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ABSTRACT OF THE DISSERTATION 

Abstract 

Designing Vanadium Oxide/Graphene Composite Electrodes 

for Aqueous Energy Storage Systems 

 

by 

 

Ailun Huang 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles 

Professor Richard B. Kaner, Chair 

 

 

Energy storage technologies have emerged as a critical component in the sustainable development 

of the global energy landscape. Aqueous energy storage systems are considered to be a promising 

solution to reliably store the energy generated from renewable sources and deliver electricity to 

the grid on demand. From bulk storage to uninterrupted power supply, large-scale energy storage 

systems of various power capacity and discharge frequency are needed, requiring rational designs 

of different electrochemical systems. In this work, unconventional high-energy-density 

supercapacitors and innovative fast-charging batteries are explored. Utilizing a facile laser scribing 

fabrication approach, earth-abundant, low-cost, electrochemically active vanadium oxides are 

incorporated onto highly conductive graphene scaffold. Symmetric supercapacitors based on this 

composite electrode exhibit high energy densities that are close to conventional batteries. 
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Furthermore, with synthetic modifications, the vanadium oxides/graphene composite is applied as 

the cathode material in a zinc-ion battery, leading to state-of-the-art rate capability and high-rate 

cycling stability. Moreover, the synthesis and charge storage mechanism of the pseudocapacitive 

electrode are further investigated in an aqueous hybrid Li-ion battery.  
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Chapter 1. Introduction 

Fossil fuels have been the predominant energy source of human activities for hundreds of years. 

In December 2021, the 26th United Nations Climate Change Conference (COP26) in Glasgow 

historically called for the accelerated phasing-out of nonrenewable fossil fuels, emphasizing the 

scientific imperative to switch to clean energy structures.1 Unfortunately, many types of renewable 

energy such as solar, wind, and geothermal power are easily affected by unforeseen weather 

conditions and their generation cannot be synchronized with demand; therefore, it is critical to 

couple suitable energy storage technologies with these power sources to enable timely and ample 

energy supplies. Currently, pumped hydropower remains the primary gird-scale energy storage 

technology owing to its large power capacity and its low cycle cost; however, due to restraints 

such as large capital cost, long lead time, and large land usage, alternative solutions are being 

actively explored.2–5 Among recent installations, electrochemical energy storage systems, led by 

the most mature lithium-ion battery (LIB) technologies, have emerged as the most popular 

choice.6–9 In contrast to mobile energy storage requirements, low cost, and high safety are the most 

valued criteria for stationary energy storage. Thus, there is a pressing need for the development of 

high-performance aqueous electrochemical energy storage systems. 

Based on power capacity and discharge time, the utilization of electrochemical energy storage 

systems can be roughly divided into the following: uninterrupted power supply (UPS), 

transmission and distribution grid support, and bulk power management.10 Traditionally, energy 

storage devices are categorized into capacitor-type and battery-type systems where the former 

possess high specific power, but low specific energy, while the latter can obtain high specific 

energy, but low specific power. High-energy-density supercapacitors and fast-charging aqueous 

batteries are considered to bridge the gap between the two extremes. For both systems, it is critical 
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to rationally design electrodes with high specific capacitance/capacity and fast charge storage 

kinetics. In this work, vanadium oxides are extensively explored as a promising candidate for 

aqueous supercapacitors, zinc ion batteries (ZIBs), and LIBs. Vanadium oxides are attractive 

electrode materials due to their abundance in the earth’s crust, diverse crystal structures, and 

multiple accessible oxidation states.11 The availability of +2 to +5 valence states can potentially 

enable multielectron redox couples, showing great potential for capacitance/capacity. Nevertheless, 

vanadium oxides have a high intrinsic resistance, and the diffusion in the bulk structure is slow; 

hence, integration with conductive materials and design of favorable nanostructures are the 

essential strategies to improve the electrochemical performance of vanadium oxides. Prior work 

by former lab members showed that a mixture of a transition metal chloride precursor with graphite 

oxide can be made into transition metal oxide nanoparticles on a reduced graphene oxide (rGO) 

scaffold upon exposure to a laser.12–14 The previous electrodes created from attempts with 

transition metals such as Ru, Fe, and Co exhibited high capacitance as supercapacitor electrodes. 

Herein, starting from this established synthetic approach, vanadium oxides/rGO composites are 

extensively explored as high-performance electrode materials in supercapacitor,15 ZIB and 

aqueous LIB systems. 

Chapter 2 attempts to address one of the major challenges in supercapacitors, which is their 

relatively low energy densities.16–19 A hybrid electrode based on multivalent vanadium oxides 

(VOx) and a graphene network was designed and synthesized via a modified laser-scribing process. 

The graphene/VOx electrodes exhibited a large potential window with a high three-electrode 

specific capacitance of 1110 F g-1, and the aqueous symmetric supercapacitors (SSCs) can reach a 

high energy density of 54 Wh kg-1 with virtually no capacitance loss after 20,000 cycles. Moreover, 

the SSC is readily compatible with polymer gel electrolytes and the voltage window of the quasi-
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solid-state device can be further extended to 1.5 V, resulting in a remarkable energy density of 72 

Wh kg-1, or 7.7 mWh cm-3, outperforming many commercial devices. With a charge transfer 

resistance of < 0.02 Ω and Coulombic efficiency close to 100%, these flexible SSCs can retain 92% 

of their capacitance after 20,000 cycles. This designed synthetic approach enables the direct 

fabrication of electrochemically active films that can be integrated with essentially any substrate 

including silicon wafers and large-area flexible substrates, showing great promise for next-

generation large-area flexible displays and wearable electronic devices. 

Aqueous zinc-ion batteries are promising solutions for grid-scale energy storage, but it remains 

difficult to find high-performance cathodes that simultaneously possess high specific capacity, fast 

charging capability, and long cycle life.20–23 In Chapter 3, a laser-scribed nano-vanadium oxide 

(LNVO) was designed as a ZIB cathode material. The charge-storage processes of  the LNVO are 

confined to the surface due to its small grain size and fast kinetics, and Faradaic responses are 

observed in electrochemical measurements. The  LNVO/Zn battery shows a high specific capacity 

of 490 mAh g-1 at 0.5 A g-1 and impressively 54% (264 mAh g-1) can be retained at 100 A g-1 

within a 10 s cycle, showing excellent rate capability. An outstanding cycle life of  >90% capacity 

retention after 3000 cycles was reached at 30 A g-1, and remarkable high energy (396 Wh kg-1) 

and power densities (56,306 W kg-1) were obtained. The mechanism of the system was also 

thoroughly studied, revealing a hydronium-ion-facilitated  zinc ion co-insertion. Furthermore, the 

system showed great temperature tolerance, and mechanical flexibility can be achieved when 

integrated with a polymer gel electrolyte. Overall, the LNVO/Zn system demonstrates great 

promise for practical large-scale energy storage applications. 

