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Abstract

We report on the thermal stability of multilayered V2.CTx MXene under different atmospheres by
combining in situ Raman Spectroscopy with ex situ X-ray Diffraction (XRD), X-ray Photoelectron
Spectroscopy (XPS), and Scanning Electron Microscopy (SEM) in order to elucidate and monitor
molecular, electronic, and structural changes of both the surface and bulk of the V2CTx MXene
which has recently received much attention. The MXene samples were heated up to 600 °C under
inert (N2), oxidative (COz2, air), and reductive (H2) environments with similar conditions. In situ
Raman showed that the V=0 vibration for two-dimensional vanadia is preserved up to 600 °C
under N2, while its intensity reduces under H2. When heated above 300 °C under either CO: or air,
V2CTx slightly oxidizes or transform into V20s, respectively. Furthermore, SEM revealed the
persistence of an accordion-like layered structure for the MXene under N2 and Hz, while under
CO2 and air the layered structure collapses and form VO: (V*) and V20s (V°*) crystals,
respectively. XPS reveals that, regardless of the gas, surface V species oxidize above 300 °C
during the dehydration process. Finally, we demonstrated that the partial dehydration of V2CTx
results in the partial oxidation of the material, and the total dehydration is achieved once 700 °C is
reached. We believe that our methodology is a unique alternative to tune the dehydration,

oxidation, and properties of V2CTx, which allows for the expansion of MXenes’ applications.
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1. Introduction

Since their discovery in 2011,! two-dimensional (2D) metal carbides and nitrides (MXenes)
have been extensively studied for various applications.>* Additionally, we envision to expand the
application’s portfolio of V2CTx, especially at high temperature, to areas such as heterogeneous
catalysis and/or sensors. In order to do so, new insights on the thermal structure-stability
relationships of MXenes are necessary, especially bearing in mind that within the same material,
both the chemical and structural properties of the surface and bulk are typically different.
Therefore, the utilization of surface/bulk sensitive techniques, especially those allowing in situ
studies, are highly desired to meticulously study the physicochemical properties of V2CTx, and the
expanding family of MXene materials in general. The formula for MXenes is Mn+1XnTx, where M
is an early transition metal, X is carbon and/or nitrogen, T indicates various surface terminations,
n=1, 2 or 3, and x is the number of surface groups per unit formula.> To date, about 20 different
MXenes have been synthetized, and many others have been predicted theoretically.> 3 The
physiochemical properties of these materials primarily depend on their composition and surface
terminations (such as F, OH, and/or O), which can be controlled to produce materials with unique
properties for specific applications.>® MXenes are produced through selective etching of MAX
phases, a family of hexagonal layered ternary carbides and nitrides (with a general formula of
Mi+1AXn).> The synthesis process allows the selective removal of A layered elements (group 13 or
14 elements, i.e. Al) from the structure of MAX phases (i.e. V2AIC) and the formation of 2D
MXenes.’

2D MXenes have shown unique electronic, mechanical, and optical properties® that render
them as promising materials for applications such as gas sensors,’ ' water purification,!' energy
storage,'?1 biosensors,'® hydrogen and oxygen evolution,® 7 !7- 18 and catalysis.> 1°22 Particularly
V2CTx MXene has recently received considerable attention for charge storage applications in
lithium-ion and multivalent-ion batteries.?*,?%!4 Up to now, the combination of ex sifu Raman, X-
ray diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), and Scanning Electron
Microscopy (SEM) have been extensively used to characterize the molecular and bulk (crystalline)
structure of MXenes, primarily for TisC2Tx.!»> 7> 8 12.17. 2433 [y addition, a few in situ studies have
also been performed using XRD** and Raman spectroscopy® to study the structure TizCaTx.
Similarly, V2CTx has been characterized mainly using ex situ XRD, XPS, and SEM,> 14.36-3% and
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more recently, Champagne et al*’ evaluated computationally and experimentally the Raman

spectra of V2CTx under ambient conditions.

