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Abstract
Exfoliated 8-LixV205-nH20 (ex-LVO) and reduced graphene oxide (rGO) heterostructures

were constructed using different assembling cations (i.e., Li", Na", and K" ions). The ex-LVO and
rGO nanoflakes were stacked together using a concentrated chloride solution of each assembling
cation and vacuum annealed at 200 °C to form three distinct two-dimensional (2D) layered
architectures. X-ray diffraction and thermogravimetric analysis confirmed that the assembling ions
can control the interlayer spacing of the bilayered vanadium oxide (BVO) phase as well as impact
the crystallographic water content, which in turn affects the electrochemical performance.
Scanning electron microscopy, scanning transmission electron microscopy (STEM), electron
energy-loss spectroscopy (EELS), and X-ray photoelectron spectroscopy confirmed that a 2D
heterointerface formed between LVO and rGO, and that the cations used to assemble the
heterostructure are trapped in the interlayer BVO region. High-resolution STEM imaging also
showed the rGO dispersion throughout the LVO layers. Moreover, STEM-EELS identified a V203
phase that forms along the rGO interface that can stabilize the materials during cycling. A charge
storage mechanism analysis, combined with galvanostatic intermittent titration technique, found
that increased interlayer spacings of the BVO phase and using the assembling cations to define
intercalation sites for identical charge carrying ions leads to improved ion diffusion and increased
capacities during cycling. Therefore, the Li* and Na* ion assembled heterostructures showed
improved charge carrying ion diffusion and charge storage capacities in each of their respective
charge storage systems (i.e., Li-ion and Na-ion half-cells). In total, the cation used for

heterostructure assembly can modify the final material structure and tailor the ion diffusion and
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charge storage capacity to tune its properties for the desired electrochemical system using a variety

of 2D materials.



1. Introduction

Lithium-ion battery technology dominates energy storage in portable electronics and
electric vehicles because it offers high energy density, high power density, and long-term stability
over many cycles!™. However, there is growing interest in beyond Li-ion batteries (e.g., Na-ion
and K-ion batteries) due to the natural abundance of Na" and K ions, their lower cost, and
increased safety”. In addition, the most studied active materials in these systems do not require
elements such as Ni and Co that are becoming increasingly scarce'® !'. However, these alternative
technologies can be difficult to implement because the current cathode materials do not offer

comparative stability, rate capability, or specific capacities to that of their Li-ion counterparts '!-
13

Vanadium pentoxide is one promising class of materials for use in Li-, Na-, and K-ion
batteries due to its high theoretical capacity and high redox activity'*!®. In particular, the
chemically preintercalated bilayered vanadium oxide (BVO or 8-MxV20s5-nH>0, where M = Li,
Na, K, Mg or Ca) phase has been widely studied in these alternative systems because of its tunable
interlayer spacing greater than 9 A that can accommodate larger charge carrying ions and
vanadium’s ability to undergo multiple reduction steps'’?’. This bilayered phase can also be
beneficial because two-dimensional (2D) structures can help enable ion diffusion as well as
mitigate structural damage that can occur during extended battery cycling?! . Moreover, there are
a variety of strategies that can be implemented to improve the poor electronic conductivity of
BVO, including nucleating V>Os on GO nanosheets, preintercalating small organic molecules into
BVO, and incorporating flash-oxidized carbon nanotubes and graphene nanoplatelets during BVO

sol-gel synthesis 22,

Cation-driven assembly is one promising method that can be used to interface BVO with
more conductive two-dimensional (2D) materials. This strategy uses positively charged species to
combine one or more 2D phases, often to adjust the final properties of the assembled structure®®-
2 Our recent work used Li" ions to assemble exfoliated LixV20s-nH,0 (ex-LVO)*® and
monolayer graphene oxide (GO) resulting in the formation of a heterostructure, a 2D material
defined by an intimate face-to-face contact between two chemically dissimilar building blocks
(structural layers or nanoflakes)?!3!. GO was chosen as the conductive carbon precursor because
reduced GO (rGO) is an established current collector and conducting agent for the fabrication of

