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Abstract

Vanadium and niobium oxides have been identified as promising electrodes for
electrochemical energy storage applications as their constituent transition metals can undergo
multiple reduction steps leading to high specific capacities during cycling. MXenes are
attractive precursors for these compounds due to their tunable compositions and 2D nanoscale
morphology. Herein, we demonstrate the synthesis of a wide range of solid-solution (Nb, V>.
y)AIC MAX phases, their chemical etching to produce (Nb,V.,)CT: MXenes, and the
subsequent oxidation of MXenes to form respective oxides. We show that formation of solid
solutions facilitated the etching kinetics of MAX phase powder and accelerated MXene
formation compared to pure vanadium and niobium carbides. Oxidation of V>CT, and Nb>CTx
produced bilayered vanadium oxide (BVO) with a crumpled nanosheet morphology and
nanostructured amorphous Nb>Os (nANO) nanospheres, respectively. For oxides derived from
the solid-solution MXenes, SEM imaging revealed the growth of nANO on the surface of BVO
nanosheets. Electrochemical cycling of (Nb,V2,)CT,-derived oxides in Li-ion cells revealed
varying intercalation-like behavior with electrode derived from V2CT, showing redox processes
and nANO exhibiting pseudocapacitive response. The CV curves of solid-solution MXene-
derived oxides demonstrated primarily BVO/nANO composite-like behavior, with key
exceptions. The cells containing Nbo2s5V1.75CTx-derived oxide showed a large capacity of 296.8
mAh-g’! driven by significant electrochemical activity at all potentials along the sweep possibly

stemming from niobium doping into BVO structure. The NbiooVi.00CTr-derived oxide



electrode delivered specific capacity of 297.8 mAh-g™! with contributions from both BVO and
nANO phases. The improved electrochemical stability of (Nbi.ooVi1.00)CTx-derived oxide
electrodes compared to an electrode prepared by physically mixing Nb,CT,-derived oxide with
V2CTi-derived oxide with the same Nb:V molar ratio was attributed to the stabilizing effect of
BVO/nANO heterointerface. Our work indicates that the use of solid-solution MXenes as
precursors is an attractive strategy to synthesize oxides with compositions, morphologies and

properties that cannot be produced otherwise.



1. Introduction

Nanomaterials show promise for enabling advanced energy storage devices.!
Nanostructured materials open a pathway to increase the electrode/electrolyte contact area and
reduce diffusion distances, leading to enhanced specific capacities and improved rate
capabilities for faster battery operation. Despite limitations, such as parasitic reactions caused
by high surface area and overall scalability, nanostructured materials can provide improved
transport of ions and electrons required for high-power energy storage devices.! The developed
methods for preparing nanomaterials pave a way for achieving improved electrochemical
performance.? Creative synthesis approaches utilizing non-traditional precursors can lead to
products with superior properties.> *

Layered oxides of transition metals in high oxidation states, such as niobium and
vanadium, have been explored for lithium-ion battery electrodes as they can reversibly undergo
multiple reduction steps by intercalation of multiple Li" ions in a single unit cell, leading to
high charge storage capacities.” Specifically, bilayered vanadium oxide (BVO or §-
V205-nH>0°) has attracted attention as a versatile high-capacity cathode material for Li-ion and
beyond Li-ion energy storage systems.’” The high capacity of BVO (~200 mAh-g" in the
potential window of 2.0 — 4.0 V vs Li/Li") is enabled by V°* in its structure enabling multi-
electron redox processes, expanded interlayer region stabilized by water pillaring, and synthetic
diversity with various ionic intercalants.'®!* On the other hand, nanostructured amorphous
niobium pentoxide (nANO), Nb2Os, functions as an anode material featuring pronounced
pseudocapacitive behavior, resulting in high Li" ion storage capacity (~200 mAh-g"! in the
potential window of 1.0 — 3.0 V vs. Li/Li") with high-rate capability.'*"!” Similar to BVO,
nANO can be synthesized with energetically efficient sol-gel chemistries, which is vital for
increasing the production of these types of metastable phases.'* '® However, this synthesis can
be modified with the use of precursor materials that promote the formation of unique
morphologies and chemistries.> *

MXenes are an emergent class of two-dimensional (2D) transition metal carbides,
nitrides, and carbonitrides with the general formula Mn+1 X, T, where M is an early transition
metal (Nb, V, Ti, etc.) X is C and/or N, T, represents the surface functional groups (O, OH, F,
etc.), and n = 1-4.12! Multiple transition metals can occupy M sites, leading to solid-solution
MXenes with enhanced functionality. By introducing multiple transition metals at the MAX
phase synthesis step, solid-solution MXenes can be produced by subsequent etching of these
parent ceramic MAX phases.?>?* These solid-solution chemistries can be leveraged when using

MXenes as precursors for oxide synthesis. MXenes have been previously shown to form
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transition metal oxides through hydrolysis in the presence of water.?® Other oxidizing agents
can be used to facilitate the transformation of MXenes into oxides.?” In particular, hydrogen
peroxide has been used to dissolve and oxidize multilayer V.CT, MXene powder in the
presence of chlorides of alkali (Li*, Na", K) and alkaline-earth (Mg?*, Ca*") metal ions;
subsequent hydrothermal treatment of the resulting mixture produced chemically
preintercalated BVOs.* The V2CTi-derived §-MxV20s-nH,O (M = Li*, Na*, K*, Mg**, Ca?")
exhibited a 2D petal-like morphology coalesced into particles with nanoflower shapes; BVOs
derived from vanadium salts or orthorhombic a-V>0s typically form 1D nanorods or
nanobelts.?® 2° The MXene-derived BVOs with nanoflower morphologies showed enhanced
electrochemical stability in Li-ion cells as compared to the 1D BVOs derived from other
precursors.*

