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Abstract

Lithium intercalated bilayered vanadium oxide (LVO or 6-LixV205-nH20) and graphene
oxide (GO) nanoflakes were assembled using a concentrated lithium chloride solution and
annealed under vacuum at 200°C to form two-dimensional (2D) 6-LixV20s5-nH>0 and reduced GO
(rGO) heterostructures. We found that the Li-ions from LiCl enhanced the oxide/carbon
heterointerface formation and served as stabilizing ions to improve structural and electrochemical
stability. The graphitic content of the heterostructure could be easily controlled by changing the
initial GO concentration prior to assembly. We found that increasing the GO content in our
heterostructure composition helped inhibit the electrochemical degradation of LVO during cycling
and improved the rate capability of the heterostructure. A combination of scanning electron
microscopy and X-ray diffraction was used to help confirm that a 2D heterointerface formed
between LVO and GO, and the final phase composition was determined using energy dispersive
X-ray spectroscopy and thermogravimetric analysis. Scanning transmission electron microscopy
and electron energy-loss spectroscopy were additionally used to examine the heterostructures at
high resolution, mapping the orientations of rGO and LVO layers and locally imaging their
interlayer spacings. Further, electrochemical cycling of the cation-assembled LVO/rGO
heterostructures in Li-ion cells with non-aqueous electrolyte revealed that increasing the rGO
content led to improved cycling stability and rate performance, despite slightly decreased charge
storage capacity. The heterostructures with 0, 10, 20, and 35 wt% rGO exhibited capacities of 237,
216, 174, and 150 mAh g’!, respectively. Moreover, the LVO/rGO 35 wt% and LVO/rGO 20 wt%
heterostructures retained 75% (110 mAh g') and 67% (120 mAh g'!) of their initial capacities after
increasing the specific current from 20 mA g to 200 mA g!, while the LVO/rGO-10 wt% sample
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retained only 48% (107 mAh g') of its initial capacity under the same cycling conditions. In
addition, the cation-assembled LVO/rGO electrodes exhibited enhanced electrochemical stability
compared to electrodes prepared through physical mixing of LVO and GO nanoflakes in the same
ratios as the heterostructure electrodes, further revealing the stabilizing effect of 2D
heterointerface. The cation driven assembly approach, explored in this work using Li* cations, was
found to induce and stabilize the formation of stacked 2D layers of rGO and exfoliated LVO. The
reported assembly methodology can be applied for a variety of systems utilizing 2D materials with

complementary properties for applications as electrodes in energy storage devices.



1. Introduction

Vanadium pentoxide has been widely studied in charge storage systems due to its low cost,
high redox activity, high energy density, and range of morphologies'->. Moreover, materials with
a two-dimensional (2D) morphology and structure are a promising component in technological
applications that require the intercalation of charged species, such as sensors, catalysts, and energy
storage devices® ’. Layered 2D materials offer open diffusion pathways that facilitate ion transport
and approaches to mitigate structural damage from processes that cause material expansion and
contraction®. Chemically preintercalated bilayered vanadium oxides (BVOs or 8-MxV20s-nH>0,
where M = Li, Na, K, Mg or Ca) are of particular interest for use in energy storage due to the open
layered structure, tunable interlayer spacings greater than 9 A, and its high oxidation state’!!.
These properties allow 6-MxV20s5-nH>O to intercalate a relatively large number of ions while
undergoing multiple reduction steps. However, transition metal oxides such as BVO are often
limited by low electronic conductivity and poor cycling stability!? 3. Therefore, strategies are
being explored to improve the electrochemical charge storage properties of BVO and other oxides
via the formation of a stable heterointerface with conductive phases such as graphene, carbon

nanotubes, conductive carbon precursors, and other carbon-based materials'*!°.

One efficient strategy used to combine 2D materials with complementary properties is a
‘top-down’ approach. This method requires the exfoliation of two or more dissimilar materials into
single-layer or few-layers nanoflakes followed by lamellar assembly into a 2D stacked
architecture, called a 2D heterostructure®. A characteristic element of the 2D heterostructure is a
2D heterointerface, which is defined as an intimate face-to-face contact between two chemically
dissimilar building blocks (structural layers or nanoflakes). However, there is a challenge in
assembling the structure so that the different materials gather into alternating layers to form a
stable 2D heterointerface without substantial agglomeration of the chemically identical nanoflakes.
One strategy that can help control the sequence of the layers is functionalizing the respective
nanoflake surfaces with oppositely charged functional groups to induce the heterointerface
formation via electrostatic forces?>2!. Though the charge-carrying functional group are often large
organic molecules that can decrease the electrical conductivity of the functionalized nanoflakes as
compared to their pristine state?® 2. Further, large functional groups can obstruct the 2D channels
between the dissimilar layers and hinder the diffusion of the electrochemically cycled ions. To

alleviate some of these challenges, an alternative subset of the ‘top-down’ approach, described as