To the best of our knowledge, in situ characterization of the surface and bulk structure of
V2CTx, has not yet been performed before, especially under different environments and at
temperatures above 25 °C. Therefore, we understand that there are still important insights on the
structure-activity-stability relationships of V2CTx and MXenes in general to be discovered,
discussed, and clarified. As it has been stated in previous studies related to MXenes,> 24 25 28, 41
their structural stability depend on the chemical environment and the experimental conditions.?
For instance, ex situ XRD shows that the Ti3C2Tx structure is stable at 800-1200 °C under argon
24,25, 28,42 glthough, as suggested by Anasori et al.,? this still needs to be confirmed by in situ XRD
or Raman spectroscopy. In a different study conducted by Zhang et al.,*! ex situ Raman and XRD
indicate that Nb2CTx oxidizes at 800 °C under COa. Nevertheless, a fundamental relationship
between the surface and bulk structure with the reactivity of MXenes in operation and under real

conditions (in situ) still needs to be studied in order to design and prepare MXenes with tunable

properties for high temperature applications, such as thermo-catalysis.

Herein, we report on the chemical and thermal stability of V2CTxup to 600 °C using in situ
Raman spectroscopy, together with ex sitzu XPS, XRD, and SEM to monitor changes in the surface
and the bulk physicochemical properties under different environments (N2, Air, CO2, and Hz2). By
combining ex situ and in situ studies, we demonstrate that the surface transforms differently as
compared to the bulk structure as a function of temperature and environment. We primarily
concentrate our study on V2CTx to identify i) the molecular structure of surface species, due to
anticipated thermo-catalytic applications of this material, ii) the structural changes during the
dehydration process, and iii) the optimal conditions where the layered structure is preserved. We
aim to foster both V2CTx and MXenes in general as potential thermo-catalysts, beyond their
already proved electro-catalytic applications. Recently, the water gas shift (WGS) reaction at 300
°C and the dehydrogenation of ethylbenzene at 550 °C were experimentally evaluated using
Nb2CTx and TizC2Tx MXenes, respectively.?>*3 These reported thermo-catalytic applications
validate the importance of our study on establishing qualitative, and soon also quantitative,**

structure-reactivity relationships for MXenes.
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2. Experimental Section
MAX Phase and MXene Synthesis.

Briefly, V2AIC MAX phase was treated with 48-50% concentrated hydrofluoric acid (ACS
grade, BDH) in a ratio of 1g powder to 20 mL etchant for 92 h at room temperature while being
stirred with a Teflon-coated magnetic bar at 200 rpm. For more details, the detailed procedure can
be found elsewhere.}* The etched powder was then washed several times using DI water and
centrifuged at 3500 rpm for about 5 minutes until the pH of the supernatant was higher than four.
The first supernatant after the initial washing step had a green color, indicating dissolvation of
vanadium in HF and over-etching of MXene multilayered powders. The MXene powder was then
filtered using a Celgard porous membrane, rinsed with DI water and absolute ethanol, collected,
and dried under vacuum for 24 h. V2AIC MAX phase powder with average particle size of less
than 32 micron was prepared by mixing elemental powders and high temperature sintering

according to previous reports.*
Materials Characterization Techniques.

The structure of the synthesized MXene powder was characterized using a Bruker X-ray
diffractometer with 40 kV and 40 mA Cu Ka radiation in using 0.2 sec/step. Around 20 mg of
sample was loaded in the small cavity of the sample holder and pressed using a glass slide. Cross

section morphologies were obtained using JEOL JSM-7000F scanning electron microscope.

Raman spectroscopy studies were performed using a Renishaw InVia Qontor Raman
Spectrometer equipped with 785, 532, and 405 nm solid-state lasers, 5, 20, 50, and 100x objectives,
and a MS 20 Encoded Stage. /n situ Raman studies were performed by coupling a Linkam CCR-
1000 cell to the Raman microscope. The LiveTrack feature of the Qontor version of the InVia
Raman Microscope was used to maintain the sample in focus and, therefore, more accurately
correlate changes in the intensity of the Raman signals with specific chemical reactions as a
function of time. For in situ Raman studies, the samples were treated under inert, reducing, and
oxidizing atmospheres using UHP gases in all cases. The various gases were introduced into the
Linkam cell at gas hourly space velocity (GHSV) of 36,000 mL gm'hr-!. All measurements were
taken with the 405 nm laser, 2400 L mm-' grating, 50x long-distance objective, and, using 40
seconds of exposure time, 50% of power, and 40 accumulations. The behavior of the material under

various atmospheres at different temperatures was recorded between 25 to 600 °C at a heating rate
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of 10 °C min™!. The accumulation of Raman spectra was obtained under isothermal conditions. For
the dehydration measurements, gases coming out of the Linkam cell were analyzed using a MKS

Cirrus2 Mass Spectrometer.