Implementation of solid-solution MXenes as precursors offers a pathway to further
enrich the chemical composition of MXene-derived oxides and ability to synthesize novel
materials.'”” The multiple transition metals in solid-solution MXenes present an interesting
approach to obtain materials with mixed phases or doping of one metal into another parent
oxide structure.’*3? Additionally, the 2D morphology of MXenes can lead to stabilization of
2D morphologies of oxide phases.*® Solid-solution MXene-derived oxides are particularly
relevant for battery materials, as they can provide more versatile structural and electrochemical
properties. Husmann et al. synthesized a series of (Ti,Nb)CTy MXenes that were thermally
annealed at 900 °C, producing TiO> and TizNb1002.>° The MXene-derived TizNbi19O29 is a
layered oxide shown to retain its morphology from the precursor MXene and contains carbon
from the incomplete oxidation process, which improved its conductivity, leading to better rate
performance.®® Liu et al. explored the transformation of TiNbC into niobium-doped TiO».*!
Cycling in Li-ion half cells showed that the TiO2 on MXene treated at 500 °C delivered the best
rate and cycle life performance, as well as the smallest charge-transfer resistance.*! This finding
was explained by the contribution of surface charge transfer in capacitive charge storage. Yu et
al. used V3CrCsTy as a precursor to synthesize a Cr-substituted Naz;V2(PO4); and then
investigated it as a cathode in Na-ion batteries.*? The substitution of Cr changed the Na* charge
storage behaviour by increasing Na™ ion diffusion during cycling. This led to improved high-
rate performance and boosted energy density of sodium vanadium phosphates.>> However, there
are no reports on the transformation of Nb-V solid-solution MXenes into oxides and their
subsequent electrochemistry. Our goal was to fill this gap in knowledge.

In this work, (Nb,V2.,)CT, solid-solution MXenes were produced by selective etching
of Nb-V solid-solution MAX phases with controlled Nb:V ratios followed by oxidation through
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a two-step process consisting of dissolution in hydrogen peroxide and recrystallization by
hydrothermal treatment at 140 °C. The (Nb,V».,)CT, MXene-derived oxides show a range of
morphologies and structures between the layered BVO derived from V>CT,, to the
nanostructured amorphous niobium oxide derived from Nb,CT,, and BVO/NnANO
nanocomposites for compositions containing both V and Nb atoms. Cycling voltammetry study
of the (Nb,V2.,)CTi-derived oxide electrodes in non-aqueous Li-ion cells demonstrated that the
composition variation gradually altered their charge storage properties. The advantages of using
solid-solution MXenes as precursor for the synthesis of oxides are discussed by comparing
electrochemical cycling of (Nb1.00V1.00)CT:-derived oxide electrodes and electrodes prepared
by physically mixing Nb>CT,-derived oxide with V,CT,-derived oxide with a Nb:V molar ratio
of 1:1.

2. Materials and Methods
Synthesis of the solid-solution MAX Phases

(Nb,V2,)AIC (y =0.00, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00) MAX phases were
synthesized using aluminum powder (Al 99.5%, -325 mesh, Alfa Aesar), graphite (C 99%, -
325 mesh, Alfa Aesar), vanadium powder (V 99.5%, -325 mesh, Alfa Aesar) and niobium
powder (Nb 99.8%, -325 mesh, Alfa Aesar). The powders were mixed in the 2:1.1:0.9 (M:AlL:C)
atomic ratio, with a total mass of 50 g. Each mixture was transferred to an individual 125 mL
polypropylene jar with 100 g of yttria stabilized zirconia balls (5 mm) and ball milled at 60
RPM for 16 h.

After ball milling, the powder was passivated to avoid self-combustion by slowly
reintroducing air by gradually opening the cover (4 h process). The milled powder mixtures
were then transferred to alumina crucibles for pressureless sintering in a high-temperature
furnace (Carbolite Gero). The tube furnace was filled with argon and kept under a constant Ar
flow of ~200 cm?/min for 1 h before heating at 3 °C/min to 1550 °C, held for 2h, and cooled
down to room temperature at the same rate.

The obtained bricks were milled to a fine powder using a mortar and pestle and sieved
to select particles with sizes <40 um. The obtained powders were washed overnight with
concentrated hydrochloric acid (HCI, 36.5-38%, Fisher Chemical), (2 mL of acid per 1 g of
MAX phase) to remove any residual intermetallic particles, then washed several times with
sufficient DI water and dried under vacuum at room temperature. These MAX phases will be

referred to as SS-MAX phases.



Synthesis of (Nb,V2-,)CTx MXenes

The same etching procedure was used for all compositions. The etchant was a mixture
of deionized (DI) water, hydrochloric acid (HCI, 36.5-38%, Fisher Chemical), and hydrofluoric
acid (HF, 48.5-51%, Acros Organics) in a 6:12:12 volume ratio (HO:HCL:HF). 1 g of MAX
phase powder slowly added to the 30 mL of etching solution under constant stirring (400 RPM)
and kept at 35 °C for seven days.

After the etching was complete, the mixture was centrifuged at 3500 RPM for 5 minutes.
The acidic supernatant was discarded, and the precipitated MXene was resuspended in fresh
deionized water to continue washing. The washing procedure was repeated by discarding the
supernatant and refilling the centrifuge tube with DI water until the pH of the solution was
around 6. The solid was vacuum filtered to separate the multilayer MXenes, which were

vacuum dried in a desiccator at room temperature overnight.