Chapter 4 further investigates the electrochemical behaviors of pseudocapacitive electrodes when 

they are applied in a battery system. With developed manufacturing processes, aqueous LIBs are 
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attractive solutions for stationary energy storage; however, the advance of aqueous LIBs is 

hindered by lack of anode materials with high capacity.24–28 A pseudocapacitive V2O5/graphene 

composite synthesized via a novel laser-scribing/calcination approach was studied as a highly 

functional anode material for aqueous LIBs. The V2O5/graphene anode shows an outstanding 

specific capacity of 158 mAh g-1 in three-electrode measurements. When the V2O5/graphene anode 

is paired with an LiMn2O4 cathode, the charge storage mechanism of the full cell is revealed to be 

predominantly surface-controlled, resulting in remarkable rate performance. Specifically, the full 

cell can reach a specific capacity of 151 and 107 mAh (g anode)-1 at C/6 and 2 C, respectively. 

Moreover, this hybrid battery can achieve high power and an energy density of 650 W kg-1 (at 15.6 

Wh kg-1) and 81.5 Wh kg-1 at (13.6 W kg-1), respectively, outperforming most aqueous LIBs 

reported in the literature. This innovative strategy provides a pathway to incorporate 

pseudocapacitive electrodes for improving aqueous lithium-ion storage systems, enabling safe 

operations of large-scale energy storage without compromising electrochemical performance.  
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Chapter 2. Facile Fabrication of Multivalent VOx/Graphene Nanocomposite Electrodes for 

High-Energy-Density Symmetric Supercapacitors 
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Abstract  

Supercapacitors have emerged as one of the leading energy-storage technologies due to their short 

charge/discharge time and exceptional cycling stability; however, the state-of-the-art energy 

density is relatively low. Hybrid electrodes based on transition metal oxides and carbon-based 

materials are considered as promising candidates to overcome this limitation. Herein, we propose 

a rational design of graphene/VOx electrodes that incorporate vanadium oxides with multiple 

oxidation states onto highly conductive graphene scaffolds synthesized via a facile laser-scribing 

process. The graphene/VOx electrodes exhibit a large potential window with a high three-electrode 

specific capacitance of 1110 F/g. The aqueous graphene/VOx symmetric supercapacitors (SSCs) 

can reach a high energy density of 54 Wh/kg with virtually no capacitance loss after 20,000 cycles. 

Moreover, the flexible quasi-solid-state graphene/VOx SSCs can reach a very high energy density 

of 72 Wh/kg, or 7.7 mWh/cm3, outperforming many commercial devices. With Rct < 0.02 Ω and 

Coulombic efficiency close to 100%, these gel graphene/VOx SSCs can retain 92% of their 

capacitance after 20,000 cycles. The process enables the direct fabrication of redox-active 

electrodes that can be integrated with essentially any substrates including silicon wafers and 

flexible substrates, showing great promise for next-generation large-area flexible displays and 

wearable electronic devices. 

 

https://doi.org/10.1002/aenm.202100768
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Introduction  

Supercapacitors have been a prevalent area of research during the past decade due to their 

remarkable high power density and long cycle life.1–5 Although supercapacitors are considered to 

bridge the gap between traditional capacitor-type and battery-type electrochemical charge storage 

devices, the relatively low energy density of supercapacitors remains as their major impediment 

to be widely utilized in commercial applications. The energy density of a device is directly 

proportional to its specific capacitance and the square of the operating voltage. Therefore, a 

rational design to efficiently improve supercapacitor energy density must aim to maximize both. 

Electric double-layer capacitance (EDLC) and pseudocapacitance are the two charge/discharge 

mechanisms that supercapacitors rely on. The former comes from the physical accumulation of 

electrostatic charge at the electrode-electrolyte interface, and the latter depends on fast Faradaic 

reactions that occur at or near the electrode surface. Thus, to achieve the best possible 

electrochemical performance, the electrode should be a hybrid material with not only a structure 

of high specific area, but also a redox-active chemical composition, taking advantage of both 

capacitive processes.  

 

The theoretical specific capacitance of a pseudocapacitive electrode is proportional to the number 

of electrons involved in a specific redox reaction. Transition metal oxides with fast and reversible 

redox couples are excellent candidates for pseudocapacitors, and many have been verified to show 

pseudocapacitive behavior, such as RuO2,6 MnO2,7 Co3O4,8 and Fe3O4.9 While most transition 

metal oxides only have two interconvertible oxidation states, vanadium oxides possess four readily 

accessible valence states (II-V), making them especially promising for high pseudocapacitance. 

Among all types of vanadium oxides, V2O5 has been studied the most for energy storage 
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applications;10–15 however, there are benefits to employing mixed-valence vanadium oxides (VOx), 

since VO2 and V2O3 have higher electrical conductivities than V2O516 and the pre-existing multiple 

oxidation states are likely to provide a larger electrochemical active potential window.17,18 For 

example, Yu et al. reported a valence optimized VOx electro-oxidized from V2O3 that increased 

its potential window from 0.5 V for pure V2O3 to 0.8 V after their electro-oxidized modification.19  

Although vanadium oxides are earth-abundant and economical, they still have relatively high 

resistivity in comparison to the much more expensive RuO2. A common approach to compensate 

for the poor conductivity of pseudocapacitive vanadium oxides is the incorporation of carbon-

based materials, e.g. reduced graphene oxide (rGO),16,20–25 carbon nanotubes (CNT),26,27 activated 

carbon,17,28 etc. These highly conductive carbonaceous materials generally exhibit EDLC behavior, 

thus, it is favorable to adopt high porosity morphologies so that the specific active area for storing 

charge at the electrode surface can be maximized.  The synthesis of a carbon-vanadium oxide 

composite is typically a multi-step process that involves either separate pre-functionalization of 

the carbon-based material or post-assembly high-temperature modification via solvothermal 

treatment or calcination. For instance, Wu et al. developed a micelle-assisted synthesis of V2O3@C 

composites in which the vanadate coats the pre-treated activated carbon and subsequently 

undergoes calcination, attaining a specific capacitance of 205 F g–1 with a 1 V window.28 Despite 

the delicate core-shell designs, the electrode exhibited a large charge transfer resistance (Rct) of 