electrodes with transition metal oxides’*>*. This material exhibited enhanced electrochemical
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stability and rate capability compared to samples that simply mixed the two components without
using cations to initiate this interface formation. Cation-driven assembly has also utilized ions
beyond lithium. Alkali metal cations (i.e., Na*, K, Rb*, Cs*, and Ba*" ions) were used to assemble
exfoliated MoS; and WS> dichalcogenides in order to incorporate these guest species in their
interlayer region®. Li*, Na*, and K" ions were also used to flocculate porous MnO nanosheets to
form well-ordered manganese oxide layers for supercapacitor applications®’. A similar report used
Li*, Na®, K*, Co?", and Mg?" ions to assemble 2D MnO; nanosheets with porous frameworks and
tunable interlayer spacings dependent on the assembling cation®. The study also found that the
materials assembled with divalent cations exhibited lower capacities as electrodes in Li-ion and
Na-ion batteries compared to the materials assembled with monovalent alkali ions. Moreover, they
found that increasing the Na" ion/MnO; ratio up to 2 optimized the specific capacity in Na-ion
batteries by promoting ion diffusion channels, and capacities remained constant beyond this ratio.
Therefore, this work builds on previously synthesized LVO and rGO heterostructures to
investigate how the assembling cation can affect the structure of the final LVO/rGO materials, and
in turn, the electrochemical properties in different charge storage systems using BVO as the active

phase.

Herein, Li", Na', and K" ions were used to assemble exfoliated LixV>Os-nH>O bilayers and
graphene oxide nanoflakes to form 2D heterostructures (Figure 1). Na”and K" ions were utilized
in this system for the first time and help demonstrate the versatility of this technique. Further, X-
ray diffraction (XRD), thermogravimetric analysis (TGA), and scanning transmission electron
microscopy (STEM) demonstrate how changing the assembling cation affects the final structure
of the material. In turn, these structures were tested in both Li-ion and Na-ion half-cells for a
comprehensive study of how the assembling cation in each structure affects the charge storage
mechanism, the diffusion coefficient of the charge carrying ions through the bulk material, and the
specific capacity and rate capability of the electrodes. In total, cation-driven assembly can tailor
the final structure to obtain properties desirable for specific charge storage systems and is a
versatile technique that can be used to interface a variety of 2D materials in aqueous suspensions

using any number of positively charged ions.
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Figure 1. Schematic illustration of the heterostructure synthesis process and the range of interlayer
spacings that are formed depending on the cation used to assemble the ex-LVO and GO nanoflakes.
The initial synthesis step consists of mixing a dispersion of exfoliated 8-LixV20s-#H20 nanoflakes
with single-layer GO nanoflakes before slowly adding either 10M LiCl, 5M NacCl, or 4M KCI
solution to form the 2D heterostructure via electrostatic interactions. The middle panel is a
schematic of the final dehydrated 6-MxV20s-nH>0O/rGO heterostructure after vacuum filtration and
annealing at 200 °C to partially reduce GO and remove crystallographic water, where M can be
Li, Na, or K depending on the assembly cation®’. This schematic also shows the radii of each of
these ions in their hydrated form displayed in the central region of the BVO structure with the
numbers on the left and ride side indicating the d-spacing that corresponds to the K* ion and Li*
ion assembled samples, respectively. Each of these heterostructures were electrochemically cycled
in Li-ion and Na-ion systems as shown in the panel on the right side of the figure.



2. Experimental Methods

Materials Synthesis

LixV205-nH,0 (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-V20s5 (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 resulting dispersion 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
dispersion in an aluminum boat and weighing the final product after the water evaporated.
Separately, the GO powder was suspended in 40 mL of water and bath sonicated at 60 Hz for 30
mins. The ex-LVO dispersion was added to the GO suspension in an 80:20 weight ratio with an
additional 40 mL of water and stirred for 5 mins. Next, 5 mL of either 10 M LiCl, 5 M NaCl, or 4
M KCl 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. A color
change from deep red to red-orange signaled the formation of flocculates. The resulting mixture
was centrifuged at 6500 RPM to collect the flocculates and remove the concentrated salt solutions.
The flocculates were resuspended in water, washed, and filtered to form a film that was dried at
105 °C. At this stage, the heterostructures are referred to as Li-LVO/GO, Na-LVO/GO, and K-
LVO/GO depending on the cation used in the assembly process. Next, the films were ground into
a 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 Li-LVO/rGO, Na-LVO/rGO, and K-
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LVO/rGO, with rGO indicating that the material was vacuum annealed at 200 °C, or M-
LVO/(r)GO in general, where M is either Li, Na, or K.

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 Kq (A =
1.54 A) radiation. XRD patterns were collected using a step size of 0.02° and step speed of 0.7°
20-min’!. The morphology of the particles was captured using a Thermo Fisher Apreo 2S Lo Vac
scanning electron microscope (SEM) equipped with a Trinity detection system and live
quantitative energy dispersive X-ray spectroscopy (EDS). SEM images for EDS analysis were
acquired using a beam accelerating voltage of 15 kV and an 11 mm working distance (WD).
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 doses of <10* e A2 and <10° e” A"
2, which were sufficiently low to preserve the atomic-scale structure and local bonding
environment of the materials. EELS spectrum images were analyzed by multivariate curve
resolution (MCR), a statistical analysis method that allows spatially overlapped spectra to be
separated into a linear combination of spectral components and their spatial concentrations to be
separately mapped. 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™'. XPS measurements were recorded on
a Physical Electronics VersaProbe 5000 using a monochromatic Al Ka source and charge
compensation. The high-resolution V 2p and Cls spectra were taken at a pass energy of 23.5 eV
with a step size 0f 0.05 eV. Peak fitting and data analysis were carried out using CasaXPS software.