Synthesis of solid-solution MXene-derived oxides

300 mg of dried multilayer MXene powder of each composition {(Nb,V2.,)CTx (y=0.00,
0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00)} was dispersed in 30 mL of DI water under
constant stirring of 300 RPM at room temperature. 2 mL of hydrogen peroxide (30 wt. %, Fisher
Scientific) was added, and the reacting mixture was kept stirring for 5 h. The supernatant
solution was collected, avoiding the residual precipitate left at the bottom, equally distributed
into two 23 mL Teflon liners, placed inside stainless steel autoclaves (Parr Instruments
Company), and hydrothermally treated at 140 °C for 24 h. After the hydrothermal treatment,
the product was collected by vacuum filtration and washed thoroughly with DI water. The
obtained solid-solution MXene-derived oxides (SS-MXene-dOX or (Nb,V2.,)CT:-dOX) were
dried at 105 °C overnight. A physical mixture of V2CT,-dOX and Nb2CTx-dOX with V:Nb
molar ratio of 1:1, denoted V>2CT,-dOX/NboCT,-dOX-1:1, was prepared by grinding
appropriate amounts of V>CT,-dOX and Nb,CT,-dOX in a mortar with pestle and used as a

reference electrode in electrochemical testing.

Materials Characterization

X-ray diffraction (XRD) was used to characterize the phase composition and unit cell
parameters of the synthesized materials. A Rigaku MiniFlex powder X-ray diffractometer

equipped with a Cu source with Ax.=1.54 A was used, with a step size of 0.02° (20) and a scan



speed of 0.7 °/min. d-spacing was determined using Bragg's law from the position of (002) or
(001) peaks in the XRD patterns of MXenes and BVO, respectively.

Scanning electron microscopy (SEM) images were obtained using a Zeiss Supra SOVP
scanning electron microscope, using a low-energy electron beam (~5 keV) and in-lens and SE2
detectors. The materials were covered with sputtering a thin layer (~5 nm) of platinum metal.

Raman spectroscopy analysis was performed using a Renishaw inVia Raman
spectrometer (Gloucestershire, UK) instrument. We used a 633 nm He-Ne laser with 1200
line/mm grating to obtain the MAX phase spectra and a 514 nm Ar laser with 1800 line/mm
grating to acquire the MXene and MXene-derived oxide spectra. The excitation intensity used
was 4.06 mW x50% at 633 nm and 1.47 mW x10% at 514 nm, as MAX phases are less prone
to photodecomposition. A %63 63x objective (numerical aperture (NA) = 0.7) and 120 s
acquisition time were used for MAX phase and MXene spectra tests, and a x20 objective (NA
=0.4) and 10 s acquisition time were used for MXene-derived oxide spectra tests.

Differential thermal analysis (DTA)/thermogravimetric analysis (TGA) was used to
determine MAX phase stability under air using a TA Instruments Discovery SDT 650
Simultaneous DTA/TGA analyzer. DTA/TGA curves were collected under constant air flow of

100 mL/min from room temperature to 1450 °C at a heating rate of 20 °C/min.

Electrode fabrication and electrochemical testing

The SS-MXene-dOX powders were dried at 200 °C under vacuum following the
procedure established for hydrated oxides.>* Electrodes were made with a mixture of 70 wt.%
active mass, 20 wt.% acetylene carbon black (Alfa Aesar, 99.9+%) and 10 wt.% of
poly(vinylidene fluoride) (PVDF) (Kynar Flex, Arkema, USA) powder. Active materials
include the SS-MXene-dOX, as well as the prepared 1:1 physical mixture described above. The
slurry was prepared in a dispersion of N-methyl-2-pyrrolidone (NMP). The mixture was
homogenized using a Flacktek SpeedMixer at 3000 RPM for 30 seconds, forming a viscous
black slurry. Casting was performed using a micrometer film applicator, with controlled
thickness, over Al foil, and then the case electrode film was dried in a vacuum oven at 105 °C
overnight. The 12 mm disk electrodes were punched out of the electrode film followed by
another drying step in a vacuum oven at 105 °C overnight.

The dried electrode disks were transferred to an argon-filled glove box for the 2016-
type coin cells assembly, using a two-electrode configuration with lithium metal as the counter
and reference electrodes. The cells were assembled with two spacers, using one Celgard 3501
disk as a separator and LP40 electrolyte (Gotion, 1M LiPFs in a 1:1 vol. mixture of ethylene
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carbonate (EC)/diethyl carbonate (DEC)). All cells were cycled in a voltage window of 1.0 —
4.0 V vs. Li/Li". Cyclic voltammograms were collected at a scan rate of 0.1 mV-s! using a
BioLogic VP3 potentiostat. Galvanostatic charge/discharge cycling was performed at a current

rate of 20 mA-g™! using an Arbin Laboratory Battery Tester.

3. Results and Discussion

The synthesized MAX (Nb, V2.,)AlIC phases with controlled Nb:V ratio (y= 0.00, 0.25,
0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00) were etched to create solid solution MXenes as
precursors, which were then transformed to oxides using H>O»-initiated oxidation followed by
the hydrothermal treatment, as schematically shown in Figure 1.
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Figure 1. Schematic flowchart of the experimental synthesis procedure: from MAX, to MXene,
to oxides.

The XRD patterns of (Nb,V2.,)AIC (y = 0.00, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75,
and 2.00) MAX phase powders (Figure S1 in Supporting Information) reveal a linear change
of d-spacing, related to a shift in (002) and (110) peaks towards higher d-spacings as the
vanadium in the V,AIC is substituted with niobium, indicating that both the a- and c-lattice
parameters linearly vary with composition (Table S1 in Supporting Information). The change
in d-spacings and unit cell parameters is attributed to the larger atomic radius of niobium (145
pm) compared to the radius of vanadium (135 pm). This trend confirms the formation of
homogeneous solid-solution phases, with uniform distribution of both transition metals through
the MAX phase structure.?

The Raman spectra of the (Nb,V2.,)AIC MAX phases (Figure S2 in Supporting
Information) also show a trend in band positions as the composition changes. The Raman

spectra of the SS Nb-V MAX phases (Nb,V2.,)AIC (y = 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, and



1.75) are reported for the first time. In V>AIC spectra the peak at 155 cm™ corresponds to Eag
in-plane vibration of V and Al atoms. The peaks at 255 cm™ and 359 cm™! are caused by Eo, in-
plane and A out-of-plane vibrations of V atoms.*> The position of Nb,AIC peaks are close to
theoretical calculations reported by Lin et al.>® E,, in-plane vibration of Nb and Al atoms is
located at 146 cm™, the second Ez; mode is located at 196 cm™ and out-of-plane A1 mode is
located at 264 cm’'.