cation-driven assembly, is emerging as a possible solution to enhance the heterointerface
formation. This technique could also be a potential strategy for prelithiation of Li-ion capacitors?>.
This method uses charged ions in a liquid dispersion to induce the assembly of 2D nanoflakes with
similar surface charges such as transition metal dichalcogenides, MXenes, and layered MnO,?+%°.
For example, negatively charged Ti3CoTx and V>CTx 2D MXenes were self-assembled into
heterostructures using sodium ions, and showed stable volumetric capacitance over 50,000 cycles
in a three-electrode aqueous system®’. A similar study found that cation-driven assembly
drastically improved the long-term stability of delaminated 2D V>CTx MXene flakes?’. Moreover,
this method was used to form a porous MnQO; framework from 2D nanoflakes for improved Li-ion
and Na-ion storage?®. While this assembly process could also be used to overcome the low
electronic conductivity limitation of metal oxides by integrating conductive layers®, no reports
have yet shown the experimental realization of this approach. For practical applications, the
optimal amount of conductive nanoflakes must be found to form 2D heterostructures with the best
properties. To obtain an ideal heterostructure in which nanoflakes of the two constituent materials
would alternate, previous studies applied an area-matching model to determine the theoretical
molar ratio that would lead to the dominating heterointerface formation rather than re-stacking of
identical nanoflakes®!. However, when synthesizing electrodes for energy storage applications, a
balance needs to be found between achieving higher electronic conductivity and maintaining high
specific capacities, as the conducting nanoflakes may not necessarily be redox active. Therefore,
the ratio between the components of a 2D heterostructure that leads simultaneously to a stable high

capacity and rate capability needs to be determined.

Utilizing a ‘top-down’ 2D heterostructure assembly method in liquid media requires that
both materials are prepared as a nanoflake suspension using liquid phase exfoliation (LPE). LPE
is an efficient method to divide bulk 2D materials into monolayer or few-layer thick nanoflakes®'-
33, The LPE of 8-LixV20s-nH>O was first demonstrated in N-methyl-2-pyrrolidone (NMP) where
probe sonication was used to create a suspension of LVO nanoflakes®*. The nanoflakes were
collected via vacuum filtration, and scanning transmission electron microscopy revealed that LPE
induced a morphology change from crumpled sheets to flexible hierarchically arranged nanoflakes
with enhanced electronic conductivity. However, integrating LVO nanoflakes exfoliated in NMP
with other 2D materials can be a challenge due to the small yield and solvent compatibility

limitations. Many 2D conductive materials and their precursors (e.g., MXenes* and graphene
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oxide (GO)*®) disperse effectively in water. Therefore, the exfoliation of LVO was also achieved
in an aqueous solution with an improved yield, resulting in a more scalable technique with greater
versatility for 2D heterostructure assembly®’. Exfoliation in water produced a chemically stable
suspension of LVO nanoflakes that were collected as a free-standing film via vacuum filtration. In
contrast to the LPE in NMP, these nanoflakes exhibited a flat sheet-like morphology that should
be compatible with 2D heterostructure assembly. It was also found that vacuum drying this free-
standing film at 200 °C reduced the amount of interlayer water that negatively impacts

electrochemical performance®’.
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Figure 1. Schematic illustration of the 2D LVO/rGO heterostructure synthesis process developed
in this work. Step 1 is the mixing of suspensions containing exfoliated 6-LixV20s-nH>0 and single-
layer GO nanoflakes followed by Step 2, the slow addition of 10M LiCl to this mixed suspension
to form the 2D heterostructure via electrostatic interactions between the negatively charged
nanoflakes and positively charged Li-ions. Step 3 is vacuum filtration followed by annealing the
heterostructure under vacuum at 200 °C to partially reduce the GO and form the final dehydrated
2D heterostructure®®.

This work for the first time utilized a Li-ion driven assembly approach to stack redox active
0-V205-nH>0 nanoflakes with GO nanoflakes in water to form stabilizing 2D heterointerfaces
leading to improved rate capability and capacity retention (Figure 1). Thermogravimetric analysis
(TGA), Raman spectroscopy, and electron dispersive X-ray spectroscopy (EDX) confirmed the
presence of GO and our ability to control the final graphitic content of the heterostructure. TGA

and X-ray photoelectron spectroscopy confirmed the reduction of GO after annealing under



vacuum at 200 °C and the partial removal of interlayer water from the LVO phase. Finally, we
analyzed the performance of the prepared heterostructures with different LVO/reduced GO (rGO)
compositions in Li-ion batteries and found that increasing the fraction of rGO led to improved rate
performance and capacity retention, but the charge storage capacity was reduced due to the smaller
fraction of the redox active LVO component. We also demonstrate that cation-assembled
LVO/rGO electrodes exhibit superior electrochemical performance compared to electrodes
prepared through the physical mixing and annealing of LVO and GO nanoflakes. This work shows
the prospects of the of cation-driven assembly to stack versatile exfoliated 2D materials and obtain
2D heterostructures with enhanced properties for use in a broad range of technological

applications.



2. Experimental Methods

Materials Synthesis

Lithium pre-intercalated bilayered 6-V205-nH>O (LVO) was synthesized using a common
sol-gel synthesis method!® 3. Briefly, LiCl salt was dissolved in a 15 wt. % hydrogen peroxide
solution (Fisher Scientific) to which crystalline a-V20Os (Acros Organics) powder was slowly
added, and a red sol formed and precipitated after several hours. The precipitate was aged for four
days, washed with DI water using a vacuum filtration apparatus, and dried at 105 °C in air for 24
hours. The dried material was ground into a powder and dried again at 105 °C for 24 hours. The

GO was purchased from Graphenea Inc. in a powder form.