XPS data was collected by AXIS Ultra DLD (delay lines detector) X-ray photoelectron
spectrometer (XPS) from Kratos Analytical Ltd. The end station consisted of a fast entry load lock,
sample treatment chamber (STC), and a sample analysis chamber (SAC). Treated MXene samples
were analyzed in SAC under 10 Torr. A monochromatic Al Ka X-ray source was used as the
photon source. High-resolution spectra were obtained for Cls, Ols and V2p using a passing energy
of 20 eV. The binding energy shifts due to surface charging were corrected using the Cls level at

284.6 eV. Core level peaks of Ols were deconvoluted by using Gaussian-Lorenzian (20%) peaks.

3. Results and Discussions

In order to circumvent batch effects, about 2.5 grams of the same sample from the same
batch was used for this study. Batch effects were considered very important for the present study
because during the preparation of V2CTx. We noticed that a certain amount of residual carbon
impurities are also formed along with the MXene phase due to the over etching of the transition
metals. As known, such surface carbonaceous deposits influence the material’s thermal and
chemical properties to a certain extent, and therefore we decided to use the same batch of MXene
material for this study. Moreover, residual carbon complicates the Raman characterization of the
VOx species within the MXene, which is also one of the goals of this study. This is due to the
stronger Raman scattering of carbon (D and G Raman peaks at 1351 and 1592 cm’!, respectively).

A series of Raman spectra from various batches is shown in the Supporting Information. (Fig. S1)
3.1 As prepared V2CTx before test

The transformation of the V2AIC MAX phase into the V2CTx MXene phase is confirmed
by various techniques as shown in Fig. 1. The XRD spectra depicted in Fig. 1a shows a peak
around 20 of 8.58° which is assigned to the (0002) plane of V2CTx MXene.> > 14 32 36-39
Importantly, the position of this peak tends to slightly shift depending on the amount of confined
water that intercalates in between the MXene layers,?? which in turn may change with varying the

synthesis conditions. The small peaks around 26 of 13.5° and 41.5° indicate the presence of a small
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Figure 1. Ex situ (a) XRD pattern of V,CTx MXene, asterisk (*) denotes unreacted MAX phase (b) SEM imag:
of VoCTx MXene. (c) In situ Raman spectra (405 nm) for as prepared V.CTx MXene and V,AIC MAX phase,
and (d) ex situ XPS spectra of VV2p region for bare V,CTx MXene

amount of unreacted crystalline V2AIC MAX phase (JCPDS No. 29-0101), consistent with

previous reports.” This small amount of unreacted MAX phase appears in almost all MXenes
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synthesized by HF etching and since it has a more ordered structures compared to the produced
MXene, their XRD peaks are relatively sharp.> ?* Nevertheless, during our SEM studies almost no
MAX particles (similar to before treatment powders) were observed. This indicates that first, the
amount of the unreacted particles is very low, and second, the observed sharp XRD peaks most
probably originate from partially etched MXene particles which still contain Al. In addition, SEM
shows the formation of the typical accordion-like multilayered MXenes structure of V2CTx (Fig.

1b). The SEM image of V2AIC MAX is shown in the Supporting Information. (Fig. S2a)