16.3 Ω, a long time constant of ∼32 s, and the power density fell below 20 W kg–1 at the maximum 

energy density. Evidently, it is challenging to obtain a high-performance composite electrode with 

good electronic and ionic conductivity without a three-dimensional charge transfer network.29 Li 

et al. reported a self-assembled rGO/V2O5 aerogel symmetric supercapacitor possessing 68 W h 

kg–1 at a power density of 250 W kg–1; however, the synthesis required a 2-day gelation followed 
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by freeze-drying and thermal annealing.30 Also, the addition of binder is required to maintain the 

structural integrity of the electrode and the electrochemical measurements were done in the voltage 

range of –1 V to 1 V, which is impractical for commercial devices. In our previous work, we 

showed a simple one-step laser-scribing process that can reliably produce porous laser-scribed 

graphene (LSG) thin films and simultaneously yield metal oxides.31,32 The as-synthesized LSG 

network can provide a highly conductive EDLC scaffold for the nanosized VOx particles, due to 

its electrical semi-metallicity and mechanical rigidity. 

 

In this work, we report an LSG/VOx nanocomposite hybrid electrode synthesized via a facile laser-

scribing process from graphite oxide (GO) and VCl3 precursors. Mediated by the Coulombic 

attraction between the negatively charged oxygen surface groups and positively charged vanadium 

cations, the VOx nanoparticles are directly anchored onto the 3D LSG scaffold. This enables both 

the pseudocapacitive and the EDLC components to be readily accessible to the electrolyte. The 

high local temperature generated during laser-scribing simultaneously accomplishes the reduction 

of GO and the entropy-driven formation of multivalent VOx. By starting from the low-valent V(III) 

precursor, the composition of the as-synthesized VOx is dominated by the relatively less resistive 

V2O3, and with the incorporation of the LSG network, the LSG/VOx nanocomposite electrode can 

obtain a high specific capacitance of 1110 F g–1 with a very small Rct in a three-electrode setup. 

The LSG/VOx electrode has a large electrochemically active potential window and can be 

assembled into aqueous symmetric supercapacitors (SSCs) with a 1.3 V window, accredited to the 

presence of multiple oxidation states. The LSG/VOx SSCs can attain a high energy density of 54 

Wh kg–1 at a power density of 894 W kg–1 with outstanding capacitance retention of 112% after 

20,000 cycles. Furthermore, quasi-solid-state LSG/VOx SSCs with a gel electrolyte were also 
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fabricated to increase the operating voltage. With Rct < 0.02 Ω and Coulombic efficiency close to 

100% at all scan rates, the 1.5 V flexible gel LSG/VOx SSC reached a high energy density of 72 

Wh kg–1 at a power density of 370 W kg–1 with excellent capacitance retention of 92% after 20,000 

cycles, placing it as one of the best-performing systems among those reported in the literature. 

Both LSG/VOx SSCs also demonstrate superior volumetric energy storage behavior in comparison 

to commercial devices.  

   

Results and Discussions 

Fabrication of LSG/VOx composite electrodes  

The laser-scribed graphene (LSG)/VOx composite was synthesized by a laser-scribing process in 

which the reduction of GO and the conversion of VCl3 to VOx take place simultaneously. A 

solution of precursor VCl3 was gradually added to a GO suspension at a controlled rate through a 

syringe pump to create a stable mixture of GO/VCl3. The GO acts as a framework to prevent the 

aggregation of vanadium species, while the vanadium particles serve as spacers to hinder the 

restacking of GO sheets due to the attractive Coulombic forces between V3+ and the negatively 

charged GO surfaces. The dried film then underwent laser-scribing by a CO2 laser under ambient 

atmosphere, instantaneously yielding VOx and structurally expanded LSG due to the locally 

induced heat that expels gaseous byproducts such as H2O and CO2.33 The as-synthesized LSG/VOx 

composite films were used as electrodes without further processing (Figure 2-1.a). The 

concentration of the VCl3 solution was varied to find the optimal loading for the composite 

electrodes.  
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As shown in Figure 2-1.b-c, the LSG/VOx composite can readily be scaled up and coated onto 

large-area substrates such as a silicon wafer and an A5-size graphite paper, enabling the design of 

micro-supercapacitor arrays as previously reported.29 To contrast the composite film before and 

after laser irradiation, the mixture was coated onto a clear polyethylene terephthalate (PET) 

substrate, illustrating that the dark violet film turns completely black upon exposure to the laser 

(Figure 2-1.d).  

 

 Material characterization of LSG/VOx composite   

The structure and morphology of the LSG/VOx composite were characterized by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). In comparison to the SEM 

images of the unprocessed GO/VCl3 film (Figure S2-1.), Figure 2-2.a and Figure S2-2. show the 

typical morphology of rGO with flakes and wrinkles, confirming the successful reduction of GO 

by the laser-scribing process. Under higher magnification, Figure 2-2.b demonstrates that the VOx 

particles are uniformly coated over the 3D LSG scaffold, providing numerous pathways for charge 

transfer. The network that is created upon laser reduction provides diffusion pathways for the 

intercalation of electrolyte cations. It is also evident that the restacking of rGO sheets is effectively 

inhibited by the VOx nano-spacers. As revealed by TEM images, the evenly distributed VOx 

particles are tightly bonded to the LSG surfaces; this is expected as the vanadium cations are 

attracted to the negatively charged LSG oxygen functional groups. Although the density of the 

VOx particles on the LSG sheet is high, the highly conductive graphene surfaces remain accessible 

for charge transfer from/to the electrolyte (Figure 2-2.c). While some VOx exists as individual 

nanoparticles with a mean size of ∼25 nm (Figure S2-3.), a significant proportion of them exist as 
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connected networks of VOx (Figure 2-2.d). This is likely the result of both the high concentration 

of VCl3 precursor and the high local temperature induced by the CO2 laser. 