All peaks gradually upshift when moving from Nb to V in MAX phase composition.
This trend was reported before: with the addition of heavier Nb atoms, the Ay peak was
observed to downshift.?’ The shift is attributed to the difference in bond stiffness between Al-
Nb-C and AI-V-C in the MAX phase structures, as well as the mass difference between Nb and
V atoms, which affects the vibrational modes. The bands around 200 cm™ are better resolved
for the single-transition metal MAX phases (Nb2AIC and V;AIC) than for the solid-solution
compositions. As the Nb:V ratio in (Nb,V2,)AIC approached 1:1, peak attenuation and
broadening for these vibrational modes were observed. This behavior is likely related to the
random but uniform distribution of Nb and V atoms withing the MAX phase lattice, which
would result in changes to AI-Nb-C and Al-V-C bond lengths. These differences in bond length
may also give rise to interstitial defects, as Nb and V compete for crystallographic sites during
MAX phase synthesis.

The most representative (Nb,V2.,)AIC MAX phases (y = 0.00, 0.50, 1.00, 1.50, and
2.00) were selected for TGA/DTA analysis (Figure S3a in Supporting Information). MAX
phase oxidation is evidenced by both, the weight increase (associated with oxygen
incorporation in the structure) and the simultaneous exothermic process happening at ~600
°C.%7 The TGA curves (Figure S3a in Supporting Information) show that the MAX phase
mass remains stable up to ~500 °C, with a slight consistent decrease, probably due to the
adsorbed water loss. A sharp weight increase follows until the curve reaches a maximum and
forms a plateau, due to complete oxidation. The Nb-enriched compositions have lower
maximum percentage mass variations compared to the V-enriched phases after reaching the
plateau. Given that Nb2AIC is around 60% heavier than V>AIC, it is expected that the mass of
V-enriched compositions will increase more than the Nb-enriched compositions, as more
transition metal atoms are available for oxidation for the same mass of material. The maximum
mass variations follow the respective atomic proportions, with a 61% variation difference from
Nb2AIC compared to V2AIC, 37% from (Nb1.50Vo.50)AlC, 23% from (Nb1.00V1.00)AlC and 10%
from (Nbo.soV1.50)AlC. The single-transition metal MAX phases present the highest thermal
oxidation temperature (Tox), with V2AIC oxidizing at 729 °C and Nb2AIC oxidizing at 763 °C.
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There is a gradual decrease in Tox towards the 1:1 ratio composition (Figure S3b in Supporting
Information), which oxidized at 568 °C, indicating the reduction in the chemical and structural
stability of the mixed phases as compared to the pure end compositions of the solid-solution
(Nb,V2.,)AIC MAX phases (V2AIC and Nb,AIC). The thermal stability trend could be related
to the discontinuities in the MAX phase crystalline structure with the insertion of the second
transition metal, with its maximum destabilization at 1:1 V:Nb ratio, the farthest from the pure
phases.

XRD patterns of powder multilayer (Nb, V2., )CTr MXenes are shown in Figure 2a. The
d-spacing, calculated from the position of (002) peak, varies between ~10 A and ~12 A, in
agreement with the previous reports on V2CT, and NboCT..2> The shift in the (002) peak
indicates that the Al atoms were removed, confirming successful MXene synthesis.*® The d-
spacings of the MXenes are listed in Table 1. In contrast with the trend noted for the MAX
phases, the MXene (002) d-spacing did not show consistent changes correlated with the
niobium content. Rather, we observed higher (002) d-spacing values for MXenes with lower
residual MAX phase content. The d-spacing of MXenes highly depends on the completeness-
of-etch during the MAX phase etching process and water content that can vary depending on
the chemical composition. As the Nb:V ratio in (Nb,V2,,)CT, approached 1:1, the MXene XRD
patterns revealed more complete etching is-ebserved, suggesting that the solid-solution MAX
phases are less chemically stable or resistant to etching, in agreement with the TGA/DTA
analysis of the MAX phases (Figure S3 in Supporting Information). This analysis reveals a
trend in solid-solution MAX chemical and oxidative stability, and likely applies to ternary or
high-entropy MXenes. One potential explanation of this behavior is that at Nb:V ratios close to
1:1, the niobium and vanadium atoms compete for crystallographic sites during MAX phase
synthesis, which can induce structural defects that improve the etching process. However, more

extensive structural analysis is required to fully understand this mechanism.

Table 1. d-spacings of solid-solution (Nb,V2.,)CTx MXenes calculated from the position of
(002) peak in corresponding XRD patterns.

y value 0.00 | 0.25 | 0.50 | 0.75 1.00 1.25 1.50 1.75 | 2.00
d-spacing, A | 9.75 | 9.56 | 11.78 | 11.84 | 12.00 | 11.84 | 12.07 | 12.27 | 10.42

(Nb,V2,)CTx (y = 0, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2) samples were
analysed using Raman spectroscopy to observe how changes in composition affect vibrational

modes of MXenes (Figure 2b). In comparison to the Raman spectra of corresponding MAX
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phases (Figure S2 in Supporting Information), sharp peaks of the Al-related vibrations at

140-150 cm™! diminish, confirming etching success.*
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Figure 2. (a) X-ray diffraction patterns and (b) Raman spectra of (Nb,V2.,)AIC (y= 0.00, 0.25,
0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00) solid-solution MXenes. The (013) peak of the
unetched parent MAX phase is indicated in the XRD patterns.