After confirming the successful synthesis of V2CTx MXenes, in situ Raman studies were
performed to gain information about the molecular structure of the surface species. Fig. 1¢ shows
the Raman spectra for the V2AIC MAX phase and V2CTx MXene. The sharp Raman vibrations
observed in the V2AIC MAX phase transform into broader peaks when it is converted into V2CTx
MXene. Champagne et al suggest that this might happen due to the large interlayer spacing in the
MXene phase.*? The V2AIC MAX exhibits characteristic Raman peaks at 158, 239, 258, and 360
cm! 40-45.46 The Raman vibration at 158 and 239 cm™! (Ezg) represent in-plane vibration of V and
Al atoms, while the vibrations at 258 cm™ (E1g) and 360 cm! (A1g) corresponds to the in-plane and
out-of-plane vibration of V atoms.*® On the other hand, V2CTx exhibits Raman peaks at 379, 495,
and 630 cm' which are close to those vibrations calculated elsewhere.?’ We attribute the Raman
vibration around 379 ¢cm™! to A1 (out of plane vibrations of V atoms) mode of V2C systems, while
the Raman vibrations around 495 cm™ to E; (in plane vibrations of V atoms) mode of V2C (OH) 2
species. 4047 The presence of Raman peak in between 400 and 550 cm™ is indicative of terminated
V2CTx systems and the peak around 630 cm™! correspond to the presence of mixed heterogeneous
terminal functionalities (O, F, OH).** We performed our Raman study up to longer Raman shift
(3000 cm™) and, therefore, we observed additional peaks. We assign the Raman peak at 800 cm!
to V2C MXene with terminal functionalities (F, OH), which typically appear below 750 cm™ for
V2C MXene without fluorine and/or hydroxyl terminations.’ This shift has also been reported for
other MXenes.*

In addition, we observed a Raman peak at 1040 cm™! attributed to the vanadyl (V=0)
stretching for two-dimensional surface VOx species.**-32 This Raman V=0 vibration corroborates
for the first time the two-dimensional nature of VOx species within the material (typically verified
by XRD and SEM). On the other hand, the Raman signals at 1351 and 1592 cm! are assigned to

amorphous (D band) and graphitic (G band) carbon, respectively.?* 33 3* These carbon signals
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appear due to the over etching of some MXene particles which leads to formation of carbon. It
should be noted that previous studies on complete etching of aluminum atoms from MAX phases

also show the formation of a mostly amorphous carbon with some graphitic regions.>

The XPS spectrum for V2p is shown in Fig. 1d. Deconvolution of the V2p region shows
the presence of vanadium as V?*(~513.3 eV ) and V*" (~516.3 eV), as reported in previous
studies.!* The peak at ~513.3 eV (V?") shows the presence of unreacted V2AIC MAX phase and
also the contribution from the V-C peak overlap at the same binding energy (~513.3 eV). Therefore
the peak is more pronounced considering the strong metal carbide interaction. The peak around
~516.3 eV (V#)is attributed to the existence of a monolayer of vanadium oxide on the surface of
vanadium carbide, 4?3 which corroborates the above-mentioned XRD and Raman results. The XPS
spectra for Cls and Ols can be found in the Supporting Information, Fig. S3. The C 1s region
shows the presence of V-C (~282.2 eV), C-C (~284.8 eV), C-OH (~285.9 eV), and C=0 (~288.3
eV), while the O 1s region shows the presence of VOx (~530 eV), C-V-Ox (~531.2 V), C-V-(OH)
x (=532 eV) and H20ads (~532.2 eV), which we will use for discussion of the V2CTx MXenes
material when subjected to different chemical atmospheres. The C-V-Ox (~531.2 eV), C-V-(OH) x
(~532 eV) and H20ads (~532.2 eV) species comprises majority fraction (~75%) in the O 1s region.
The remaining is in the form of mixed vanadium oxide (VOx) species, which is primarily resulting
from surface oxidation. The surface organic contaminants (OR) of COO and C-O contribute in this

region, thus overlapping and obscuring other peaks. 3

3.2 Nitrogen treated V2CTx MXene

To determine the thermal stability of V2CTx, we exposed it to nitrogen up to 600 °C. As shown in
Fig. 2a, the intensity of the Raman signals at 800 (carbide phase) and 1040 cm (2D V=0) present
in the as prepared material remain constant as a function of temperature, proving the thermal
stability of V2CTx. However, the surface of the material slightly oxidizes at 600 °C as evidenced
by the Raman vibration at 450 cm Xie et al computationally calculated the activation barriers for
dehydration of MXenes and explored the effect of drying temperature on the surface structure.®’
The dehydration follows the Reaction 1, which evidences the change in the surface of MXenes

during the dehydration process: °’

Mn+1Xn(OH) 2 — Mn+1XnO + H20 1)