 

The vanadium valence states present in the LSG/VOx composite were analyzed by X-ray powder 

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The strong diffraction peaks in 

the XRD pattern (Figure 2-2.e) of the LSG/VOx nanocomposite suggest the presence of vanadium 

oxides. Specifically, the sharp peaks at 24.4°, 33.2°, 36.4°, and 54.2° can be indexed to the (012), 

(104), (110) and (116) of karelianite V2O3 with the rhombohedral corundum-type structure, 

indicating that it is the major vanadium oxide species present. There is also a much smaller amount 

of VO2 present, and the remaining proportion consists of several non-stoichiometric vanadium 

oxides. Compared to the weakly diffracting GO/VCl3 mixture that only shows a significant (002) 

graphitic peak at 26.4° (Figure S2-1.d), the transformation of VCl3 to VOx during the laser-

scribing process is verified by the XRD patterns. As shown by the XPS spectrum (Figure 2-2.f), 

the broad V 2p peaks indicate the presence of multiple vanadium valence states. The profile fits 

indicate that the V 2p3/2 V(III) peak at 514.9 eV accounts for 69.9 at. % of all the vanadium present. 

This suggests that the major oxidation state is +3, consistent with the predominant peaks of V2O3 

in the XRD patterns.  The V 2p3/2 V(IV) peak at 516.5 eV, representing 14.3% of the total 

vanadium content, can be attributed to VO2. The non-stoichiometric vanadium oxides as well as 

the defects in V2O3 and VO2 also give rise to the V 2p3/2 V(II) and V(V) peaks at 512.9 eV and 

517.9 eV, respectively. The O 1s region shows not only a C-O peak, but also a metal oxide peak 

at 529.9 eV, confirming the formation of VOx (Figure S2-4.a). The C 1s peak is dominated by the 

sp2 contribution with residual oxygen-containing groups present, confirming the reduction of GO 

(Figure S2-4.b). In summary, all evidence from SEM, TEM, XPS, and XRD indicates the 
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simultaneous formation of VOx and LSG during the laser-scribing process, as described by Figure 

2-1.a. 

 

 Vanadium loading optimization and electrochemical characterization of LSG/VOx electrodes 

The electrochemical properties of the LSG/VOx electrodes were evaluated in a three-electrode 

setup with an Ag/AgCl reference electrode and a graphite counter electrode in 10 M LiCl 

electrolyte. First, the starting VCl3:GO precursor mass ratio was varied to find the optimal content 

of vanadium in the nanocomposite in terms of capacitive performance. The galvanostatic 

charge/discharge (GCD) curves at 1 mA cm–2 for the LSG/VOx nanocomposites with different 

VCl3:GO ratios are shown in Figure 2-3.a. At a low current density, all samples can be steadily 

charged from –1.4 V to 0.8 V (vs. Ag/AgCl) with observable redox plateaus, except for those with 

VCl3:GO = 1 and no VCl3 that have smaller potential windows of –1.3 V to 0.7 V (vs. Ag/AgCl) 

and –0.6 V to 0.7 V (vs. Ag/AgCl). This indicates that the large electrochemically active voltage 

window can be attributed to the high VOx loading in the electrode. Figure 2-3.b summarizes the 

capacitance that is calculated based on cyclic voltammetry (CV) curves at a range of scan rates 

and normalized to the active material mass of the electrodes made from the different VCl3:GO 

ratios. All electrodes with any addition of VCl3 have increasing capacitance as the scan rate falls, 

suggesting that the capacitance is dominated by the pseudocapacitive contribution from the redox 

reactions of VOx. At scan rates below 1 V s–1, the nanocomposite electrode with VCl3:GO = 4 has 

the highest gravimetric capacitance, and this ratio is therefore determined to be the optimal 

precursor ratio and used in later device fabrication. At 20 mV s–1, the highest specific capacitance 

of 1110 F g–1 was achieved (with areal mass loading of 0.302 mg cm–2), which is nearly 20 times 

higher than the LSG with no vanadium content. This remarkable improvement can be ascribed to 
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the LSG framework within which the pseudocapacitive VOx nano-spacers are anchored. This 

results in improved migration of electrolyte ions into active sites, enabling the VOx 

pseudocapacitance to be efficiently exploited. It is not surprising that the nanocomposite with 

VCl3:GO = 4 is the best-performing electrode because there exists a favorable balance where the 

VOx content is sufficiently high to provide substantial pseudocapacitance, while not so excessive 

that access to the LSG scaffold is compromised due to significant VOx aggregations. As shown in 

Figure 2-3.c, the electrochemical behaviors of the LSG/VOx nanocomposite electrodes with the 

optimized VCl3:GO = 4 ratio were further investigated by CV. At scan rates from 200 mV s–1 to 5 

mV s–1, the CV curves adopt a distorted rectangular shape with two pairs of broad redox peaks, 

suggesting pseudocapacitive behavior, which will be further discussed later. Furthermore, control 

experiments were carried out to simulate the scenario where all vanadium content in the LSG/VOx 

electrode dissolve in the electrolyte. As shown in Figure S2-6, neither the LSG nor the graphite 

paper substrate contribute significant capacitance in vanadium-containing electrolytes, confirming 

that the LSG/VOx electrode is the only significant source of the high capacitance. 

 

To demonstrate the advantages of the one-step laser process, the performance of the LSG/VOx 

electrode is compared to an electrode made simply from an rGO/V2O3 mixture. As shown in 

Figure 2-4.a, the laser scribing of the LSG/VCl3 mixture not only creates a network for charge 

transfer, but also provides nano-size vanadium oxides of various oxidation states and/or phases, 

compared to the rGO/V2O3 physical mixture made by conventional means. The cross-sectional 

SEM image of an rGO/V2O3 film on a PET substrate shows a completely stacked structure with 

no observable pores or layers (Figure 2-4.b). On the other hand, Figure 2-4.c illustrates the 

expanded and porous LSG scaffold supplying numerous pathways for charge transport. As shown 
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by the orange curve in Figure 2-4.d, at a very low scan rate of 1 mV s–1, it is revealed that there 

are multiple redox couples involved in the charge/discharge of the LSG/VOx electrode, which can 

be assigned to the near-surface Faradaic processes of multistep electrochemical exchanges among 

different vanadium valence states of VOx17,34 and Li ion insertion into various probable VOx 

phases.35–37 The possible reaction involved can be represented by the following equation:  

𝑉𝑉𝑉𝑉𝑥𝑥 + 𝑛𝑛𝑛𝑛𝑛𝑛+ + 𝑛𝑛𝑛𝑛− ⟷ 𝐿𝐿𝐿𝐿𝑛𝑛𝑉𝑉𝑉𝑉𝑥𝑥                                                     (1) 