A Shirley background was used for V 2p and C 1s 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 suspended 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.
Electrochemical Testing

All electrochemical data was collected using 2032 type coin cells. The Li-ion system was
studied using Li foil as both the counter and reference electrodes, a polypropylene membrane
(3501, Celgard USA) served as the separator, and the electrolyte was 1 M LiClO4 in a 1:1 (v:v)
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). Na-ion cells were run using
metallic Na as the counter and reference electrodes, a glass fiber separator, and a 1M NaClO4 in a
1:1 (v:v) EC and propylene carbonate (PC) electrolyte. Each cell was cycled ina 2 — 4 V window.
Cyclic voltammograms (CVs) were collected using a BioLogic VP3 potentiostat at sweep rates of
0.1, 0.2, 0.4, 0.6, and 0.8 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\,



3. Results and Discussion
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Figure 2. Characterization of the 2D heterostructures. (a) XRD patterns of the M-LVO/(r)GO
heterostructures before and after annealing, signified by the single and double lines, respectively.
The dotted line at approximately 28° 20 is the Si reference. (b,c) TGA weight loss curves of the
assembled M-LVO/(r)GO heterostructures and (r)GO reference (b) before and (c) after annealing
at 200 °C under vacuum. (d-f) SEM images of Li-LVO/rGO, Na-LVO/rGO, and K-LVO/rGO
heterostructures, respectively, taken using an in-lens detector.

Each LVO/GO structure used either Li*, Na*, or K* ions to assemble negatively charged
exfoliated bilayered vanadium oxide and GO nanoflakes to form a layered 2D heterostructure. In
order to improve the electronic conductivity of the GO phase and reduce the amount of water
present in the LVO bilayers, each material was annealed at 200 °C under vacuum to form reduced
GO (rGO)**3% 40 As shown in a previously published report using this cation-driven assembly
method®!, each XRD pattern exhibits (00/) peak reflections characteristic of the §-V20s5-nH20
phase (Figure 2a)'’. The (001) peaks of the Li-LVO/rGO, Na-LVO/rGO, and K-LVO/rGO
heterostructure spectra prior to annealing are located at ~7.68°, ~7.93°, and ~8.71° 20,
respectively, which correspond to d-spacings of ~11.51, ~11.14, and ~10.14 A. These interlayer

distances were calculated using Bragg’s law and are shown next to their respective (001) peaks.



After annealing, these d-spacings were reduced to ~11.11, ~11.06, and ~9.96 A (i.e., located at
~7.95°, ~7.98°, and 8.87° 20), respectively. This reduction in interlayer spacing could be due to a
loss of crystallographic water in the bilayered structure during vacuum annealing®'. In addition,
these values are in good agreement with previously reported Li*, Na*, and K" ion preintercalated
bilayered vanadium oxide phases'® #!. This result supports the hypothesis that the cations used
during assembly are trapped between the LVO/rGO layers and define the interlayer spacing of the
structure in proportion to the hydrated radius of the respective cation. Therefore, cation-driven
assembly produces similar results to that of the chemical preintercalation method in terms of
defining the chemical composition and structure. The chemical preintercalation method and the
cation-driven assembly strategy can be thought of as ‘bottom-up’ and ‘top-down’ synthesis

approaches, respectively.

The TGA curves presented in Figure 2b and 2c help show the successful removal of
interlayer water and the reduction of the GO nanoflakes. Each structure is comprised of weakly
bound surface water, (r)GO nanoflakes, double-layered M\V>0s, and the structural water present
within the MyV>0s interlayer region. The weakly bound physiosorbed water is removed via
evaporation at temperatures below 110 °C. Of note, the K-LVO/(r)GO material exhibits ~70% less
weight loss in this region compared to heterostructures assembled with Li" and Na" ions both
before and after annealing. This result is consistent with previously published K* ion intercalated
0-V205-nH>O materials that measured low surface water content, and suggests these materials
have a low affinity for water*!"*. The oxygen containing functional groups present in GO are
typically removed between 150 °C and 350 °C***+%5_ Prior to annealing, the inflection points in
the TGA curves of the heterostructures at ~165 °C and the GO reference at ~150 °C delineate the
removal of these groups®!. Simultaneously, the §-MxV20s-nH,O structural water is lost between
110 °C and 400 °C, as evidenced by the sloping weight loss curves in this temperature region® 4.
After annealing, the slope of the TGA curves in this region is noticeably reduced, which indicates
that some of the structural water was removed and rGO was formed. The sp? hybridized graphene
component of each heterostructure and rGO reference sample subsequently combusts at
temperatures above ~ 350 °C3!, Lastly, weight gain observed above ~ 450°C can be attributed to