Page 8 of 23



Page 9 of 23 Nanoscale

d b #VO, * VO, *V,AIC

002) .
5 5(c-LP)=6.013 A

1592

1351
'600°

é

L
g

00°

L

Vs

50

300 600 900 1200 1500 1800 5 10 15 20 25 30 35 40 45 50
Raman Shift cm! 20 (%)

@]

9]

9

526 524 522 520 518 516 514 512
Binding Energy (eV)

Figure 2. N2-treated V,CTx MXene at 600°C, (a) In situ Raman spectra (405 nm), ex situ (b) XRD diffractogram, (c
XPS spectra of V2p region, and (d) SEM micrograph

Importantly, we don’t find a consensus on the reliable assignment for the Raman vibrations for
V2C with different terminations (F, OH, O). %47 Thus, we ascribe the Raman vibration 450 cm
to the formation of V2COx species resulting from dehydration of V2CTx at high temperature
(Reaction 1). The decrease in the intensity of Raman peaks at 1351 (sp® amorphous carbon) and

9
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1592 cm! (sp? graphitic carbon) above 500 °C, indicates the gasification of the residual carbon (C
+ H20 — CO + H) formed due to over etching of V2CTx as a product of its reaction with structural

water.

In addition, XRD shows a comparison of the as prepared and Na-treated V2CTx at 600 °C
(Fig. 2b). We attributed the shift of the MXene (0002) peak from 8.58 °to 12.13 ° due to a decrease
in the ¢c-LP as a result of the removal of water trapped in-between the layers (dehydration). The
formation of small diffraction peaks characteristic for VO2 (V#') crystals, confirms the slight

peripheral oxidation of material during the dehydration process.

XPS analysis of the V2p region (Fig. 2¢) reveals the presence of V°* (~517 e¢V) and V3*
(~515.6 €V) along with V> (~513.3 ¢V) and V** (516.3 eV) which were present in the as prepared
material, indicating the oxidation of some V?* and V#* species to V3*and V>* species. The presence
of V3" species on the outermost layer(s) after the N2-treatment up to 600 °C, is due to the above-
mentioned slight oxidation of the surface vanadium species. The comparison of N2-treated and the
as prepared V2CTyx, using the Cls and Ols XPS spectra, is shown in the Supporting Information,
(Fig. S4). The Cls XPS spectrum shows the presence of the V-C (~282.2 eV), C-C (~284.8 eV),
C-OH (~285.9 eV), and C=0 (~288.3 eV), with a slight decrease in V-C peak. While the Ols
spectrum shows the increase in C-V-Ox (~531.2 eV) and C-V-(OH) x (~532 eV) peak intensity,
signaling the miniscule oxidation of the V2CTx MXene surface. Finally, SEM-micrograph
evidences the persistence of the layered structure of V2CTx after the Na-treatment at 600 °C (Fig.
2d). In summary, the bulk structure of V2CTx is stable under nitrogen up to 600 °C, while the

surface slightly oxides by reacting with the trapped water during the dehydration process.

3.3 Carbon dioxide treated V2CTx MXene

Fig. 3 shows the surface and bulk transformation of V2CTx MXene under COz2 at 600 °C.
In situ Raman spectroscopy (Fig. 3a) reveals that as opposed to its behavior under the nitrogen
atmosphere, V2CTx oxidizes above 300 °C under this mild oxidant gas. First, additional Raman
peaks appear at 235 and 332 cm’!, which are assigned to VOx species, particularly peak around
235 cm! corresponds to lattice motion involving V-V bonds while around 332 ¢cm™! corresponds
to vibrational motion of V-O bonds. 3%-¢! Second, the Raman peak at 800 cm™! ascribed to vanadium

carbide species decreases at temperatures above 400 °C, which does not happen under nitrogen.

10
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This indicates that CO2 is responsible for this slight oxidation, instead of trapped water. XRD of
the COz-treated V2CTx shows the disappearance of the MXenes peak observed in the as prepared
material around 260 of 8.58° and the advent of new peak around 20 of 17.01° (Fig. 3b). These peaks

are assigned to a formation of VOx species.®> 03

a b #VO, « VO, *V,AIC

*

CO, treated V,CT,

g

(0002)

300 600 900 1200 1500 1800 5 10 15 20 25 30 35 40 45 50
Raman Shift cm-!