Exfoliation and Self Assembly

The LVO powder was exfoliated following a previously developed sonication process
using a Qsonica Q125 ultrasonic processor with a 3.175 mm diameter probe tip*’. 225 mg of the
powder was added to 10 mL of DI water in a 20 mL vial placed in an ice bath. The suspensions
were sonicated for 2 hours at an amplitude of 60%, sonication frequency of 20 kHz, and pulse
intervals of 6 seconds on and 2 seconds off. After 1 hour of sonication, the ice bath was replaced.
The suspension was next centrifuged for 10 mins at 10,000 rpm, and the supernatant was collected
for the heterostructure assembly. The concentration was determined by drying 1 mL of suspension
in an aluminum boat and weighing the final product after the water evaporated. Separately, the GO
powder was dispersed in 40 mL of water and batch sonicated at 60 Hz for 30 mins. The exfoliated
LVO suspension (ex-LVO) was added to the GO dispersion with an additional 40 mL of water and
stirred for 5 mins. Four different LVO:GO ratios were studied with GO present in 0, 10, 20, and
35 wt. % concentrations. Next, 10 mL of 10 M LiCl solution was dropwise added to the mixed ex-
LVO/GO suspension over the course of 8 to 10 minutes to induce the cation-driven assembly and
allowed to stir for an additional hour. LiCl salt was chosen so that the ions that induce assembly
are the same as the cycling ions in the electrolyte used during electrochemical testing. A color
change from deep red to a red orange signaled the initial formation of flocculates after the addition
of approximately 2 mL of 10 M LiCl solution (Figure S1 in Supporting Information). The
resulting mixture was centrifuged at 6500 RPM to collect the flocculates and remove the
concentrated LiCl solution. The flocculates were redispersed in water, washed, and filtered to form

a film that was dried at 105 °C. At this stage, the heterostructures are referred to as LVO/GO-0
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wt%, LVO/GO-10 wt%, LVO/GO-20 wt%, and LVO/GO-35 wt% depending on the amount of
GO nanoflakes used in the cation-driven assembly process. Next, the film was ground into fine
powder and annealed at 200 °C under vacuum overnight to obtain rGO and remove excess water’’.
The final prepared heterostructures are referred to as LVO/rGO-0 wt%, LVO/rGO-10 wt%,
LVO/rGO-20 wt%, and LVO/rGO-35 wt%, with rGO indicated that the material was vacuum
annealed at 200 °C.

Materials Characterization

The phase composition of the materials during each stage of the synthesis process was
determined using a Rigaku benchtop powder X-ray diffraction (XRD) instrument with Cu K, (A =
1.54 A) radiation. XRD patterns were collected using a step size of 0.02° and step speed of 0.7°
20-min!. Zeta potential measurements were recorded using a Malvern Instruments Zetasizer Nano
ZS. The morphology of the particles was captured using a Zeiss Supra 50VP scanning electron
microscope (SEM) equipped with Schottky field emission, Everhart-Thornley in-lens secondary
electron detector, and dedicated backscatter detector (BSD). In-lens SEM images were acquired
using a beam accelerating voltage of 5 kV and 5 mm working distance (WD). Images acquired
using the BSD for EDX analysis were captured at a 15 mm WD at 15 kV. Elemental analysis was
carried out using an equipped Oxford EDX attachment. Additionally, samples were sputter coated
with a thin ~5 nm layer of Pt/Pd to prevent surface charging and improve image quality. For
scanning transmission electron microscopy (STEM) characterization, an electron-transparent
cross-sectional sample was produced from a vacuum filtrated film by focused ion beam (FIB) lift-
out. Annular dark-field and bright-field STEM imaging, as well as electron energy-loss
spectroscopy (EELS) were then performed on an aberration-corrected Nion UltraSTEM 100
operated at 100 kV with a probe semiconvergence angle of ~31 mrad. Images and EELS maps
were acquired with a dose of ~10* e/A? (images slightly below and EELS maps slightly above),
which was sufficiently low to preserve the atomic-scale structure of the materials. Water and GO
contents were evaluated using thermogravimetric analysis (TGA) under ambient air flow using a
TA Instruments Q50 by evaluating weight loss from room temperature to 1000 °C using a heating
rate of 10 °C-min’'. Raman spectra were collected from 100 to 2000 cm™!, using a Renishaw inVia
Raman microscope equipped with a 514 nm Ar-ion laser. XPS measurements were recorded on a

Physical Electronics VersaProbe 5000 using a monochromatic Al Ko source and charge



compensation. The high-resolution V 2p spectra were taken at a pass energy of 23.5 eV with a step
size of 0.05 eV. Peak fitting and data analysis were carried out using CasaXPS software. A Shirley

background was used for V 2p spectra quantification.
Electrode and Cell Fabrication

Electrodes were fabricated by first grinding the active material (70 wt. %) and acetylene
black (20 wt. %) in a mortar with pestle. Next, this mixture was dispersed in poly(vinylidene
fluoride) (10 wt. %) and N-methyl-2-pyrrolidone (NMP) to form a viscous slurry using a Flacktek
SpeedMixer. The prepared slurry was cast on aluminum foil and dried in a fume hood under room
temperature overnight before being placed in an oven at 105 °C for 12 h. 10 mm electrode disks
were punched from the dried films. Coin cells were assembled in an argon filled glovebox. Control
films were made by dry physical mixing ex-LVO and GO in 90/10, 80/20, and 65/35 weight ratios
by grinding in a mortar with pestle and annealed at 200 °C under vacuum overnight to remove
excess water from LVO and reduce GO, similar to heterostructure materials. These samples will
be described as ‘physically mixed electrodes’ in figures and during discussion (e.g., LVO/GO-10
wt% mixed). Electrodes were then fabricated using these materials following the same procedure

as described above. Each electrode has an active mass loading between 0.40 and 0.75 mg cm™.
Electrochemical Testing