the filling of oxygen vacancies present in the V,0s layers*!> 474,
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The TGA curves can also be used to estimate the molar mass of the heterostructures after
annealing. Calculating the structural water and final carbon content of the heterostructures is
challenging due to the simultaneous removal of this water content and combustion of rGO.
However, these values can be estimated by normalizing each TGA curve by the mass left after the
removal of physiosorbed water, calculating the weight loss between ~110 and ~350 °C assuming
it can be attributed to the removal of structural water, as well as measuring the weight loss that
occurs above ~350 °C due to the combustion of sp? hybridized carbon. This method estimates that
the Li-LVO/rGO, Na-LVO/rGO, and K-LVO/rGO samples are comprised of 2.1, 1.4, and 1.2 wt.
% crystallographic water and 11.2, 12.8, and 11.2 wt.% rGO, respectively. In turn, the molar mass
of each respective material is ~209.9, ~212.1, and ~207.7 g mol™!. The consistent carbon content

across each sample supports the reproducibility of the cation-driven assembly method.

While an (r)GO signal does not appear in the XRD spectra due to the irregular dispersal of
these nanoflakes throughout the heterostructure, both SEM and STEM imaging show the presence
of rGO nanoflakes interspersed with ex-LVO. The cross-sectional SEM images in Figure 2, d-f
and the higher magnification images in Figure S1, a-c (Supporting Information) show the
stacked 2D morphology of the cation-assembled materials. The regions captured in these images
were used in combination with EDS mapping to help show the layering of the ex-LVO and rGO
components on a micron scale, also shown in Figure S1. However, while the carbon signal does
show evidence of these layers, the vanadium signal is more uniform compared to our previous
cation-assembled heterostructures®!. This outcome could be due to improved synthesis processing
that resulted in a better distribution of vanadium oxide and carbon layers and more uniform
elemental maps. Therefore, STEM imaging is required to confirm there is a 2D interface between
LVO and rGO nanoflakes. In contrast, both the EDS maps and spectra were effective in showing
the presence of a Na" and K" ion signal in the Na-LVO/rGO and K-LVO/rGO structures,
respectively (Figure S2 in Supporting Information). This data supports the idea that these ions

are captured between the nanoflakes during cation-driven assembly.

To better understand the ex-LVO and rGO nanoflake distribution and interface formation,
higher resolution STEM imaging and EELS were employed. Annular dark-field (ADF)-STEM
imaging revealed the presence of heterostructures consisting of nm-scale rGO layers between LVO

layers that ranged approximately from one to tens of nm thick (Figure 3). In general, the Li-
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LVO/rGO and Na-LVO/rGO samples had clearly dispersed rGO layers, while the rGO layers in
the K-LVO/rGO sample appear denser in the localized imaging. In addition, EELS revealed two
separate V and O local bonding environments in the samples, consistent with V,0s and V,03%.
The majority of the LVO material consisted of V,0s for the Li-LVO/rGO and Na-LVO/rGO
samples, with approximately 2-3 nm thick V»0Os3 layers present at the LVO-rGO interfaces. Low-
loss EELS further supported the presence of these interfacial layers (Figure S3 in Supporting
Information). The V,0; was more widespread in the K-LVO/rGO sample, likely due to the
increased density of rGO layers, and therefore, rGO-LVO interfaces. Finally, low-loss and core-
loss EELS also confirmed the presence of Li and K in the Li-LVO/rGO and K-LVO/rGO samples,

respectively (Figure S3 in Supporting Information).

— V05 Bulk
c —— V;0; interface

Li-LVO/rGO

B 5-v,05nH,0
B V,0; Interface

Na-LVO/rGO

K-LVO/rGO

525 530 535
Energy Loss (V)

