance change of 1% and 2%, respectively.
Notably, almost no transmittance change was observed on the
S, and therefore the intercalation of EMIM* does not lead to a
more obvious transmission change during cycling.

To study the effect of the electrolyte further, 1M LiCIO,/PC
electrolyte, which is a common electrolyte used in
electrochromic devices, was used to reveal the effects of anion
interactions on the interlayer space change and the
electrochromic performance. The Ti;C,T, MXene electrode
showed a stable potential window of -2 to 0.2 V when cycled in
LiClO4/PC, which is same with LiTFSI/PC. The in-situ UV-vis
data in Figure S5d shows the optical response of Ti;C,T, in

Figure 2. The cyclic voltammetry at the scan rate of 2 mV s (a), the colored
points show where the UV-vis and XRD data were collected. (b) In-situ UV-vis
transmittance tests in 1M LiTFSI/PC electrolyte. (c) In-situ XRD study of the
(002) peak of Ti;C,T, in different electrolytes. (d) In-situ XRD results collected
at different voltages in 1M LiTFSI/PC electrolyte.

LiCIO4/PC. For T, a 39 nm blue shift was measured, with a 2%
change in transmittance, while the C71 showed a blue shift of 24
nm accompanied by a transmittance change of 3%. Interestingly,
C2 appeared at 982 nm with a transmittance of 67%, when the
potential reached -0.5 V, and it shifted to 867 nm as the voltage



increased to -2.0 V, with the transmittance further increasing by
2%. Furthermore, a variation of about 4% in transmittance was
observed for S, showing a synchronous behavior.

In-situ XRD was performed to understand how the interlayer
space affects the optical properties during cycling. As shown in
Figure 2c, the (002) peak of MXene was at 6.93° (d-spacing of
12.74 A), indicating an interlayer space of 3.16 A. After pre-
cycling in these three electrolytes, the (002) peak shifted to 5.79°
(d-spacing of 15.25 A), indicating an interlayer spacing of 5.67
A, which remains almost constant regardless of the applied
voltage increased during testing. There is no shift or change of
intensity for the (002) peak at different voltages (see Figure 2d),
indicating that the interlayer space of Ti;C,T, flakes remains
constant during the electrochemical reactions. This
phenomenon also implies that cation intercalation may only
occur in the first several cycles during the electrochemical test.
Notably, a d-spacing of 15.25 A is much larger than the size of
Li or EMIM ions, indicating that the MXene interlayer has both
solvent and intercalated ions. This might be because the thin
spray-coated transparent film is more accessible to diffusion of
ions. Such a large interlayer spacing with a solvent-rich
environment explains the static nature of the interlayer space
during cycling in all studied systems. Because the optical
properties changed irrespective of the interlayer space, it stands
to reason that the interlayer space has a minor impact on the
electrochromic effect of MXenes.

The charge transfer, even if partial, that occurs following ion
intercalation in MXenes, may also lead to the observed
electrochromic effect and can contribute to the overall charge
storage. The discharge capacities at 2 mV s, calculated by
integrating the anodic scans of the CV curves in Figure 3a, are
86.9Cg", 44 Cg’'and35Cg'inLiTFSI, LiClO4 and
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Figure 3. (a) Cyclic voltammetry curves of the TizC,T, film and (b) UV-vis peak
shift versus the charge capacity recorded in different electrolytes. In-situ
Raman spectra (c) and the statistics (d) of 282, 389 and 580 cm™" peaks shift
vs voltage for Ti;C,T, recorded in 1M LiTFSI/PC electrolyte.

EMIMTFSI-based electrolytes, respectively. We summarized
their charge capacities and the corresponding peak shift of UV-
vis spectrum in Figure 3b, where the optical shifts are positively
correlated with the charge capacity.