The Raman spectra of (Nb,V2,)CT. MXenes (Figure 2b) show broader peaks
compared to the corresponding MAX phases (Figure S2 in Supporting Information), and
peaks corresponding to the Al-related vibrations (277 cm™, 421 em™, 530 cm™, and 699 cm™)
diminish, signifying successful etching and MXene formation.>® The Ey and A vibrations
giving signals in the lower frequency ranges (160-313 cm'), while heavily dependent on the
nature of M atom, include all atoms except the inactive middle carbon layer from
M, XT; structure. In the pure Vo.CT, sample, the peaks are observed at 277 cm™ (broad peak
ranging from 160 cm™ to 313 cm™), 421 cm!, 530 cm™!, and 699 cm™!, and the broadening of
the peaks could suggest that there is more than one peak upon deconvolution. The spectrum
matches the experimentally reported data and theoretical predictions, confirming that VoCTx
was synthesized.>* The broad peak around 160-313 cm! is likely a combination of E, and A1g

modes corresponding to in-plane vibration and out-of-plane vibration of transition metal atoms,
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and it changes from pure V2C spectra with the addition of Nb. The low frequency A1z mode
shifts to lower wavenumber with the increase of transition metal mass (V < Nb), which can be
observed with A, peak shifting from 277 cm! in VoCT, sample to 244 cm™ in Nb,CTy
sample.?® All the other modes depend on terminal groups and the lack of clear spectral trends
proves that they are heterogeneous/randomly distributed.>

While there are no theoretical predictions for Raman spectra of NboCTr MXene, the
spectra match the results observed before.*® The peak in the Raman spectrum of NboCT, MXene
in the 700 cm™! region has about 50% lower intensity than the corresponding peak in the Raman
spectrum of V,CT, sample. Additionally, this peak shifts to higher wavenumbers - in the
direction opposite to the shift observed for peaks below 600 cm™. The changes in this peak
positions have been attributed to differences in surface terminations.*>® The first broad peak in
the Raman spectra of MXenes enriched with Nb {(Nb.75 V0.25)CTx and Nb2CT,} is split with
the maxima at 156 and 244 cm™!, corresponding to E, and A1 modes (in-plane vibration and

).3¢ The peaks in the 400-600 cm™ range assigned to MXene

out-of-plane vibration of Nb atoms
surface terminations are present in Nb2CTx and V>CT, samples, and diminish in intensity as
MXene compositions get closer to Nb:V ratio of 1:1 {(Nbo.s50V1.50)CTx — (Nb1.00V1.00)CTy}. It
was shown before that the significant broadening of the peaks is a result of distortions of nearby
unit cells caused by different M-elements, since Raman vibrations in materials represent the
vibrations of a unit cell.*°

The (Nb,V2,)CT: MXenes were transformed into oxides by a reaction with H,O»
followed by hydrothermal treatment. The transformation process can be tracked by the change
in color of the MXene at each step (Figure 3). These colors are indicative of the oxidation state
of the transition metals as the MXenes are oxidized. After the initial dissolution of the MXene
in water in the presence of H>O», the V-enriched compositions display a variety of colors while
the Nb-enriched compositions remain black (Figure 3a). The colors of these intermediate
solutions have not been documented in literature and the physical and chemical characteristics
of these intermediates are the subject of future study. After the hydrothermal treatment (Figure
3b), the color of the mixtures changed substantially and were similar to the final oxide products
(Figure 3c) obtained after washing and drying. Vanadium system is well known for the
established relationship between the solution color and oxidation state of vanadium; niobium
shares a similar, but not as pronounced feature.*! The color change after hydrothermal treatment
indicates the further transformation of the dissolved MXene. The dark green color of the V-
enriched compositions is indicative of mixed V>*/V#* oxidation state, while the white color of

the Nb-enriched compositions indicates Nb>* oxidation state. As the composition moves
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towards the 1:1 Nb:V ratio, the color becomes browner and may be indicative of the mixture of
V>* and Nb°*, Further work needs to be done to understand the character of the intermediate

mixture and how the chemical change is facilitated during hydrothermal treatment.
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Figure 3. Evolution of the sample appearance during multi-step synthesis process shown in the
digital photographs of the SS-MXene-dOX during different steps of the transformation into
oxides: (a) SS-MXene-dOX after dissolution in H>O» and stirring for 5 h, (b) SS-MXene-dOX

after hydrothermal treatment at 140 °C for 24h, and (c) SS-MXene-dOX after washing and
drying at 105 °C in air for 24h.

The XRD patterns of SS-MXene-dOX (Figure 4a) reveal a trend corresponding to the
composition on the oxide products. The XRD patterns obtained for V,CT,-dOX are typical for
the bilayered vanadium oxide (BVO) with the d-spacing of 12.7 A, which is slightly larger than
the values reported for the BVO stabilized with water only® and could be attributed to the
increased interlayer water content. These BVO peaks are also observed in the XRD patterns of
Nb-containing compositions up to (Nbi25V0.75)CTx-dOX, at around 7° and 26° 20, with the
decrease of relative intensities as the niobium concentration increases. For the Nb-enriched
phases, XRD patterns show broad peaks, corresponding to nanostructured amorphous Nb2Os
(nANO)."® The nANO peaks remain in the XRD patterns as the vanadium concentration
increases, up to the (Nbo.75V1.25)CT,-dOX. In case of the (NbyV2.y)CTx-dOX compositions with
y =0.75, 1.00, 1.25, there is clear evidence of a two-phase system of BVO and nANO, with a
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peak shift of the (002) BVO peak to the larger 26 values (smaller d-spacing) as Nb concentration
increases. This peak shift, and subsequent reduction in d-spacing, may be related to the
intercalation of niobium atoms into the BVO interlayer region, similar to the change in d-

spacing observed with intercalating larger alkali ions.!!
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Figure 4. (a) X-ray diffraction patterns and (b) Raman spectra of oxides derived from
(Nb,V2,)CTx MXenes.