Figure 3. High-resolution STEM and EELS characterization of M-LVO/rGO heterostructures.
Analysis of (a-c¢) Li-LVO/rGO, (d-f) Na-LVO/rGO, and (g-1) K-LVO/rGO heterostructures using
simultaneously acquired (a, d, g0 ADF-STEM images, (b, e, h) EELS maps, and (c, f, 1)
corresponding V L-edge and O K-edge spectra separated and mapped by multivariate curve
resolution. The well-separated nature of the heterostructures in the Li-LVO/rGO and Na-
LVO/rGO samples enabled approximately 2-3 nm thick V203 layers to be observed at the LVO-
rGO interfaces. The V20; signal was less localized in the K-LVO/rGO case, likely due to the
density of rGO layers present.
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Analysis of the XPS spectra helps confirm the presence of the assembling cations within
the structure, the reduction of the GO nanoflakes, and the high oxidation state of vanadium in the
bulk structure. The survey scans of the Na-LVO/rGO and K-LVO/rGO heterostructures show
peaks corresponding to the Na 1s and K 2p binding energies, respectively (Figure S4 in
Supporting Information). These peaks are in agreement with Na-LVO/rGO and K-LVO/rGO
cross-sectional EDS spectra that show a Na" and K* ion signal, respectively, as well as the K-
LVO/rGO EELS spectrum that displays a K L-edge and the Li-LVO/rGO EELS spectrum that
shows a Li K-edge (Figure S3 in Supporting Information). Together, these characterization
methods verify these ions are captured by the nanoflakes during the assembly process. In addition,
the Cls spectra in Figure S5 in the Supporting Information show a reduction in the areas
corresponding to C — O and C = O bonds relative to the sp? and sp’ hybridized carbon bonds,
confirming the reduction of the GO nanoflakes in each heterostructure after vacuum annealing at
200 °C. Moreover, while localized STEM analysis found variable amounts of the V203 phase
concentrated along the rGO interface, the V 2p spectra in Figure S6 in the Supporting
Information confirm that vanadium maintains a mixed V°*/V*" oxidation state after annealing in
the bulk material (i.e., average vanadium oxidations states of 4.88, 4.83, and 4.86 for the Li-
LVO/rGO, Na-LVO/rGO, and K-LVO/tGO heterostructures, respectively). A summary of the
contributions of the functional groups present in the C1s spectra and vanadium oxidation states are
shown in Table S1 in Supporting Information, and a more detailed analysis of the XPS spectra

can be found in a previous publication®!.
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Figure 4. Charge storage mechanism analysis in Li-ion half-cells. (a) Black Li-LVO/rGO, (b) blue
Na-LVO/rGO, and (c) green K-LVO/rGO electrode CV curves showing the total charge storage
and non-diffusion limited charge storage contributions obtained at a 0.2 mV s™! scan rate denoted
by the solid line and shaded regions, respectively. (d) A summary of the diffusion limited and non-
diffusion limited charge storage contributions of each heterostructure at increasing scan rates using
the same color coding marked by the lighter shade and darker shade, respectively. The percentages
denote the amount of non-diffusion charge storage contribution for each heterostructure at each
scan rate.

To study the effect the assembling cation has on the charge storage properties of the
heterostructures, each material was initially evaluated using cyclic voltammetry in Li-ion half
cells. The Li-LVO/rGO, Na-LVO/rGO, and K-LVO/rGO CV curves captured using a 0.2 mV s!
sweep rate (Figure 4, a-c) exhibit similar features owing to the bilayered vanadium oxide serving
as the active phase in each structure. There is a prominent anodic peak at 2.7 V, a more subtle
anodic peak at 2.95 V, and their corresponding cathodic peaks at 2.45 V and 2.8 V vs Li/Li" that
show the reversible ion intercalation-type behavior of this system. In addition, the galvanostatic
discharge charge (GDC) profiles of the first two cycles are shown in Figure S7a-c¢ in the
Supporting Information. Both the peaks and plateaus are consistent with previous

24, 30, 31, 41

electrochemical studies of bilayered vanadium oxides behavior . However, the Li-

LVO/rGO curve exhibits increased specific currents of the peaks associated with redox processes
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at each of these potentials. This result suggests that the Li* ions used to assemble this sample could
help define intercalation sites for charge carrying Li" ions and facilitate the transport of Li" ions at
these potentials. Therefore, we performed a more detailed analysis of the charge storage

mechanism of each material.

The current response at discrete voltage steps in each curve can be attributed to diffusion

limited and non-diffusion limited charge storage mechanisms as described using equation 1:
i(V) = kyv+ kyv/? (1)

Where i is the measured current, v is the voltage sweep rate, k;vis the non-diffusion limited current
contribution, and k2v'? is the diffusion limited current contribution®®. The k; and k> values are
determined analytically with equation 2 using the measured current of CV curves obtained at

increasing voltage sweep rates (Figure S8 in Supporting Information).
i) w2 = kv'? + k, )