The asymmetric peaks in the positive potential region represent an irreversible redox reaction and 

can be attributed to the formerly reported chemical dissolution of vanadium(V) oxide forming 

yellow colored soluble species such as H2VO4- and/or HVO42-,38 which was also observed in our 

experiments (Figure S2-5.b). Note that the major pseudocapacitive contributions are from the 

region between –1.3 V and 0.2 V (vs. Ag/AgCl), corroborating that V(III) is the primary vanadium 

oxidation state in the nanocomposite. Thus, in an ideal scenario, the aqueous LSG/VOx symmetric 

supercapacitors are expected to achieve the best capacitance and long cycle life by operating in the 

voltage window between –1.3 V and 0.2 V (vs. Ag/AgCl). In contrast, the green CV curve of the 

rGO/V2O3 electrode at 1 mV s–1 shows no peak at all and a significantly smaller area, indicating a 

lack of diverse vanadium valence states or structural phases. This is consistent with the XRD 

pattern of the rGO/V2O3 electrode that solely matches V2O5·1.6 H2O 

(
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Figure S2-7.a), resulting from V2O3 oxidation in water. 

 

Moreover, the electrochemical window of the rGO/V2O3 electrode is –1 V to 0 V vs. Ag/AgCl, 

which is dramatically smaller than that of the LSG/VOx electrode, leading to a much smaller 

capacitance of 17 F g–1 at 1 mV s–1, which is about 1/100 of that of the LSG/VOx electrode. 

Furthermore, electrochemical impedance spectroscopy (EIS) was used to assess the charge 

transport properties of the LSG/VOx and rGO/V2O3 electrodes (Figure 2-4.e). In Figure 2-4.e, the 

Nyquist plot (orange) of the LSG/VOx possesses a semicircle in the high-frequency region and a 

steep straight line in the low-frequency region, signifying a resistive and a capacitive component 

in the equivalent circuit, respectively. On the other hand, the Nyquist plot (green) of the rGO/V2O3 

electrode shows low phase angles that deviate from capacitive behavior even at high frequencies. 

As shown in the inset of Figure 2-4.e, the LSG/VOx electrode has much smaller equivalent series 

resistance (ESR) and charge transfer resistance (Rct) compared to the rGO/V2O3 electrode. The Rct 

of the LSG/VOx electrode is 0.28 Ω, based on the diameter of the semicircle, and the small Rct can 
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be ascribed to the LSG scaffold that provides both high electronic and ionic conductivity. The 

Bode plot (Figure S2-5.d) shows a phase angle of -79° at low frequencies, close to -90° expected 

for an ideal capacitor. The tilt of the CV curves, as well as the sizable iR drop in the GCD curves, 

also suggest the higher resistivity of the rGO/V2O3 electrode 

(

Figure S2-7.b-c). Overall, due to the well-structured LSG platform as well as the multi-valency 

and phase diversity of the VOx nanoparticles, the LSG/VOx electrodes synthesized by laser writing 

possess considerably improved electrochemical properties compared to the physically mixed 

rGO/V2O3. 

 

 Aqueous LSG/VOx symmetric supercapacitors 

To assess the electrochemical performance of the LSG/VOx nanocomposite electrodes in a more 

practical setup, symmetric supercapacitors were fabricated from two LSG/VOx electrodes 
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separated by a polymer separator in a 10 M LiCl electrolyte. The CV curves of the symmetric 

device show nearly rectangular shapes with a stable voltage window of 1.3 V and are consistent at 

different scan rates, indicating ideal energy storage behaviors (Figure 2-5.a). The GCD profiles 

also adopt triangular shapes with negligible iR drops and show that the devices can be steadily 

charged to 1.3 V even at a low current density of 0.5 A g–1, confirming fast pseudocapacitive 

properties (Figure 2-5.b). Figure 2-5.c-d summarize the gravimetric device capacitance, energy 

density, and power density calculated from CV curves at scan rates ranging from 1000 mV s–1 to 

1 mV s–1. At 6 mV s–1, the device gravimetric capacitance can reach 229 F g–1, with an energy 

density and power density of 54 Wh kg–1 and 894 W kg–1, respectively. At a high scan rate of 1000 

mV s–1, the symmetric supercapacitor can achieve a power density of 21 kW kg–1 (with an energy 

density of 2 Wh kg–1). As demonstrated by Figure 2-5.e, LSG/VOx symmetric devices can power 

a red light-emitting diode (LED) (2.1 V, 20 mA) when two of them are connected in series. The 

LED remained bright for greater than 10 minutes. 

 

Unlike most supercapacitors based on vanadium oxides that can only retain their peak performance 

for the first few thousand cycles before suffering severe capacitance loss,21,22,39 the LSG/VOx 

symmetric supercapacitor (SSC) can retain 119% and 112% of its initial capacitance after 

continuously being charged and discharged at 40 A g–1 (12 mA cm–2) for 10,000 and 20,000 cycles, 

respectively, as illustrated in Figure 2-5.f. An increase in capacitance of ∼23% was observed in 

the first ∼700 cycles, which was further investigated by measuring the respective voltages of the 

positive and negative electrode with an Ag/AgCl reference electrode. As shown in the inset to 

Figure 2-5.f, the potentials of both electrodes gradually shift in the negative direction. As a result, 

the 1.3 V voltage window moves from –0.5 – 0.8 V (vs. Ag/AgCl) to –0.7 – 0.6 V (vs. Ag/AgCl), 
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stepping into the more electrochemically active region where one or two sets of redox peaks are 

seen in Figure 2-3.c and Figure 2-4.d, accounting for the unusual sharp capacitance increase in 

the first few hundred cycles. Even if the cycling stability is calculated based on the peak 

capacitance, the capacitance retention can still reach 92% after 19,000 cycles. 