526 524 522 520 518 516 514 512
Binding Energy (eV)

Figure 3. COy-treated V2,CTx MXene at 600°C, (a) In situ Raman spectra (405 nm), ex situ (b) XRD diffractogram, (c
XPS spectra of V2p region, and (d) SEM micrograph
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The diffractograms corroborate the slight oxidation of V2CTx observed during the in sifu Raman

study (Figure 3a).

XPS analysis of the V2p region (Fig. 3¢) reveals the presence of V°* (~518 e¢V) and V3*
(~515.6 V), along with V#* and V?* that are originally present in the as prepared material. This
validates the slight surface oxidation of the material due to the presence of CO2. However,
comparing the above-described in situ Raman and ex situ XRD results, the V2CTx surface oxidizes
differently to its bulk. The oxidation of the surface is also proven by the decrease in relative
intensity in the XPS spectra of the V-C signal at 282.6 eV and the increase in the VOx (~530 eV),
C-V-Ox (~531.2 eV) signals in the Ols region (Supporting Information Fig. S5). Finally, SEM
studies reveal the formation of homogeneously distributed oxide nanocrystals on the MXene’s
surface after COz-treatment at 600 °C (Fig. 3d). The mild oxidation of the surface and bulk
structure of V2CTx may favor its electrochemical properties as has already been reported for CO2-
treated Nb2CTx MXenes.*! In addition, SEM reveals the collapse of the layered structure of V2CTx,
supporting our XRD results.

3.4 Air treated V2CTx MXene

Fig. 4 shows the data for V2CTx MXene after air-treatment up to 600 °C. In situ Raman
(Fig. 4a) shows the oxidation of V2CTx into bulk V20s around 400 °C as evidenced by i) the
characteristic V205 peaks at 294, 480, 520, and 696 cm™ 3% 363739 jj) the shift of the 1040 cm!
peak assigned to the stretching of two-dimensional vanadyl (V=0) species !¢ t0 995 cm™!, which
now corresponds to the stretching of V=0 for bulk V20s particles (supporting information Fig.
S6)% ¢ and the disappearance of the peaks at 800, 1351, and 1592 cm™! assigned to the vanadium

carbide phase, amorphous sp* carbon, and graphitic sp? carbon respectively. 40-43

Additionally, the emergence of sharp XRD peaks around 20 of 15.4°, 20.3°,21.75°, 26.17°,
31.0°, 32.4°, 33.36°, 34.32°, 41.32°, and 42.0° (JCPDS No. 41-1426) reveals the oxidation of
V2CTx into V20s (Fig. 4b). This severe oxidation further leads to the destruction of the layered
MXene’s structure as shown by the absence of the XRD peak at 20 of 8.58°. The remaining MAX
phase within the MXene material also oxidizes as evidenced by the disappearance of the XRD
peak at 20 of 13.5° while the peak at 41.5°remarkably decreases. For clarification, the XRD spectra
of oxidized V2CTx MXenes and bulk V20s can be found in the Supporting Information (Fig. S7).
XPS analysis of the V2p region (Fig. 4¢c) shows a completely oxidized V2CTx surface. Vanadium

12
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is present primarily as V3* (~517 eV), resulting from the oxidation of V?* (513.3 ¢V) and V#
(516.3 V) present in the as prepared material (Figure 1b). Additionally, the XPS spectra for Cls
and the Ols (Supporting Information, Fig. S8) show the disappearance of the V-C peak (~282.6

eV) and the increase in the VOx species (~530 eV), respectively.

a b *V,0; * V,AIC
284 516 995 . Air treated
h 498, 700 . ver
AN L‘IO40 1351 1592
TTTT800°C
\_,A/Jk 500°C
@- o *
U waJk 400°C S18.58° ¢ LP=2059A
o =
W/\‘{/J 00°C ) V,CT, before test
W 5°C E e g L
300 600 900 1200 1500 1800 5 10 15 20 25 30 35 40 45
Raman Shift cm-! 26 (%)
C
| -
V5*

526 524 522 520 518 516 514 512
Binding Energy (eV)