All electrochemical data was collected using 2032 type coin cells. Metallic Li (Alfa Aesar)
served as both the counter and reference electrodes, a polypropylene and polyethylene membrane
(2325, Celgard USA) served as the separator, and the electrolyte was 1 M LiPF¢ dissolved ina 1:1
(v:v) mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (Gotion LP40). Cyclic
voltammograms (CVs) were collected using a BioLogic VP3 potentiostat at a sweep rate of 0.1
mV s™!. Galvanostatic cycling experiments were run at a 20 mA-g! specific current on an Arbin
battery testing station. Lastly, rate capability experiments were conducted for 10 cycles each at
specific currents of 20 mA g, 50 mA g, 100 mA g, 200 mA g, and 20 mA g!. Finally,
electrochemical impedance spectroscopy (EIS) measurements were performed using a Gamry
potentiostat by applying an alternating voltage in the frequency range between 10 mHz and 200
kHz at Voc, 0% state-of-charge (SOC), and 100% SOC during the first cycle. EIS measurements
were again taken at 0% SOC and 100% SOC after 10 cycles at 20 mA g!. Here, the SOC was



defined as a range between the upper and lower limits of the voltage window (100% SOC at 4.0
V and 0% SOC at 2.0 V).
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3. Results and Discussion
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Figure 2. (a) XRD patterns of assembled LVO/(r)GO materials and pure graphene oxide before
and after annealing at 200 °C under vacuum. (b,c) TGA weight loss curves of assembled (b)
LVO/GO materials before and (c) LVO/rGO materials after annealing at 200 °C under vacuum.

The LVO/rGO heterostructures were synthesized using a cation-driven assembly to draw
together negatively charged bilayered vanadium oxide and GO nanoflakes in different ratios via
electrostatic interactions induced by Li-ions sourced from LiCl dissociation. The zeta potential
curves of ex-LVO nanoflakes, GO nanoflakes, and an ex-LVO/GO-20 wt% nanoflake mixture are
shown in Figure S2 in Supporting Information. Each curves shows high magnitude negative
potentials of -31, -44, and -41 mV, respectively, which is conducive to this synthesis strategy and
consistent with previously reported results’”- **. The annealing at 200 °C under vacuum was used
to both reduce the interlayer water content of LVO for better long-term stability>’ as well as obtain
reduced GO (rGO) to increase its electronic conductivity*"> **. Prior to annealing, each of the

assembled heterostructure XRD patterns have the characteristic (00/) peaks that are typical of
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layered structures (Figure 2a). The (001) peak is located at 7.9-8.0° 26 and corresponds to the d-
spacing, or the distance between the centers of the vanadium oxide bilayers, of 11.0-11.2 A.
Bragg’s law was used to calculate the d-spacing for each sample shown next to the (001) peak in
Figure 2a and Figure S3 (Supporting Information). All LVO/GO materials prior to annealing
exhibit almost identical XRD patterns without any signal that could be attributed to GO. This result
can likely be attributed to the fact that the LVO nanoflakes are not single layer; and therefore, still
induce a strong (001) signal. Further, the GO nanoflakes could be irregularly dispersed throughout
the heterostructure making their signal in XRD patterns invisible. Additionally, the XRD pattern
for GO nanoflakes that were assembled with LiCl also did not show any prominent peaks. In
contrast, the XRD pattern for the LVO/rGO-35 wt% mixed material after annealing does show an
increase in intensity above 20° 20 that could correspond to agglomerated rGO nanoflakes. This
feature does not appear in the LVO/rGO-35 wt% sample prepared by cation-induced assembly
likely because the rGO nanoflakes are better dispersed throughout the heterostructure and form an
interface predominantly with the vanadium oxide bilayers. The XRD patterns of the
heterostructure samples after annealing all feature a (001) peak shift to higher 8.2° 26 values
corresponding to lower d-spacings of 10.8 A. This result indicates a loss of crystallographic water
in the LVO structure that occurred during annealing. This premise is further supported in the TGA

curves.

The TGA weight loss curves of the cation assembled LVO/GO heterostructures shown in
Figure 2b exhibit weight loss regions corresponding to four key components. Weight loss that
occurs below 110 °C can be attributed to physiosorbed water. In addition, LVO structural water is
lost between 110 °C and 400 °C, and simultaneously, oxygen functional groups on GO are
removed between 150 °C and 350 °C****. Finally, the sp’ bonded carbon in GO combusts above
350 °C (Figure S4 in Supporting Information). The inflection point indicating the loss of oxygen
functional groups can be seen at approximately 285 °C for the LVO/GO-10 wt% sample curve. In
contrast, the LVO/GO-20 wt% and LVO/GO-35 wt% samples do not exhibit clear weight loss
attributed to the loss of oxygen groups. This disparity could potentially be explained by the
difference in interactions between GO and LVO as the GO content increases. To estimate the GO
content, the weight loss from the structural water in the LVO/GO-0 wt% material was subtracted
from the weight loss for each of the assembled heterostructures that occurred above 110 °C. The

actual GO content in LVO/GO-10 wt%, LVO/GO-20 wt% and LVO/GO-35 wt% was estimated
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to be 11 wt%, 15 wt%, and 29 wt%, respectively. It’s possible that the GO content of the LVO/GO-

20 wt % and LVO/GO-35 wt% samples were underestimated because they have less structural

water compared to the 10 wt% sample, made more plausible by the reduced amount of LVO which

holds this water content. Nevertheless, the observed trend agrees with the GO loading in the cation-

driven assembly process confirming that no significant loss of GO occurred. After the samples

were annealed (Figure 2¢), the weight loss that occurred between 110 °C and 350 °C was reduced.