Therefore, the aqueous LSG/VOx SSCs can achieve a high energy density of 54 Wh kg–1 and a 

power density of 21 kW kg–1 with a reliable operating voltage of 1.3 V, outperforming most 

aqueous vanadium-based SSCs that typically have potential windows of 0.8 to 1 V.21,40–43  

 

 Quasi-solid-state LSG/VOx symmetric supercapacitors 

As it is desirable to increase the operating voltage of the LSG/VOx SSCs for more practical 

applications, quasi-solid-state LSG/VOx SSCs with a LiCl/PVA electrolyte were assembled and 

studied. Although vanadium possesses four (II-V) easily accessible oxidation states and its oxides 

are expected to have large stable electrochemically active voltage windows, the actual operating 

potential range is considerably constrained by the chemical dissolution and structural instability of 

the electrode material that both lead to a dramatic loss of capacitance during constant 

charge/discharge cycling in aqueous electrolytes.37,44–46 The utilization of polymer gel electrolyte 

has been demonstrated to be a relatively simple strategy to surmount this problem,38 in comparison 

to using flammable and toxic organic electrolytes47 or introducing a protective layer.48 The CV 

curves in Figure 2-6.a show a slightly distorted rectangular shape, confirming excellent 

supercapacitor behavior. Additionally, triangular GCD profiles also suggest that the capacitive 

mechanism of the gel LSG/VOx SSC can be attributed to fast surface Faradaic reactions (Figure 

2-6.b-c). Notably, the triangular shape holds even at an extremely low current density of 0.5 A g–

1, and the iR drop remains small even at a high current density of 40 A g–1. As demonstrated in 
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Figure 2-6.d, the gravimetric and areal capacitances increase as the current density falls, indicating 

a dominant pseudocapacitive contribution in the charge storage process. Based on CV calculations, 

the gravimetric device capacitance, energy density, and power density can reach 208 F g–1, 65 Wh 

kg–1, and 156 W kg–1, respectively, at 1 mV s–1 (Figure 2-6.e). As illustrated in Figure 2-6.f, the 

Coulombic efficiency of the quasi-solid-state LSG/VOx SSCs is close to 100% at all scan rates 

ranging from 1000 mV s–1 to 5 mV s–1 and can still retain 85% at 1 mV s–1, indicating outstanding 

cycling stability. 

 

Figure 2-6.g compares the Nyquist plots of the aqueous and the gel LSG/VOx SSCs. As 

demonstrated in the inset, the ESR of both devices are similar and below 5 Ω, and the semicircle 

signifying Rct can hardly be observed in either device, suggesting very small Rct and very fast 

surface Faradaic reactions as also verified by the small iR drops in the GCD measurements (Figure 

S2-8. and Figure 2-6.b-c). Although both Nyquist plots show high slopes at low frequencies 

representing almost ideal capacitive performance, a Warburg region inclined at 45° is observed for 

the solid-state LSG/VOx SSC at higher frequencies, indicating that the charge transfer at the 

electrode-electrolyte interface is largely controlled by diffusion,49 which is expected for the Li ion 

diffusion from the gel electrolyte to the electrode material.50  Figure 2-6.h evaluates the 

capacitance retention during continuous charging and discharging between 0 V and 1.5 V. The 

quasi-solid-state LSG/VOx SSC shows exceptional capacitance retention of ∼100% and 90% after 

being continuously charged and discharged at 30 A g–1 (9 mA cm–2) for 10,000 and 20,000 cycles, 

respectively, while the aqueous LSG/VOx SSC can only retain 57% of its initial capacitance after 

cycling 10,000 times. In summary, the quasi-solid-state LSG/VOx SSC with a cell voltage of 1.5 

V can reach a high device capacitance, energy density, and power density and show extraordinarily 
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low capacitance loss that can be attributed to the limited chemical dissolution of the 

electrochemically active VOx species. By connecting two of the quasi-solid-state LSG/VOx SSCs 

in series, not only red LEDs, but also green (2.8 V, 20 mA) and blue (2.9 V, 20 mA) LEDs can be 

powered for over 10 minutes (Figure 2-6.i). The gel LSG/VOx SSCs are also flexible, as evidenced 

by the unchanged CV profile when the device is bent (Figure S2-9.). 

 

To explore the limit of the operating potential of devices based on the LSG/VOx electrodes, 

LiCl/PVA gel LSG/VOx SSCs with 1.7 V cell voltage, and aqueous rGO//LSG/VOx asymmetric 

supercapacitors (ASCs) were assembled and tested. The 1.7 V quasi-solid-state LSG/VOx SSC can 

reach a high energy density of 60 Wh kg–1 and a power density of 127 W kg–1 with satisfactory 

cycling stability of 75% capacitance retention after 10,000 cycles, although not outperforming the 

previously discussed 1.5 V device (Figure S2-10.). As hinted by the observable pair of redox peaks 

in the CV curves and the increased distortion of the GCD profiles, the deteriorating energy storage 

performance can be explained by the involvement of the highly unstable VOx species that are seen 

in Figure 2-4.d. Similarly, while the cell voltage can be increased to 1.8 V by substituting rGO as 

the positive electrode, the behavior of the rGO//LSG/VOx ASC deviates from ideal supercapacitors, 

as not only indicated by the substantial distortion of the CV curves, but also by signs of polarization 

observed at relatively high scan rates (Figure S2-10.). Additionally, since the rGO used was 

reduced chemically instead of undergoing laser-scribing, the gravimetric electrochemical 

parameters of the rGO//LSG/VOx ASC are not as high as those of the LSG/VOx SSC, the thin-film 

electrodes of which have much higher specific capacitance (Figure 2-3.b). In Error! Reference 

source not found.a, the operating voltage is plotted against the gravimetric device capacitance for 

SSCs (triangles)51–54 and ASCs (circles)34,55 of vanadium oxides or metal oxides. The performance 
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of the aqueous LSG/VOx SSC (1.3 V, 229 F g–1), the quasi-solid-state LSG/VOx SSC (1.5 V, 231 

F g–1; 1.7 V, 150 F g–1) and the aqueous rGO//LSG/VOx ASC (1.8 V, 72 F g–1) are all superior to 

the previously reported systems. 