Raman spectra of SS-MXene-dOX (Figure 4b) show a similar trend to the XRD
patterns. The vanadium-enriched phases show characteristic features of BVO, with peak
broadening occurring as the niobium content increases.*> Particularly, the following peaks
correspond to the specific bonds in the BVO structure: 149 cm™ - the skeletal bending mode
indicative of long range ordering; 265 cm™ - the antisymmetric bending mode of in-plane O-
V-O bonds; 403 cm™! - the symmetric bending mode of in-plane V-O-V bonds; 521 cm™! - the
antisymmetric bending mode of terminal V-O bonds; 695 cm™ - the antisymmetric stretching
mode of V-O bonds involving bridging oxygens; 876 cm™! - the antisymmetric stretching mode
of out-plane V-O-V bonds; and 992 cm™! - the symmetric stretching mode of terminal V=0
bonds.*? Interestingly, the peaks at ~149, 265, and 992 cm™ are preserved up to y = 1.50

{(Nb150Vo5)CT,}, indicating that BVO forms even for the niobium-enriched compositions.
Likewise, the Raman spectrum of NboCT,-dOX contains features characteristic of amorphous

Nb2Os: peak at 227 cm™! corresponds to the bending mode for Nb-O-Nb bonds; peak at 680 cm”
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!'is assigned to the symmetric stretching mode of NbOs, NbO7, and NbOs polyhedra; and peak
at 963 cm! correlates with the symmetric stretching mode of Nb=0 bonds.'® The spectra of the
niobium-enriched (Nb1.75V0.25)CT:-dOX and Nbs oCT,-dOX are similar to that of nANO.!8 The
features of nANO can also be seen in the Raman spectra corresponding to compositions with y
=0.75 - 1.50, indicating the formation of a two-phase BVO/nANO system. Because BVO peaks
at 403, 521, 876, and 992 cm™! disappear at these intermediary compositions, while the nANO
peak at 680 cm™! is getting suppressed, this new spectral behavior indicates the formation of
some new structure that does not appear in the XRD patterns. These observed interactions may
be evidence of a heterointerface forming between the BVO and nANO particles for y = 0.75 -
1.50. This heterointerface may affect the electrochemical behavior of the two-phase system due

to a synergistic effect of the two oxides."

SEM images of V2CTx-dOX, Nb,CT,-dOX, and (Nbi1.00V1.00)CT-dOX (Figure 5)
reveal additional information about the structural trends observed in the XRD patterns. The
SEM images of V>CT,-dOX (Figure Sa,b) show crumpled sheet-like particles of BVO
composed by intergrown nanoribbons with ~200 nm widths. Previous works related to BVO
synthesis using orthorhombic vanadium oxide as a precursor material reported analogous
nanoribbon morphology.**# Similar morphology was also reported for VoCT;-derived lithium-
preintercalated bilayered vanadium oxide, where nanobelt sections fused and formed 2D
nanoflake-like particles assembled into a porous film.* Therefore, our results support the notion
that by using MXenes as precursors for BVO synthesis, 2D morphologies can be stabilized
unique to previous BVO synthesis routes producing 1D particles such as nanobelts.'!: 2* By
including alkali or alkali earth ions, nanoflake morphologies can be modified into flower-like

particles with high surface areas.*
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Figure 5. SEM images of SS-MXene-dOX: (a, b) V2CT,-dOX, (c, d) Nb2CTx-dOX, and (e, f)
(Nb1.00V1.00)CT,-dOX. (a, c, ) Low and (b, d, f) high magnification images are shown.
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The SEM images of Nb,CT.-dOX (Figure 5¢,d) show the formation of a porous
network of spherical nanoparticles that range from 4 nm to 30 nm in diameter and cluster into
agglomerates typically with a diameter between 75 and 200 nm. Similar morphology has been
reported for other nanostructured amorphous Nb2Os.!> The SEM images of (Nbi.00V1.00)CTx-
dOX powder (Figure 5e,f) show particles with both BVO and nANO features. At low
magnification (Figure 5e), the sheets of BVO are clearly visible with two distinct regions:
patches of crumpled sheets and flat sheets surrounding those patches. SEM images at higher
magnifications (Figure 5f) show spherical nanoparticles, consistent with Nb,CT,-dOX,"
grown on the surface of the BVO sheets. The presence of the two distinctly different
morphologies agrees with the XRD pattern of this material showing the presence of both BVO
and nANO phases.

Figure 6 shows the electrochemical performance of (Nb,V2.,)CT,-dOX electrodes in
non-aqueous Li-ion cells. The shapes of CV curves exhibited by the cells containing V,CT,-
dOX (Figure 6a) and Nb,CT,-dOX (Figure 6i) electrodes agree with the literature data for
BVO*:46 and nANO"?, respectively. The CV curve of the V2CTy-dOX shows a reversible peak
corresponding to Li" ion intercalation at ~2.70 V and extraction at ~3.25 V, as typical for the
BVO phases*®. The low capacity of ~110 mAh-g™!' can be attributed to high interlayer water
content in the §-V,0s-nH,0 structure which agrees with the 12.7 A d-spacing.** Furthermore,
the lack of pre-intercalated ions to stabilize BVO can result in structural collapse during cycling,
decreasing the material performance.® !' nANO, on the other hand, exhibits pseudocapacitive
charge storage behavior at anodic potentials < 2.50 V. The CV curve of the NboCT,-dOX
presents a high capacity above 200 mAh-g™! within the potential window of 1.00 —4.00 V with
good initial cyclability (Figure 6i).