This result is due to the removal of LVO structural water and oxygen functional groups, in

agreement with previous studies on bilayered vanadium oxide’’ and Figure S4 in Supporting

Information. The LVO/GO-0 wt% sample experienced 1% greater weight loss than the

LVO/rGO-0 wt% sample which agrees with XRD patterns that exhibit peak shifting to higher 26

values due to a lower amount of interlayer water content.
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Figure 3. Raman spectra of the of the assembled LVO/(r)GO materials before and after annealing

at 200 °C under vacuum.
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To further confirm the presence of GO and analyze the LVO vibrational modes before and
after vacuum annealing, each of the assembled heterostructures was characterized using Raman
spectroscopy (Figure 3). The first prominent peak at ~157 cm! is present in the Raman spectrum
of each material and attributed to the skeletal bending of the bilayered vanadium oxide structure.
However, this skeletal bending peak moves to higher wavenumbers of approximately 167 cm™,
170 cm™, and 173 cm™' for the Li-ion assembled LVO/GO nanoflakes with GO content of 10 wt%,
20 wt%, and 35 wt%, respectively. This peak shift could be attributed to interactions between the
LVO and (r)GO layers. The remaining characteristic LVO peaks in the fingerprint region up to
1000 cm™ are denoted by dashed lines. They are fairly consistent between each sample and in
agreement with previously reported Raman spectra of bilayered vanadium oxides*>*¢ . The dashed
lines at approximately 350 and 685 cm™ correspond to the bending and stretching of vanadium
bonded to the interlayer crystallographic water, respectively. While these peaks can be identified
in each of the materials, there is a reduction in intensity of these peaks after annealing at 200 °C
for each respective heterostructure. This result indicates a reduction in crystallographic water after

37,43

annealing””*°, in agreement with both the XRD patterns and TGA weight loss curves.

The second region of interest in the Raman spectra is from 1200 — 1700 cm™' where the D
and G bands of sp? bonded carbon structure occur at about 1370 and 1580 cm™!, respectively. These
bands give an indication of how defect rich or graphitic the carbon material is based on their
relative intensities (i.e., a higher relative G band is indicative of a sample with more graphitic
carbon)*”- %%, These peaks are only present in samples that were assembled with GO which further
confirms the presence of GO in the heterostructure. In addition, the intensity of the D and G bands
increases relative to the fingerprint region of LVO for the samples that were assembled with a
higher GO content. However, the D band does not seem to decrease in intensity relative to the G
band after annealing at 200°C under vacuum. It’s possible that increasing the annealing
temperature may increase the G band intensity relative to the D band, but a previous systemic
study of GO reduction also did not observe drastic changes in the ratio and instead relied on XPS
spectra to show the removal of the oxygen functional groups®. In total, the Raman spectra help
confirm the TGA results that also indicated that an increase in GO content during the cation-driven

LVO/GO assembly process translated to more GO in the final heterostructure.
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Figure 4. XPS spectra of the Cls region of (a) GO, (b) rGO, (c, e, g) cation-assembled LVO/GO
heterostructures before annealing, and (d, f, h) cation-assembled LVO/rGO heterostructures after
annealing at 200 °C under vacuum

XPS was used to gain a better understanding of the effect of annealing at 200 °C on both
the GO layers and the oxidation state of vanadium in LVO. The spectra of the Cls and V2p regions
for GO and each heterostructure are displayed in Figure 4 and Figure S5 (Supporting
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Information), respectively, and a summary of the contributions of carbon functional groups and
vanadium oxidations states are shown in Table S1 and Table S2 (Supporting Information). As
mentioned, the reduction of GO can be seen more clearly in XPS spectra compared to Raman
spectroscopy. Before annealing, the GO spectrum (Figure 4a) shows approximately 6% sp?
hybridized carbon. Whereas after annealing, sp? hybridized carbon exhibits the strongest signal in
the rGO spectrum at 63%, followed by sp> hybridized carbon at 16%, C-O single bonds at 13%,
C=0 double bonds at 6%, and O-C=0 functional groups at C=0 double bonds at 2% consistent
with previously reported results (Figure 4b)*°. This outcome confirms that annealing at 200 °C
under vacuum was sufficient to significantly reduce GO and improve its electronic conductivity*!"
%2 In comparison, the Cls region is much harder to interpret for the LVO/GO heterostructure
spectra (Figure 4, c-h) due to a weaker C signal caused by the high vanadium oxide content as
well as larger relative signal from adventitious carbon. Due to these factors, the C sp? signal could
not be deconvoluted from the C sp® signal. However, there is a consistent increase in the area
corresponding to C-C and C=C bonding and a reduction in the XPS signal from C and O bonds in

each respective heterostructure XPS spectra after annealing. These trends suggest that the GO

present in the heterostructures was reduced by annealing at 200 °C under vacuum.

Analysis of the V2p region shows that vanadium exists in a mixed V> and V** oxidation
state in each LVO/(r)GO heterostructure sample before and after annealing (Figure S5 in
Supporting Information). The samples prepared with 10, 20, and 35 wt.% GO before vacuum
annealing have average oxidation states 0of 4.96, 4.94, and 4.93, respectively (Figure S5a, ¢ and e,
Supporting Information). This slight reduction could be attributed to Li-ions intercalated into
the interlayer region of LVO'? *° After annealing, XPS spectra of the samples prepared with 10,
20, and 35 wt.% GO show average vanadium oxidation states of 4.93, 4.89, and 4.85, respectively
(Figure SSb, d, and f, Supporting Information). The secondary reduction after annealing is most
likely due to the formation of oxygen vacancies, a common defect that occurs when treating LVO
at elevated temperatures®” "> 92, The XPS spectra of the Cls and V2p regions of the (r)GO and
LVO/(r)GO heterostructures confirm that there are interactions between LVO and (r)GO layers as

well as that GO was reduced to rGO through vacuum annealing at 200 °C.
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Figure 5. Cross-sectional SEM images of the LVO/GO-10 wt%, LVO/GO-20 wt%, and LVO/GO-
35 wt% heterostructures, respectively taken with an (a-c) in-lens detector, (d-f) BSD, and the (g-
1) vanadium signal and (j-1) carbon signal captured using EDX simultaneously acquired with the
BSD images.