Figure 4. Air-treated V,CTyx MXene at 600°C, (a) In situ Raman spectra (405 nm), ex situ (b) XRD diffractogram, (c) XPS
spectra of VV2p region, and (d) SEM micrograph
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Complimentary, SEM was performed to further investigate the structure of the air-treated
V2CTx MXene at high temperature. The micrograph shows the complete destruction of the layered
MXenes structure and the formation of oxide crystals (Fig. 4d). These crystals are similar in
appearance when compared to the bulk V205.%7 Thus, the SEM study further substantiate the
Raman, XRD, and XPS results discussed above. Similar results was reported for Ti3C2Tx MXene

and a mechanism for its oxidation as a function of temperature was suggested.?*

3.5 Hydrogen treated V:2CTx MXene

As shown in Fig. 5a, the decrease in the Raman peaks at 379 and 495 cm'! attributed to
Aig (out of plane vibrations of V atoms) mode of V2C systems and Eg (in plane vibrations of V
atoms) mode of V2C (OH) 2 species *>47 and in the peak at 1040 cm™! attributed to the stretching
of two-dimensional surface vanadyl®> % indicates that reduction of surface vanadium oxide species
occurs in the Ha-treated V2CTx . Interestingly, the vanadyl Raman peak at 1040 cm™ does not
reduce fully, even after 7 hours under reduction, as has been reported for supported two-
dimensional vanadium oxide.%® ® For clarification, in situ Raman spectra highlighting the

reduction of the vanadyl group is depicted in the Supporting Information (Fig. S9).

The Raman peak at 1592 cm™! assigned to the G carbon band increases as a function of temperature
under hydrogen atmosphere (Supporting Information Fig. S10). The rise in intensity of G band
can be attributed to the loss of surface terminal groups, mainly O and F, from the surface of V2CTx
exposing the carbon. Similar observations were reported for Ti2CTx and Nb2CTx MXenes when

they were treated under hydrogen environment.?% 26

As shown by XRD (Fig. 5b), the MXene peak (0002) for V2CTyx is no longer observed after
reducing the material up to 600 °C. This can be attributed to the removal of water molecules, thus
reducing the d-spacing and resulting in the disappearance of MXene peak as the orientation needed
for the Bragg’s diffraction cannot be formed. Insights on the chemical composition of the surface
of the Ha-treated V2CTx at 600 °C were gained using XPS (Fig. 5C). Deconvolution of the V2p
region of the XPS spectra shows the presence of V2* (~513.3 eV), V3* (~515.8 eV), and V#*

14
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(~516.3 eV), primarily evincing the reduction of the MXene under high temperature hydrogen

environment.
d b #VO, VO, *VLAIC
279 495 H, treated V,CT,
; # * e ® L)
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Figure 5. Hydrogen-treated V,CTx MXene at 600°C, (a) In situ Raman spectra (405 nm), ex situ (b) XRD
diffractogram, (c) XPS spectra of V2p region, and (d) SEM micrograph

The Cl1s region still shows the persistence of pronounced V-C (~282.2 eV) peak, thereby

indicating the presence of strong metal carbide interaction at the surface (Supporting Information,
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Fig. S11). Finally, the SEM micrograph (Fig. Sd) reveals the presence of a layered morphology,
but with a different structure. Based on the analysis conducted it can be corroborated that the
MXene peak (0002) is no longer observed but the layered structure is maintained to a certain
degree. The loss of the MXene peak (0002) and difference in the structure is primarily due to the
removal of water molecules. Importantly, even after the loss of the MXene peak (0002) layered

structure remains to a certain extent after reducing the V2CTx for about 7 hours up to 600 °C.