This analysis helped elucidate several key observations in the Li-ion charge storage system.
As can be seen in Figure 4d and Table S2 in Supporting Information, the overall capacity of
each heterostructure electrode shrinks as the scan rate increases. This result is expected because
the amount of time available for Li" ions to diffuse into the structures is reduced. Figure 4d also
shows that the Li-LVO/rGO electrode has the highest relative contribution from non-diffusion
limited charge storage at each scan rate. Moreover, the Li" ion assembled structure has the highest
absolute capacity from both diffusion limited and non-diffusion limited charge storage
mechanisms, as summarized in Table S2. As the interlayer spacings decrease with the Na"and K*
ion assembled structures, the overall capacity is reduced and there is a relative decrease in diffusion
limited charge storage. This result suggests that the increased interlayer spacing and the potential
for assembling Li" ions to define charge storage sites in the Li-LVO/rGO heterostructure when
cycled in Li-ion half cells results in facilitated Li* ion diffusion during cycling, leading to higher

diffusion-limited and non-diffusion charge storage capacities.
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Figure 5. Charge storage mechanism analysis in Na-ion half-cells. (a) Black Li-LVO/rGO, (b)
blue Na-LVO/rGO, and (c) green K-LVO/rGO electrode CV curves showing the total charge
storage and non-diffusion limited charge storage contributions obtained at a 0.2 mV s™! scan rate
denoted by the solid line and shaded regions, respectively. (d) A summary of the diffusion limited
and non-diffusion limited charge storage contributions of each heterostructure at increasing scan
rates using the same color coding marked by the lighter shade and darker shade, respectively. The
percentages denote the amount of non-diffusion charge storage contribution for each
heterostructure at each scan rate.

The same charge storage mechanism analysis was completed for each heterostructure in a
Na-ion system using the CV curves found in Figure S9 in the Supporting Information. Again,
there are similarities in each of the heterostructure CV curves, with the strongest corresponding
anodic and cathodic peaks at 3.65 and 3.5 V, respectively. However, there is a broader anodic and
cathodic couplet centered at 3.1 and 3.0 V for the Na-LVO/rGO sample curve whereas the K-
LVO/rGO electrode exhibits a more rectangular CV curve at lower potentials. While the Li-
LVO/rGO electrode CV curve does appear to have small corresponding peaks at 3.1 and 2.85 V,
they are less distinct than in the Na" ion assembled sample curve. Overall, this outcome contrasts
with the Li-ion system, where the CV curves show that a higher proportion of the total specific

capacity is due to redox reactions at lower potentials. This behavior can also be seen in the GDC
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profiles shown in Figure S7d-f in the Supporting Information. Of note, a previous report that
cycled BVO in both Li-ion and Na-ion cells also found that a higher fraction of charge is stored at
potentials greater than ~2.75 V vs Na*/Na in the Na-ion system compared to the Li-ion system?.
Moreover, the Na* ion assembled sample CV curve exhibits the highest anodic and cathodic
specific current peaks at 3.65 and 3.5 V in the Na-ion system, a similar trend to that shown by the

Li" ion assembled sample CV curve in the Li-ion system.

The Na-LVO/rGO electrode shows the highest overall capacity compared to both the Li-
LVO/rGO and K-LVO/rGO samples in Na-ion half cells (Figure 5d). However, the Na-LVO/rGO
electrode generally has lower non-diffusion limited charge storage contributions to its capacity
compared to the Li-LVO/rGO electrode at each scan rate (Table S3 in the Supporting
Information). For example, the Na* ion assembled electrode has non-diffusion limited charge
storage contributions of 54% and 77% at 0.1 and 0.8 mV s™! scan rates while the Li* ion assembled
electrode exhibits non-diffusion limited charge storage contributions of 56% and 78% at the same
scan rates. This result implies that more charge carrying Na* ions are diffusing into the Na* ion
assembled heterostructure. Therefore, there are at least two primary competing factors in the
cation-driven assembly system. Both the interlayer spacing of the vanadium bilayers and the cation
used to assemble the 2D structure seem to affect the diffusion of the charge carrying ion. The Li*
ion assembled sample has the largest interlayer spacing, which leads to improved non-diffusion
limited charge storage and the highest capacity in the Li-ion system. In contrast, the K-LVO/rGO
heterostructure that has both the smallest interlayer spacing and charge storage capacity, a trend
observed in a report that used cation-driven assembly to stack MnO» nanosheets*®. Moreover, the
assembling cation also seems to facilitate diffusion when this cation is identical to the charge
carrying ion (i.e., the Na-LVO/rGO sample has the largest diffusion limited capacity in the Na-ion
system). Therefore, the galvanostatic intermittent titration technique (GITT) was used for a more

in-depth analysis of the diffusive properties of both the Na-ion and Li-ion systems.
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Figure 6. Experimentally obtained diffusion coefficients of charge carrying ions. (a) Li" ion and
(b) Na" ion diffusion coefficients measured in Li-ion and Na-ion systems, respectively, for each
Li-LVO/rGO, Na-LVO/rGO, and K-LVO/rGO heterostructure. The diffusion coefficients were
calculated using Equation 3 with key variables obtained using the processes outlined in Figure
S10 and Figure S11 for the Li-ion and Na-ion systems, respectively.