The energy storage performance of the aqueous and quasi-solid-state LSG/VOx SSCs in this work 

are compared to previously reported vanadium oxides-based supercapacitors and to commercially 

available energy storage devices. Error! Reference source not found.b presents a Ragone plot of 

gravimetric energy and power density, in which the LSG/VOx SSC data were calculated based on 

the total active material mass. The aqueous and gel LSG/VOx SSCs can reach energy densities of 

50 Wh kg–1 and 72 Wh kg–1 with power densities of 324 W kg–1 and 370 W kg–1 at 0.5 A g–1, 

respectively, with the latter significantly outperforming other SSCs17,51,52 (triangles) and ASCs 

(circles)34,55,56 in the literature at similar power densities. Additionally, both LSG/VOx SSCs can 

achieve high power densities of greater than 1000 W kg–1 with the corresponding energy densities 

still above 30 Wh kg–1, demonstrating superior rate capability. The volumetric energy and power 

densities of the aqueous and quasi-solid-state LSG/VOx SSCs were calculated based on the total 

volume of the electrodes, current collectors, separator, and electrolyte, and are compared with 

vanadium oxide systems in the literature42,55,57,58 and commercially available energy storage 

devices59,60 in Error! Reference source not found.c. The aqueous and gel LSG/VOx SSCs can reach 

energy densities of 5.3 mWh cm–3 and 7.7 mWh cm–3 with power densities of 35 mW cm–3 and 39 

mW cm–3 at 0.5 A g–1, respectively. Both LSG/VOx SSCs can achieve better electrochemical 

performance than previously reported systems and current commercial devices. In particular, both 

devices can attain similar energy densities to a 500 mAh/4 V lithium thin-film battery, with power 

densities almost 20 times higher. Additionally, the LSG/VOx SSCs can achieve high power 

densities (> 1000 mW cm–3) that are comparable to that of a 3 V/200 mF Al electrolytic capacitor, 
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while obtaining energy densities that are nearly four orders of magnitude higher. Thus, as indicated 

by the above results, the LSG/VOx SSCs are promising candidates for future energy storage 

applications.  

 

Conclusions 

In summary, we report graphene/vanadium oxide-based thin-film symmetric supercapacitors with 

high energy density and excellent cycling stability. The LSG/VOx nanocomposite electrodes can 

be produced in a facile laser-scribing process in which reduction of GO and formation of VOx 

occur simultaneously leading to a high three-electrode specific capacitance of 1110 F g–1. The 

presence of multiple easily accessible valence states in the VOx particles formed provides a large 

electrochemically active potential window, and the LSG scaffold can supply fast charge transfer 

pathways. As a result, the aqueous LSG/VOx SSC can reach a high energy density of 54 Wh kg–1 

at a power density of 894 W kg–1 with essentially no capacitance loss after 20,000 cycles.  

Moreover, the voltage window can be extended to 1.5 V by employing a LiCl/PVA gel electrolyte 

with 90% capacitance retention. The flexible all solid-state LSG/VOx SSC can reach a high energy 

density of 72 Wh kg–1 at a power density of 370 W kg–1 with extremely small charge transfer 

resistance and Coulombic efficiency close to 100% even at slow scan rates.  Furthermore, not only 

does the gravimetric electrochemical performance of the LSG/VOx SSCs outperform those of 

similar systems reported in the literature, but also the volumetric energy and power densities can 

achieve the standards of commercial energy storage devices. Overall, this work offers a promising 

strategy for the simple fabrication of high-performance supercapacitors that can be utilized in 

flexible, solid-state, wearable electronics. 
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Experimental Section 

Material characterization: The scanning electron microscopy (SEM) images of the LSG/VOx 

nanocomposite were collected using a JEOL JSM-67 Field Emission Scanning Electron 

Microscope. Transmission electron microscopy (TEM) was performed on a Tecnai G TF20 TEM 

(FEI Inc.), and the particle distribution was obtained from the analysis of TEM images using the 

ImageJ software. X-ray powder diffraction (XRD) was performed by a Panalytical X’Pert Pro X-

ray powder diffractometer using Cu Kα radiation with a wavelength of 0.154 nm on a silicon zero-

background plate. The X-ray photoelectron spectroscopy (XPS) spectra were acquired using a 

Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray source. The 

mass of the active material on the electrode was measured using a Mettler Toledo MX5 

microbalance with 0.001 mg sensitivity. Two or three electrodes were sampled from every batch 

and the mean areal loading was found to be 0.302 mg cm –2 with a standard deviation of 3.63%. 

The thickness of the electrodes (15 μm) was determined by cross-sectional SEM and those of the 

separator (7 μm) and current collectors (10 μm) were measured by a Mitutoyo digital micrometer. 

 

Synthesis of LSG/VOx: The graphite oxide (GO) was synthesized via a modified Hummer’s 

method.61 In a typical synthesis, 1.5 mL of 10 mg ml–1 GO stock was diluted with the addition of 

0.6 mL DI water, and the required amount of VCl3 was dissolved in 1.5 mL of DI water. The two 

separate solutions were sonicated for 2 hours. Next, the VCl3 solution was slowly added to the GO 

suspension while stirring at a controlled rate via a syringe pump. 100 μL of the resulting mixture 

was then drop-cast onto graphite paper (Panasonic) making the electrode area 1 cm2 and left to dry 

under ambient conditions. Finally, the dried film was laser-scribed using a 40 W Full Spectrum 
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Laser Muse 2D Vision Desktop CO2 Laser Cutter with a 12% power setting. The as-made 

LSG/VOx electrodes were used for electrochemical testing and characterization. 

 

Fabrication of aqueous LSG/VOx symmetric supercapacitors: The aqueous LSG/VOx symmetric 

supercapacitors were fabricated from a pair of electrodes with active areas of 1 cm–2 sandwiched 

by a cellulose separator (Celgard) that was wetted in 10 M LiCl electrolyte. The current 

collectors were extended using 3M copper tape and the device was assembled using Kapton 

tape. 

 

Fabrication of quasi-solid-state LSG/VOx symmetric supercapacitors: To make the LiCl/PVA 

electrolyte, 1 g of PVA powder was added to 10 mL of DI water. The mixture was heated to 90 °C 

under stirring. After the powder was completely dissolved, 4.24 g of LiCl was added to the mixture 

and constantly stirred until a clear viscous solution formed. It was then cooled to room temperature.  

A drop of the LiCl/PVA electrolyte was added to each of the electrodes and the separator and left 

for 30 minutes. After the excess electrolyte was removed, the separator was sandwiched between 

the two electrodes, and the assembled device was dried at 40 °C overnight. Subsequently, the 

current collectors were extended using 3M copper tape and the device was assembled using 

Kapton tape. The quasi-solid-state LSG/VOx SSC was then sealed using parafilm to prevent 

absorption of moisture. 