To better understand the charge storage process for TizC,T,
in 1M LiTFESI/PC, in-situ electrochemical Raman spectroscopy
measurements were conducted to track the surface groups
during cycling (see Figure 3c and Figure S10); from this, the
voltage-dependent changes in Raman bands assigned to
TizC,T, were recognized. Figure 3d shows the corresponding
statistical data of the peak intensities at 282, 389 and 580 cm-,
corresponding to the H atoms in the -OH groups, Eg and Aq
vibrational modes on O atoms, respectively. The intensity of the
vibrations for H on -OH groups began decreasing when Ti;C,Ty
was charged to -0.5 V, which may be the onset of intercalated
Li-ion binding with -OH groups. Then, it reached a minimum
intensity of 36% at -2 V, corresponding to the fully charged state.
As for the response of =O groups, the onset voltage of its
vibrations starts to decrease at -0.25 V, which is smaller than for
-OH. Notably, the E5 and Ay modes of O atoms exhibited a
decrease of 92% and 73%, respectively. Such results confirm
that the interaction between Li ions and the O-terminated MXene
surface is easier than with OH terminations, and the vibrations
of O terminational groups are suppressed by Li intercalation.

To better understand how Li intercalation affects the observed
optical transmittance at different applied potentials, we further
performed DFT calculations, focusing on the band structure on
the systems with different concentrations of Li intercalated into
TizC,0, and TizC,(OH),. Due to large experimental d-spacing,
and thus interlayer spacing, for TizC,T,, DFT calculations were
performed based on monolayer structure models.

The optical transmittance is obtained based on the most
energetically favorable configuration for each Li concentration on
purely =O and -OH terminated Ti;C,T,. The intensity of
transmittance shown in Figure 4 was determined by the reversed
optical reflectivity derived from the dielectric function. Note that
the transmission spectra of TizCy(OH),Lix ceases at x~1,
because the intercalated Li atoms transition to physisorption on
the hydroxyl terminated MXene at this concentration and above,



in contrast to Ti;C,0,Liyx, where the Li atoms chemisorb on the
surface up to full coverage. Thus, it is expected that the fully
oxygen terminated MXene will become more transparent,
because the chemical bonding will more significantly modify the
band structure. In Figure 4b, an increase in the intensity of the
optical transmission spectra correlates with Li content, and
moreover, the transmittance peak shifts to higher energies up to
~2 eV (~620 nm), similar to what was observe for protons
intercalation.l"®! The intensity of the transmission spectra in the
short wavelength regime is also gradually suppressed and
experiences a slight blueshift in Ti;C,(OH),Liy, which suggests
that the observed electrochromic behavior primarily occurs on
the O-terminated MXenes and is less contributed to by hydroxyl
terminated MXene. Indeed, as shown by the band structures in
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Figure S12 and the charge transfer analysis in Table S1, Li
states are emerging and hybridizing with the O-terminated
MXene. They establish a new excitation path at ~2 eV. The
emerging band excitations in turn cause the optical
transmittance peak ~500-650 nm (1.9-2.5 eV), which agrees with
the measurements in both the trends of wavelength shift as well
as the intensity enhancement. This indicates that the
electrochromic behavior is determined by the type of interaction
between the intercalates and the MXene surface. The changes
in band structure and charge transfer are well correlated with the
presented transmittance in both intensity and the energetic
shifts, and might be further modified in other MXenes or by
different surface terminations.
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Figure 4. (a) The charge density of Ti;C,O,Li, in both top and side view and computed optical transmission TizC,O,Lix on energy and wavelength scales. (b) The
charge density of TisC,(OH),Li, and calculated transmission of TisC,(OH),Li, on energy and wavelength scales. Note that the isosurface level is 0.1 e/A3. The atomic
index of elements is Ti (blue), C (yellow), O (red), H (white) and the adsorbed Li atoms (green). The black arrows in (a) indicates the main peak shift with an increase

of Li content.

Conclusion

The electrochromic effect of Ti;C,T, semitransparent films were
observed while cycling in organic electrolytes. Three different
salts (LiTFSI, EMIMTFSI, and LiCIO,) in propylene carbonate
solvent were used to probe the mechanism of the electrochromic
effect in TizC,T,. In-situ Raman spectroscopy measurements
indicated that the surface terminations (=O and -OH groups)
varied during cycling. DFT calculations further confirm that the
interactions between O-termination and the increasing number of
Li atoms lead to charge transfer and directly alter the optical
excitations, resulting in the transmission peak shift, and the
theoretically predicted trend in transmission is in an excellent
agreement with the experiments.
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Highly reversible electrochromic performance of semitransparent TizC,Tx MXene film was realized in organic electrolyte, whose
mechanism was revealed by conducting in-situ Raman and density functional theory calculation. The interactions between O-

termination and the increasing number of Li atoms lead to charge transfer and directly alter the optical excitations, resulting in the color
change from dark green to blue.