Cross-sectional SEM images of LVO/GO heterostructures were analyzed to understand
how chemically dissimilar nanoflakes were stacked during cation-driven assembly. A BSD was
used in conjunction with EDX to help determine the composition of the heterostructures as well
as the distribution of specific elements, all shown in Figure 5. The LVO/GO-10, 20 and 35 wt.%
materials each exhibit nanoflakes stacked together to form a 2D interface (Figure 5, a-c). The
cross-sectional BSD images (Figure 5, d-f) exhibit darker and lighter regions that generally
correspond to lighter and heavier elements, respectively. The EDX elemental maps of vanadium
(Figure 5, g-i) and carbon (Figure 5, j-1) were used in conjunction with the BSD images to
identify LVO and GO nanoflake regions in the heterostructures. The maps show heterointerface
formation between LVO and GO on the micron scale which is likely due to some agglomeration
of chemically identical nanoflakes. However, this technique is not able to analyze the interface of
individual LVO/GO nanoflakes due to the limitations of SEM imaging resolution. Most
importantly, the signal from these two elements do show a layered distribution helping confirm

that cation-driven assembly formed a 2D heterointerface between GO and LVO. Moreover, the
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vanadium to carbon signal ratio decreases as the weight percentage of GO increases. EDX spectra
of the LVO/GO-10 wt.%, 20 wt.%, and 35 wt.% samples collected V/C molar ratios of
approximately 7.5, 2.4, and 1.4, respectively, trends in agreement with TGA results (Figure S6
and Table S3 in Supporting Information).

heterostructure. (a) ADF-STEM image of nanometer-scale rGO sheets between thin LVO layers.
Dashed box indicates approximate region where EELS in (c-e) was acquired. (b) BF-STEM image
simultaneously acquired with (a), showing atomic-scale structure of the LVO and rGO layers.
Dashed lines highlight rGO sheet locations and the dashed box indicates the zoomed region shown
in (f). (c-e) EELS mapping of region indicated in (a), with simultaneous ADF-STEM image,
integrated C K-edge, and integrated V L-/O K-edges displayed, respectively. (f) Zoomed region
from (b) showing interlayer spacings of 8.6 A and ~4.2 A for LVO and rGO, respectively.

To explore individual LVO/GO nanoflake heterostructures at higher resolution, scanning
transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) were
performed on a cross-sectional LVO/rGO-20 wt% sample produced by focused ion beam (Figure
6). As displayed in Figure 6a, annular dark-field (ADF) STEM imaging clearly shows the
presence of heterostructures consisting of rGO sheets with thicknesses down to the nanometer
scale between layers of LVO. Bright-field (BF) STEM imaging, as shown in Figure 6b, more

clearly reveals the atomic-scale structure of these materials, both of which are layered in the
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stacking direction. EELS mapping (Figure 6c-e) further confirms that the light and dark layers in
the ADF-STEM images are composed primarily of vanadium/oxygen and carbon, respectively. A
zoomed region of the BF-STEM image (Figure 6f) shows that the local interlayer spacings of the
LVO and rGO layers are 8.6 A and ~4.2 A (with a broader distribution of rGO spacings),
respectively. The reduced interlayer distance in LVO as compared to XRD measurements can be
attributed to the local (STEM) and bulk (XRD) nature of the measurements, as well as the film
processing conditions required for the preparation of the sample for imaging.?” Further ADF- and

BF-STEM images of heterostructures can be found in Figure S7 in Supporting Information.
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Figure 7. (a-c) CV and (d-f) galvanostatic discharge/charge curves of Li-ion cells containing (a,
d) LVO/rGO-10 wt%, (b, e) LVO/rGO-20 wt%, and (c, f) LVO/rGO-35 wt% electrodes. The
color-coded cycles are shown as a legend within each figure panel.

Figure 7 shows the CV and galvanostatic discharge/charge (GDC) curves exhibited by the
LVO/rGO heterostructure electrodes in Li-ion half-cells. The CV curves of each heterostructure
(Figure 7, a-c) exhibit a broad cathodic peak at 2.8 V, a more prominent cathodic peak at 2.45 V,
and a corresponding doublet anodic peak at approximately 2.7 V vs Li/Li". This shape is consistent
with BVO materials synthesized previously and is indicative of highly reversible ion intercalation-
type behavior!® 374 This result also confirms that the redox activity of LVO was maintained
throughout the processing steps of exfoliation, cation-driven assembly, and vacuum annealing.
However, the specific capacity of the CV curves noticeably decrease as the amount of GO
increases which signifies that decreasing the relative LVO content limits the total capacity of the