In summary, our data shows that the first chemical and structural transformation of the
material from raising the temperature occurs due to the release of the water trapped within the
V2CTx structure. In situ Raman reveals that this dehydration process initiates the partial oxidation
of the surface and decreases the distance between the MXene layers above 400 °C. Furthermore,
we reveal more insights on the dehydration process of V2CTx as shown in Fig. 6. It is important
to elucidate and understand how water is confined within the MXene material to choose the
optimal conditions for dehydration. Multilayered M Xenes retain significant amount of water from
the existence of hydroxyl groups on the surface and the void volume formed due to the presence

of weak hydrogen bonds and van der Waals forces.” 7!

a b 1000
350°C
250°C
400°C H20 800
700°C -~
200°C 450°C e OQ)
600 @
=
100°C 8
a
400 ¢
()]
150°C "
200

3000 6000 9000 12000 15000 18000 0 2000 4000 6000 8000 1000012000
Time (s) Time (s)

Figure 6. Dehydration of V,CTx MXene in (a) 50 °C increments per step up to 700 °C (b) and continuous heating @
10 °C mint up to 900 °C

The water adsorbed/trapped between the layers influences the properties of MXenes as it

does in other 2D materials such as graphene.”! When the material is heated up in steps-mode under
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nitrogen (Fig. 6a), water is released as “packets”, suggesting that either the water is confined in
different compartments within the layered structure or interacting differently with the MXene
surface. We hypothesize that the water released up to 150 °C (Fig. 6a) represents the adsorbed
water on the external surface, while the water trapped in-between the layers starts to desorb above

200 °C.

The water-solid interaction gets stronger, primarily due to the presence of nanoconfined
water,”? therefore more energy is needed to desorb. Most of the water present in V2CTx is desorbed
once reaching 500 °C (Fig. 6a), however the total dehydration is achieved at about 700 °C, as also
shown in Fig. 6b. Finally, the partial dehydration of V2CTx results in the partial oxidation of the
material. Thus, the utilization of V2CTx at temperatures between 500 to 700 °C, despite
maintaining the multilayered structure, will inevitably lead to the partial oxidation of the material.
We believe that our methodology is a unique alternative to tune the dehydration, oxidation, and

properties of V2CTx, which allows for the expansion of MXenes’ applications.

4. Conclusions

In this contribution, we provide new insights on the chemical and thermal stability of
multilayered V2CTx MXene under inert, oxidizing, and reducing environments at various
temperatures. Based on our results obtained from in sifu Raman and ex situ XRD, XPS and SEM

we listed the most relevant observations as follow:
No-treated V2CTx:

e The bulk layered structure of the V2CTx is stable up to 600 °C, although the surface of the
material suffers minor oxidation by reacting with the water intrinsically contained within

the structure of the as prepared material.

e The c-LP decreases due to the dehydration of the material, but the layered structure remains

intact.

COg-treated V2CTx:
e The material oxidizes above 300 °C, forming a mixture of VOx species.

e The bulk layered structure collapses.

17
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Air-treated V2CTx:

e The material transforms into bulk V20s with complete desertion of the characteristic

layered structure above 300 °C.

Hoa-treated V2CTx:

e The bulk layered structure is maintained to a certain degree, although the MXene peak

(0002) disappears due to removal of water molecules.
e The surface VOx species are reduced.

e Terminal functional groups (OH, O and F) gets removed above 300 °C.

Our results indicate that at higher temperatures, the trapped water within the layered
structure of the material inevitable burns the residual carbon and slightly oxidizes the V2CTx
surface (above 400 °C), no matter the environment. This limits the utilization of V2CTx for high
temperature applications especially when the carbide species, instead of oxi-carbide, are rather
needed. However, one can adjust the oxidation degree of the material by tuning the dehydration
temperature considering the fact that the water-solid interaction varies depending on the location
of the water (trapped water). In fact, we foresee that when working at lower temperatures, and
especially under reducing atmospheres, V2CTx will exhibit unprecedented thermo-catalytic
properties. Additionally, the collapse of the MXene structure and the formation of different
surface/bulk oxide and oxi-carbide species foster V2CTx and MXenes in general as a potential
precursor for new bulk V205 and/or VxOyC; (oxi-carbide) catalysts. In our on-going studies we are
using the chemical and thermal properties of V2CTx presented in this work to select the optimal
reaction conditions to perform various industrially attractive thermo-catalytic reactions. An
important challenge we identified in this study is the irreversibility of the destruction and/or
oxidation of the layered (accordion-type) structure. In order to broaden the applications of
MXenes, especially at higher temperatures and under oxidizing atmospheres, we might both
enhance the stability of these materials towards oxidation and, more importantly, we need to
develop methodologies to synthesize MAX phase and, therefore, MXene phase starting from a

collapsed/oxidized material.
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