The electrochemical behavior of vanadium-rich (Nb,V>.,)CT-dOX showed features
never exhibited by BVO electrodes. The CV curve of the Li-ion cell containing
(Nbo.25V1.75)CTx-dOX electrode (Figure 6b) exhibits discharge peaks at 1.58 V, 1.94 V, 2.41
V, and 2.84 V with corresponding charge peaks at 1.78 V, 2.17 V, 271 V, and 3.35 V,
respectively. The two higher potential peaks are characteristic of Li" ions intercalation into
BVO structure, while the two lower potential peaks are newly observed features.*’ These new
features may be a result of a niobium doping, either in the BVO lattice or within the BVO
interlayer region. (Nbo25V1.75)CT,-dOX exhibited an initial capacity of 296.8 mAh-g!, which
is significantly higher than that of V>CT,-dOX. Additionally, the initial stability of the CV

curves is fairly good, showing little change in shape over 5 cycles. These improvements over
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the V2CTy-dOX material may stem from the aforementioned niobium doping, but further work

must be done to determine structural aspects of the (Nbo.25V1.75)CT,-dOX phase.
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Figure 6. Cyclic voltammograms of the first 5 cycles exhibited by Li-ion cells containing (a)
V2CT,-dOX, (b) (Nbo.25V1.75)CTx-dOX, (c) (Nbo.50V1.50)CT-dOX, (d) (Nbo.75V1.25)CTx-dOX,
()  (NbiooVio)CT-dOX, (f) (Nbi25Vo75)CT-dOX, (g) (Nbi150Vo.50)CT-dOX,
(h) (Nb1.75V0.25)CTyx-dOX, and (i) NboCT,-dOX. All cells were cycled at 0.1 mV-s™.

As the niobium content increases, the CV profiles exhibited by Li-ion cells containing
(Nb,V1,,)CTx-dOX electrodes begin to change: the large area observed in the CV curve of
(Nbo.25V1.75)CTx-dOX electrode shrinks, and the redox peaks resemble the profile for the BVO
more closely, while the rectangular region at lower potentials, typical for Nb2Os, gradually
develops. CV curves of (Nbo.50V1.50)CTx-dOX (Figure 6¢) and (Nbo.75V125)CTx-dOX (Figure
6d) electrodes feature Li" ion insertion/extraction peaks at 2.47 and 2.82 V on discharge and at
2.64 and 2.92 V on charge which correspond to the behavior of ion-preintercalated BVO.!! The
area below 2.00 V is attributed to the pseudocapacitive behavior of nANO cycled in non-
aqueous Li-ion systems.'> These cells exhibited initial capacities of 171.2 mAh-g™! and 160.8
mAh-g!, respectively, with good 5-cycle stability. Interestingly, while the CV curves of both
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(Nbo.5sV1.5)CT-dOX and (Nbo.75V1.25)CT.-dOX electrodes clearly show features corresponding
to nANO, the nANO peaks are clearly seen in the XRD pattern of the (Nbo.75V125)CTx-dOX,
but absent in the XRD pattern of (Nbo.50V1.50)CT-dOX (Figure 4a). It is possible that for the
solid-solution composition with y = 0.5, the amount of the forming nANO particles is not high
enough to appear in XRD patterns. Electrochemical characterization, though, shows their
presence appearing as a more sensitive method to detect amorphous material component in
nanocomposites structure.

The CV curve of the cell containing (Nb1.00V1.00)CTx-dOX electrode (Figure 6e) shows
a shape with no peaks corresponding to the redox activity of BVO. Instead, the rectangular CV
curve shape pertains to predominantly pseudocapacitor-like behavior. The cell containing
(Nb1.00V1.00)CTx-dOX electrode exhibited an initial capacity of 297.8 mAh-g! with good initial
stability. The large rectangular area below 2.0 V and the corresponding capacity are likely
attributed to the increased content of nANO particles, as evidenced by the XRD pattern (Figure
4a) and SEM images (Figure 5e, f) of (Nb1.00V1.00)CTx-dOX."> The difference in CV curve
shapes between this cell and the cells containing V-enriched derived oxides may indicate a
difference in where niobium resides in the structure. While nANO is present in both cases, there
is likely a greater amount of niobium doping in the V-enriched phases, while (Nb1.00V1.00)CTx-
dOX may predominantly contain Nb in the form of nANO and very little Nb doping in the
BVO. Due to the formation of a tight heterointerface between the BVO and nANO phases in
(Nb1.00V1.00)CTx-dOX, the two phases can interact synergistically when (Nb1.00V1.00)CT,-dOX
is used as an electrode material in Li-ion cells, and therefore this material was selected for
further electrochemical characterization in this work.

The CV curves of the cells containing (Nbi25Vo75)CT,-dOX (Figure 6f),
(Nb1.50V0.50)CT:-dOX (Figure 6g), and (Nb1.75V0.25)CT:-dOX (Figure 6h) electrodes show
shapes dominated by a rectangular area corresponding to nANO charge storage behavior, while
some activity characteristic of BVO contribution is still evident. These curves feature shapes
below 2.00 V that are characteristic of nANO.!®> The cells containing (Nbj.25V(75)CTx-dOX,
(Nb1.50V0.50)CT-dOX, and (Nbi.75V025)CTx-dOX electrodes exhibited initial capacities of
198.8 mAh-g!, 224.8 mAh-g!, and 157.2 mAh-g’!, respectively, with excellent 5-cycle
stability that improved with increasing Nb content. The peak on Li" ion insertion that was
observed in the CV curve of (Nb1.00V1.00)CTx-dOX at 1.95 V is now more prominent, stable,
and may have a redox pair on extraction at 2.90 V. The position of this reversible peak moves
to higher potentials as the niobium content increases; it appears at 2.05 V in the discharge part

of the CV curve of (Nb1.50V0.50)CTx-dOX electrode and at 2.20 V in the discharge part of the
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CV curve of (Nb1.75V0.25)CT,-dOX electrode. The CV curve of (Nb1.50V0.50)CTx-dOX electrode
also features several minor peaks on extraction at 2.10 V, 2.45 V, and 2.55 V. These peaks
could be related to the vanadium doping into the Nb,Os structure resulting in redox activity at
potentials above 2.0 V. However, additional study is needed to fully understand the structure
and electrochemical behaviour of the (Nb,V2.,)CT,-derived oxides enriched in Nb.