electrode. The heterostructure GDC curves for the first and second cycles exhibit plateaus that
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agree well with the cathodic and anodic peaks in the CV curves (Figure 7, d-f). The LVO/rGO-
10 wt%, LVO/rGO-20 wt%, and LVO/rGO-35 wt% materials show capacities of 200, 161, and
110 mAh g! on the first discharge cycle, respectively, a trend in agreement with increasing rGO
content. This result confirms that increasing the amount of GO during cation-driven assembly
reduces the charge storage capacity of the heterostructure due to the reduced amount of redox
active LVO component and absence of the rGO redox activity in the potential window selected for
cycling. Interestingly, the capacities of the LVO/rGO-10 wt%, LVO/rGO-20 wt%, and LVO/rGO-
35 wt% electrodes on the second discharge are notably higher at 216, 174, and 132 mAh g,
respectively. This phenomenon could be related to the incorporation of Li-ions between the
nanoflakes forming heterostructures during the cation-induced assembly process. Subsequently,
these ions were at least partially extracted during the first charge, thereby opening additional sites
in the interlayer region for Li-ion intercalation during later discharge cycles. This idea is supported
by the initial cycles of the physically mixed reference electrodes shown in Figure S8, a-c
(Supporting Information) where the values of the first and second discharge cycle capacities
have little discrepancy compared to the LVO/rGO heterostructures prepared via cation-driven

assembly.

Each of the heterostructures was cycled at a specific current of 20 mA g! for 100 cycles to
assess their electrochemical stability (Figure 8, a-¢). After 100 cycles, the LVO/rGO-10 wt%
material demonstrated a specific discharge capacity of 99 mAh g’!, a capacity retention of 46%,
and the LVO/rGO-20 wt% electrode showed a 139 mAh g™! specific discharge capacity and 80%
capacity retention. In contrast, the LVO/rGO-35 wt% electrode demonstrated a 127 mAh g’!
specific discharge capacity and 96% capacity retention after 100 cycles. Moreover, the electrode
prepared by LVO nanoflake assembly without GO retained only 2% of its second cycle specific
discharge capacity after 100 cycles (Figure S9 in Supporting Information) showing the
importance of rGO presence in a heterostructure for stable electrochemical cycling. This data
shows that increasing the GO content during cation-driven assembly helps stabilize the
electrochemical performance of the heterostructures. Interestingly, the capacities of the LVO-
enriched 2D heterostructure electrodes with high initial capacities drop below the values
demonstrated by the LVO/rGO-20 wt% and LVO/rGO-35 wt% electrodes after 100 cycles. This
result indicates a stabilization effect enabled by the heterointerface formation. A similar

phenomenon for BVO was observed in the case of oxide/carbon heterointerfaces created via
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carbonization of chemically preintercalated dopamine molecules'> and nanocomposites with
graphene and carbon nanotubes'®. It’s possible that the rGO in these materials is stabilizing the
electrodes by inhibiting the dissolution of LVO in electrolyte, an occurrence observed in previous
studies™*-°. In the case of the 2D LVO/rGO heterostructures prepared in this work, the stabilization
effect could be attributed to both the formation of bonds between the LVO and rGO surfaces via
the Li-ions incorporated between the layers as well as encapsulation of the oxide nanoflakes by
rGO nanoflakes preventing active dissolution of LVO in the electrolyte, similar to reported
MoOs/MXene composite electrodes®®. This encapsulation could also explain why the capacity of
the LVO/rGO-35 wt% electrode initially increases. The increased rGO content may initially block
electrolyte access to the LVO component, and electrochemical cycling could activate this material
by opening diffusion pathways. We do not observe this trend at lower ratios because the reduced

rGO content allows the electrolyte to readily interact with LVO.

The performance of the LVO/rGO heterostructure electrodes was also tested at high
specific currents, and their respective drops in specific capacity were evaluated to understand their
tolerance for fast charging and discharging (Figure 8, d-f). After applying the highest specific
current, the discharge/charge rate was brought back to the lowest value to further assess each
electrode’s stability and recovery. The LVO/rGO-35 wt.% and LVO/rGO-20 wt.%
heterostructures retained 75% (110 mAh g™') and 67% (120 mAh g™!) of their initial capacities after
increasing the specific current from 20 mA g! to 200 mA g!, while the LVO/rGO-10 wt% sample
retained only 48% (107 mAh g of its initial capacity under the same cycling conditions. More
importantly, each of the heterostructures performed significantly better at increased current rates
compared to the physically mixed reference electrodes, the rate capability data of which are shown
in Figure S8 in Supporting Information. The comparison of 2D heterostructure and physically
mixed electrodes illustrates the important role of Li-ions for the heterointerface formation via this
top-down fabrication method. Analysis of electrochemical performance shows that cation-driven
assembly with Li-ions helps induce and stabilize the formation of stacked 2D layers of GO and
exfoliated LVO nanoflakes to mitigate charge storage degradation when applying high specific
currents and during extended cycling. The LVO/rGO-35 wt% electrode fully recovered its original
capacity after the discharge/charge rate was reduced from 200 mA g! to 20 mA g!, demonstrating
the improved electrochemical stability of this heterostructure at high specific currents. In

comparison, the LVO/rGO-10 wt.% and LVO/rGO-20 wt.% electrodes recovered ~75% and ~84%
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of their initial capacities, respectively. The enhanced rate capability behavior is attributed to the

improved electronic conductivity of the LVO/rGO heterostructures enriched with the rGO

component providing conductive pathways for electron transport. In total, the LVO/rGO-20 wt %

heterostructure exhibits the most promising combination of electrochemical stability and storage

capacity. However, we believe that this synthesis method could be improved further by more

efficiently exfoliating LVO to acquire thinner nanoflakes and potentially enhance the LVO/rGO

interface.
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Figure 8. (a-c) Galvanostatic life cycle testing and (d-f) rate capability data of the Li-ion cells
containing (a, d) LVO/rGO-10 wt%, (b, ¢) LVO/rGO-20 wt%, and (c, f) LVO/rGO-35 wt%

electrodes.
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Figure 9. Experimentally obtained Nyquist plots (scattered symbols) of (a) LVO/rGO-10 wt%, (b)
LVO/rGO-20 wt%, and (¢) LVO/rGO-35 wt% electrodes during the 1% discharge/charge cycle and
(d-f) during the 10" discharge/charge cycle. The green solid line corresponds to the Nyquist plots
fitting obtained using the equivalent circuit models shown in Figure S9 (Supporting
Information).