GITT experiments consisted of 30 min of applied negative specific current at 10 mA g!
followed by 20 hours of rest at open circuit. This sequence was repeated in the same 2 — 4 V
potential window as the galvanostatic and potentiostatic cycling experiments. The Li" and Na* ion
apparent diffusion coefficients, denoted as Dri" and Dna', respectively, were calculated for each

material in each cycling system using Equation 3:

(AEeq) 2
2 Atl

"(a)

Where msp, Vi, M3, S, and 7, are the active mass, molar volume, molar mass, the interfacial area

D= i(%) 3)

m \ MgS

between the electrolyte and electrode of the heterostructure materials, and the constant current
pulse time, respectively. For the purpose of this study, S was taken as the geometric area of the
electrode. AE¢;/ At 1s the change in the equilibrium voltage that occurs due to the change in the
electrode’s stoichiometry during the current on period, illustrated in Figure S10b and Figure S11b
in Supporting Information. This term can be taken simply as the difference in equilibrium
voltages assuming sufficiently low current is applied for short durations. Finally, dV/dVt is the
slope of the linear region of the potential against the square root of time duration during the period

of applied current as shown in Figure S10c and Figure S11c in Supporting Information®'.
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As suggested during the discussion of the charge storage mechanism, there are clear trends
that can be identified in both the Li-ion and Na-ion systems shown in Figure 6. When cycled in a
Li-ion half-cell, the Li" ion assembled sample demonstrates consistently improved Dri" values
when compared to the Na® and K" ion assembled materials (Figure 6a). Most notably, at
approximately 1 M of Li" ions inserted, the Li-LVO/rGO heterostructure has an estimated D"
twice that of the Na-LVO/rGO heterostructure and a full two orders of magnitude higher than the
K-LVO/rGO heterostructure. The increase in Dr;" observed at the tail end of each of the sample
plots was observed in a previous report and could be attributed to electrochemically induced
fracture that can provide fast ion transport paths>. In contrast, the Na-LVO/rGO sample shows the
highest Dna" values in the Na-ion system (Figure 6b) while the K™ assembled sample maintains
the lowest measured diffusion coefficients. These results in the Na-ion system agree with trends
found previously for templated tunnel manganese oxides>*. The poor ion diffusion observed in the
K-LVO/rGO heterostructure could partially be attributed to the K" ions used for assembly
occupying a more central region of the interlayer gallery, thereby hindering ion intercalation, a

154

phenomenon measured in a Ti3C, MXene material>®. Of note, the Na” assembled sample exhibits

higher average Dn,' values compared to D" values (i.e., 1.03E® cm? s™! compared to 2.5E 1% cm?
s). The same trend is observed when comparing Dr;* and Dna." of the Li* ion assembled sample
(i.e., 1.36E'" cm? s! compared to 5.51E'% cm? s!). These results further support the idea that a
combination of larger interlayer spacings and assembling ions that can define preintercalation sites

for identical charge carrying ions result in better electrochemical charge storage properties.
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Figure 7. Galvanostatic testing in Na-ion and Li-ion cells. (a,c) Life cycle testing and (b,d) rate
performance data of Li-ion and Na-ion half cells, respectively, containing Li-LVO/rGO, Na-
LVO/rGO, and K-LVO/rGO heterostructure electrodes.

Each of the heterostructures were also tested for long-term cycling stability and rate
performance in Li-ion and Na-ion half-cells (Figure 7). As stated previously, the Li" ion assembled
material exhibits the highest capacity in the Li-ion system (195 mAh g') compared to the Na* ion
assembled material (136 mAh g') and the K" ion assembled material (80 mAh g). In addition,
the Li-LVO/rGO electrode retained the highest amount of its initial capacity when increasing the
specific current from 20 mA g to 200 mA g relative to the Na-LVO/rGO and K-LVO/rGO
electrodes during the rate capability study (i.e., 70%, 62%, and 66% respectively). However, it
preserved only ~91% of its initial capacity after the current returned to 20 mA g™' compared to
~94% for the Na-LVO/rGO material and ~100% for the K-LVO/rGO structure. In addition, after
100 cycles ata 20 mA g! specific current, the Li-LVO/rGO heterostructure demonstrated a specific
discharge capacity of only 132 mA g!, a capacity retention of 68%, while the Na* and K* ion
assembled samples showed 80% and 100% capacity retention after 100 cycles (i.e., 109 and 80

mAh g, respectively). The reduced electrochemical stability may be related to the increased
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crystallographic water present in the Li-LVO/rGO sample which has been shown to lead to
capacity fade®>. The performance of this heterostructure could potentially be improved by using a
divalent cation such as the Mg?" ion. BVO preintercalated with Mg?" ions maintains a large

interlayer spacing'® 4!