Because of its composition, with equiatomic Nb and V, (Nbi.00V1.00)CT»-dOX was
selected for extended electrochemical cycling to better understand the potential advantages of
using SS MXenes as precursors for oxides synthesis. The Li-ion cells containing
(Nb1.00V1.00)CTx-dOX electrode were compared with the cells containing an electrode prepared
by physically mixing V>CT,-dOX and Nb>CTx-dOX with a V:Nb molar ratio of 1:1 (V2CT,-
dOX/Nb2CT,-dOX-1:1). The CV curves of the cells containing (Nb1.00V1.00)CT,-dOX (Figure
7a) and V,CT,-dOX/Nb2CT,-dOX-1:1 (Figure 7b) electrodes show similarities in the overall
shape. The CV curves of both electrodes exhibit two rectangular areas with activity above 2.0
V attributed to the BVO and activity below 2.0 V ascribed to nANO components. At the same
time, while the CV curve of the (Nb1.00V1.00)CT:x-dOX electrode does not feature any definitive
redox peaks over 5 cycles, the V2CT-dOX/NbCT.,-dOX-1:1 CV shows some Li"
intercalation/extraction peaks above 2.0 V that quickly degrade. The insertion peaks at 2.38 V
and 2.79 V and extraction peaks at 2.74 V and 3.01 V in V2CT,-dOX/Nb2CT,-dOX-1:1 CV are
characteristic of BVO, and the rectangular area below 2.00 V is representative of nANO. !> 46
The V2CTy-dOX/Nb2CTy-dOX-1:1 electrode exhibited an initial capacity of 308.0 mAh-g!,
which was higher than the initial capacity of (Nb1.00V1.00)CTx-dOX electrode (297.8 mAh-g™).
The higher initial capacity of the physical mixture electrode could be due to better penetration

of electrolyte into redox-active BVO.
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Figure 7. Comparison of the electrochemical behaviours of (Nb1.00V1.00)CTx-dOX and V2CTsx-
dOX/Nb2CT,-dOX-1:1 in Li-ion cells. (a,b) Cyclic voltammograms of the cells containing (a)
(Nb1.00V1.00)CTx-dOX and (b) V2CTx-dOX/Nb2CTx-dOX-1:1, and (c) specific capacity vs. cycle
number for (Nb1.00V1.00)CTx-dOX and V2CT,-dOX/Nb,CT,-dOX-1:1 electrodes.
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However, the (Nb1.00V1.00)CTx-dOX electrode demonstrated better electrochemical
stability compared to the physical mixture, as revealed by galvanostatic cycling of
(Nb1.00V1.00)CT»-dOX and V2CTx-dOX/Nb2CT,-dOX-1:1 electrodes for 30 cycles (Figure 7c¢).
The (Nb1.00V1.00)CTx-dOX cycling data showed a capacity retention of 38% while the V2CTx-
dOX/NboCT,-dOX-1:1 data showed only 12% capacity retention after 30 cycles. The improved
stability of the (Nb1.00V1.00)CTx-derived oxide electrode is attributed to the formation of a tight
heterointerface between the BVO and nANO components. Similar heterointerface stabilizing
behaviors have been reported for nanocomposite electrodes.**>* While strategies to further
improve electrochemical stability need to be developed, the use of solid-solution MXenes as
precursors for oxide electrodes synthesis shows opportunities to achieve doping and

heterointerface formation.

4. Conclusions

We have synthesized a range of (Nb, V2.,)AIC MAX phase solid-solution compositions
(»=10.00, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00), etched them to form (Nb,V2,)CTx
solid-solution MXenes, and converted these MXenes into oxides. We found that etching the
mixed MAX phase composition was more rapid than the end members of this family. The solid-
solution MXene-to-oxide transformation was achieved through a two-step process of
dissolution initiated by hydrogen peroxide followed by hydrothermal treatment. Following this
synthesis route with V,CT, MXene precursor, we obtained 9-V20s5-nH>O (BVO) with a
crumpled sheet morphology, while for Nb,CT: precursor, amorphous Nb2Os (nANO)
nanoparticles with ~20 nm diameter were synthesized. For the mixed compositions (y = 0.25,
0.50, 0.75, 1.00, 1.25, 1.50, 1.75) our synthesis route led to the formation of nanocomposites
containing both BVO and nANO, evidenced by XRD, SEM and electrochemical cycling
analysis. The features in the CV curves of the non-aqueous Li-ion cells containing the
(Nbo.25V1.75)CT-dOX and (Nbi.75V0.25)CTx-dOX electrodes suggest the possibility of Nb
doping into V-sites in BVO and V doping in Nb sites in nANO, respectively, calling for a
detailed investigation of structure and electrochemistry of these materials. The electrochemical
behavior of (Nb1.00V1.00)CTx-dOX appeared to be the most exciting due to the largest initial
capacity of ~300 mAh-g™! with a minimal capacity decay in the first five cycles. A comparison
of capacity retention shown by (Nb1.00V1.00)CTx-dOX and an electrode prepared by physically
mixing V2CTx-dOX and Nb2CT,-dOX in 1:1 molar V:Nb ratio over 30 cycles revealed the
superior electrochemical stability of the solid-solution MXene derived electrode. The improved

capacity retention was attributed to a tight heterointerface formed between the BVO and nANO
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particles in (Nb1.00V1.00)CT-dOX, revealed by the SEM analysis, that cannot be achieved by
simple physical mixing.

As shown through this study, synthesis of complex oxides tremendously benefits from
the use of solid-solution MXenes as precursors. Incorporation of multiple transition metals in
oxide structures could enhance functionality, and previously reported MXene-derived oxides
can be augmented for ferroelectric® and photocatalytic®' applications. Solid-solution MXenes
are not limited to two transition metals, and the expansion of the composition to include three
or more metals can lead to truly unique and novel derivatives that cannot be achieved using

traditional synthetic techniques.

Supporting Information. XRD, Raman spectroscopy and DTA/TGA characterization of the
(Nb,V2.,)AIC MAX phases.
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