To evaluate the charge transfer resistance and validate the improved electronic
conductivity, EIS measurements for the Li-ion cells containing LVO/rGO heterostructure
electrodes were recorded before and after ten discharge/charge cycles. The corresponding Nyquist
plots are shown in Figure 9. Schematic representations of the proposed equivalent circuits are
shown in Figure S10 in Supporting Information and based on previous studies involving
vanadium oxide phases with and without the formation of an SEI layer'* >”-3¥ Ry is the non-active
component of the resistivity, including the electrolyte resistance, R¢¢ is the charge transfer
resistance between the electrode and the electrolyte, CPE.; is the double layer capacitance on the
electrode surface, CPE; and R; are the capacitance and resistance of the SEI layer that has been
modeled in previous work'* >, and W is the Warburg diffusion impedance into the bulk electrode.
The model fit parameters are shown in Table S4 (Supporting Information) for each material’s

EIS measurement at five stages of cycling: OCV, 0% state of charge (SOC) on 1st discharge, 100%
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SOC on 1st charge, 0% SOC on 10th discharge, and 100% SOC on 10th charge. During the first
cycle (Figure 9, a-c) the R values decrease as the amount of rGO in the heterostructure increases,
probably due to the improved electron transport in the carbon enriched heterostructures. However,
after 10 cycles the charge transfer resistance increases notably for the LVO/rGO-10 wt% and
LVO/rGO-20 wt% heterostructures as compared to the corresponding values on the first cycle
(Table S4 in Supporting Information) which could be indicative of SEI formation, shown as a
separate element in the equivalent circuit (Figure S10b in Supporting Information).
Interestingly, the Nyquist plots exhibited by the cells containing LVO/rGO-35 wt% electrode after
10 cycles do not exhibit a significant change in R¢ values, and the fit is better using the equivalent
circuit that does not have a component corresponding to the SEI layer (Figure S10a in Supporting
Information). This result suggests that the SEI formation on LVO could be suppressed by an rGO
encapsulation effect. These trends agree with our finding that increasing the GO content during
cation-driven assembly, and thereby increasing the fraction of the LVO/rGO heterointerface,
improves electron transport, stabilizes LVO structure and prevents the dissolution of the

heterostructure in electrolyte during cycling.

4. Conclusions

For the first time, this work used a top-down cation-driven assembly in water to synthesize
stacked 2D heterostructures of LVO and rGO nanoflakes followed by vacuum filtration and
annealing. We showed that annealing at 200 °C under vacuum removed excess water stemming
from the aqueous-based synthesis method and reduced graphene oxide to form rGO with increased
electronic conductivity. The electrochemical cycling results of the LVO/rGO heterostructures
prepared with 10, 20, and 35 wt% GO compared to the physically mixed electrodes prepared with
the same LVO:GO ratios suggest that Li-ion driven assembly favored the heterointerface
formation. The superior electrochemical stability of the 2D heterostructures was attributed to
improved structural stability, originating from bonds formed between rGO and LVO nanoflakes
that preserved lamellar order of the layers in the LVO structure, and rGO encapsulation effect
preventing significant dissolution of LVO nanoflakes in the electrolyte. While increasing the
fraction of rGO improves the stability and rate capability of the 2D LVO/rGO heterostructure
electrodes, the capacity values scale down according to the decrease in LVO content. The

improved electron transport of the heterostructures with enhanced rGO content was supported by
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both the rate capability study and decreased charge transfer resistance evidenced by the EIS
characterization. However, the optimal ratio between LVO and rGO must be found in order to
achieve the best combination of electrochemical stability and capacity. The results of this study
suggest the LVO/rGO-20 wt% heterostructure displays the most promising electrochemical
performance when accounting for both long-term stability and total storage capacity, but we also
support future work dedicated towards more efficient exfoliation of LVO to thinner layers to better
disperse conductive phases throughout the assembled structure which could impact the optimal
LVO/rGO ratio. This method can also be expanded to incorporate additional exfoliated phases

such as other transition metal oxides, transition metal dichalcogenides, and MXenes.

Supporting Information

Images of the LVO/GO heterostructures in solution after cation-driven assembly, zeta potential
curves of GO, ex-LVO, and a ex-LVO/GO-20 wt% mixture dispersed in water, XRD patterns of
GO powder, rGO powder, and mixed LVO/(r)GO materials, TGA curves of GO and rGO powder,
XPS spectra of the V2p region of the cation-assembled LVO/(r)GO heterostructures and Tables
summarizing the binding energies and at% of each of their respective functional groups, top-down
SEM images, EDX maps, and STEM images of the LVO/GO heterostructures and a summary
table of the results, rate capability GDC curves and rate capability data of each of the physically
mixed electrodes, life cycle data of the LVO/rGO-0 wt% electrode, equivalent circuit models used

fit the experimentally obtained Nyquist plots and a summary table of the circuit fitting parameters
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