, which can be important for charge storage properties as demonstrated in
this work. Moreover, a recent publication that used cations to assemble a-V20s and rGO found
that assembling cations with higher oxidation states acted as more stable pillars to support the

V105 layers and the interface between V20s and rGO>°.

In the Na-ion system, the Na-LVO/rGO heterostructure showed the highest initial capacity
of 99 mAh g! compared to the 94 and 49 mAh g! capacities shown by the Li-LVO/rGO and K-
LVO/rGO structures. It also showed an impressive 95% capacity retention (94 mAh g™! capacity)
after 100 discharge charge cycles compared to the 84% retention observed for the Li" ion
assembled material. Interestingly, the K-LVO/rGO heterostructure shows clear activation behavior
in the Na-ion system. This phenomenon is likely related to the relatively small interlayer spacing
of this sample in addition to the K" ions occupying a more central region between the BVO
bilayers, thereby impeding Na-ion electrolyte penetration into the K-LVO/rGO heterostructure>*,
Moreover, the relatively lower capacities exhibited by this material in the Li-ion and Na-ion
systems could also be related to the increased proportion of the V,0s phase found along the rGO
interface in STEM analysis in combination with the lower interlayer spacing. However, this same
interface combined with the lower water content may play a strong role in the electrochemical
stability exhibited by the K-LVO/rGO heterostructure. As far as the rate performance in the Na-
ion system, the Li" and Na" ion assembled materials show comparative results, each demonstrating
capacities of 56 mAh g at a 200 mA g specific current, respectively (i.e., 60% and 57% retention
from their initial capacities). This result is likely due to the stated interplay between the interlayer
spacing and the improved ion diffusion when the assembling cation is the same as the charge
carrying ion. Overall, these two factors play a significant role in determining the mechanism of
charge storage, the diffusion coefficient of the charge carrying ions, the cycling stability, and rate
capability of Li-LVO/rGO, Na-LVO/rGO, and K-LVO/rGO heterostructures in Li-ion and Na-ion
half-cells.
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4. Conclusions

This work used Li", Na*, and K" ions to form a variety of 2D LVO/rGO heterostructures
and establish relationships between the final structure and its electrochemical properties. This ‘top-
down’ cation-driven heterostructure assembly approach can be used to define the interlayer
spacing of the bilayered vanadium oxide phase by changing the nature of the assembling cation.
In turn, the CV curves and galvanostatic cycling highlight the benefit of using an active material
with a large interlayer spacing for improved initial capacities. Further, the cations used to assemble
the heterostructures can define intercalation sites for charge carrying ions and improve ion
diffusion kinetics when the assembling cation and charge carrying ion are identical, as suggested
by the charge storage mechanism analysis, GITT, and rate performance testing. However,
galvanostatic testing also signifies that crystallographic water can negatively impact the cycling

stability.

Cation-driven assembly was also shown to disperse rGO nanoflakes throughout the 5-
V>20s5-nH>0 bilayers. STEM analysis found a V>Os interface that forms along the rGO surface, and
galvanostatic testing suggests this feature may help stabilize the heterostructure during
electrochemical cycling. In total, these results indicate that an ideal heterostructure consists of a
well dispersed electronically conductive phase to tune the stable interface formed between the
active material and electronically conductive phase and a 2D active phase with a large interlayer
spacing, low water content, and preintercalated cations that are conducive with the chosen charge
carrying ions. This theory can be applied to any ‘top-down’ heterostructure synthesis utilizing 2D

materials beyond 6-V20s-nH>0O and rGO.

Supporting Information

Cross-sectional SEM images, EDS mapping, and the respective EDS spectra of the M-LVO/rGO
(M = Li, Na, K) heterostructures; high-resolution STEM and EELS characterization of the M-
LVO/rGO (M = Li, Na, K) heterostructures; XPS survey spectra, XPS spectra of the Cls region,
and XPS spectra of the V2p region of (r)GO and M-LVO/(r)GO (M = Li, Na, K) heterostructures
and a Table summarizing the binding energies and atomic percentage of each of the respective
functional groups; CV curves of the M-LVO-rGO (M = Li, Na, K) electrodes in Li-ion and Na-
ion cells at increasing scan rates, Tables summarizing the diffusion limited and non-diffusion

limited capacities of each heterostructure at each scan rate, and representative plots showing how

22



the diffusion coefficient of Li" and Na" ions were calculated in their respective charge storage
systems; initial discharge/charge voltage profiles of the M-LVO/rGO (M = Li, Na, K)

heterostructures in Li-ion and Na-ion cells.
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