 

Electrochemical testing: The electrochemical properties of the LSG/VOx electrodes were assessed 

by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS) measurements using a Biologic VMP3 electrochemical workstation 
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equipped with a 10-A current booster (VMP3b–10, USA Science Instrument). For potentiostatic 

EIS measurements (sinus amplitude 10 mV), 10 data points per decade were collected from 1 MHz 

to 1 mHz with, at the open circuit voltage. In three-electrode experiments, graphite paper and an 

Ag/AgCl electrode (BASi) were used as the counter and reference electrodes, respectively; and 

the electrodes were immersed in 10 M LiCl electrolyte. The potentials of individual electrodes 

during cycle life measurement were obtained by a three-channel measurement of a three-electrode 

system, with one channel carrying out charge/discharge of the LSG/VOx electrodes and the other 

monitoring the potential of the anode and cathode against the Ag/AgCl reference electrode. 
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Figure 2-1. Fabrication of LSG/VOx composite electrodes. (a) Schematic illustration of the 
electrode fabrication process. (b and c) Optical images of the   LSG/VOx film coated on a silicon 
wafer and a large sheet of graphite paper. (d) Optical image of an LSG/VOx film on a transparent 
plastic substrate showing the composite before (bottom) and after (top) laser irradiation. 
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Figure 2-2. Microscopic and spectroscopic characterization of the LSG/VOx composite 
(VCl3:GO = 4:1). (a and b) Low- and high-magnification SEM images of the LSG/VOx composite. 
(c) A TEM image showing the VOx particles on graphene. (d) A high-magnification TEM image 
of the VOx network. (e) XRD pattern of the composite matching V2O3 (JCPDS no. 34–0187), VO2 
(JCPDS no. 09–0142), and mixed-valence vanadium oxides. (f) XPS V 2p spectrum of the 
LSG/VOx composite. 
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Figure 2-3. Electrochemical measurements of the LSG/VOx composite in a three-electrode 
setup. (a) Galvanostatic charge/discharge (GCD) curves of LSG/VOx with different VCl3:GO 
ratios at 1 mA cm–2. (b) The gravimetric capacitance of LSG/VOx with different precursor 
VCl3:GO ratios at a range of scan rates. (c) Cyclic voltammetry (CV) curves of LSG/VOx at 5, 10, 
20, 50, 100, 200 mV s–1. 
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Figure 2-4. Comparison between the laser irradiated LSG/VOx and traditional rGO/V2O3 
electrodes. (a) A schematic contrasting conventional techniques and laser scribing for the 
preparation of redox-active composite electrodes based on vanadium oxides and graphene. (b and 
c) Cross-sectional SEM images of the rGO/V2O3 and LSG/VOx electrodes. (d) CV curves of 
LSG/VOx and rGO/V2O3 at 1 mV s–1 showing several redox peaks. (e) A Nyquist impedance plot 
of the LSG/VOx and rGO/V2O3 electrodes with the high-frequency region in the inset. 
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Figure 2-5. Electrochemical measurements of an aqueous 10 M LiCl LSG/VOx symmetric 
supercapacitor (SSC). (a) CV curves of an aqueous LSG/VOx SSC at 20, 40, 50, 60, 100 mV s–
1. (b) GCD curves of an aqueous LSG/VOx SSC at 0.5, 1, 2, 3, 5, 10 A g–1. (c) Gravimetric and 
areal capacitance of an aqueous LSG/VOx SSC at various scan rates. (d) Gravimetric energy and 
power densities of an aqueous LSG/VOx SSC at various scan rates. (e) A photo showing that two 
aqueous LSG/VOx SSCs connected in series can power a red light-emitting diode (LED) for an 
extended period of time. (f) Long-term stability of an aqueous LSG/VOx SSC after 20,000 cycles. 
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Figure 2-6. Electrochemical measurements of an LiCl/PVA quasi-solid-state LSG/VOx 
symmetric supercapacitor. (a) CV curves of a gel LSG/VOx SSC at 20, 40, 50, 60, 100 mV s–1. 
(b-c) GCD curves of an aqueous LSG/VOx SSC at 40, 30, 20, 13, 10, 6, 5, 4, 3, 2, 1 and 0.5 A g–1. 
(d) Gravimetric and areal capacitance of a gel LSG/VOx SSC at various scan rates. (e) Gravimetric 
energy and power densities of a gel LSG/VOx SSC at various scan rates. (f) Coulombic efficiency 
of a gel LSG/VOx SSC at various scan rates. (g) A Nyquist impedance plot comparing an aqueous 
and a gel LSG/VOx SSC with the high-frequency region in the inset. (h) Long-term stability of a 
1.5 V gel LSG/VOx SSC after 10,000 cycles compared to an aqueous LSG/VOx SSC. (i) Photos 
showing two gel LSG/VOx SSCs connected in series can power blue, green, and red LEDs for 
extended periods of time.  
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Figure 2-7. Comparing the performance of LSG/VOx supercapacitors with literature reports 
and commercially available energy storage devices. (a) Plot of operating potential and 
gravimetric capacitance comparing the LSG/VOx devices to similar systems in the literature. (b) 
A Ragone plot comparing the gravimetric energy and power densities of LSG/VOx symmetric 
supercapacitors (SSCs) to those of other vanadium oxide systems reported in the 
literature.17,34,51,52,55,56,62 (c) A Ragone plot comparing the volumetric energy and power densities 
of LSG/VOx symmetric supercapacitors to other vanadium oxide systems reported in the 
literature.42,55,57,58 (d) A Ragone plot comparing the volumetric energy and power densities of 
LSG/VOx symmetric supercapacitors to commercial energy storage devices.59,60 
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Supporting Information 

Calculations 

The specific capacitance of an electrode measured via cyclic voltammetry (CV) or via 

galvanostatic charge/discharge (GCD) in a three-electrode setup was calculated using the 

following equations: 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  ∫ 𝑖𝑖 𝑑𝑑𝑑𝑑
𝜈𝜈 × 𝑉𝑉 × 𝑥𝑥

                                        (1) 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  2 ×𝑖𝑖 ×∫𝑉𝑉 𝑑𝑑𝑑𝑑
𝑥𝑥 ×|𝑉𝑉𝑓𝑓2−𝑉𝑉𝑖𝑖2|

     (2) 

where∫ 𝑖𝑖 𝑑𝑑𝑑𝑑 is the integration of the discharge half of the CV curve, 𝑉𝑉 is the potential, 𝜈𝜈 is the 

scan rate, 𝑥𝑥 is either the active material mass or the active electrode area, 𝑡𝑡 is the discharge time, 

and 𝑉𝑉𝑖𝑖 and 𝑉𝑉𝑓𝑓 are the initial and final potentials, respectively. 

For two-electrode systems, the gravimetric or areal device capacitance is calculated by 

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  ∫ 𝑖𝑖 𝑑𝑑𝑑𝑑
𝜈𝜈 × 𝑉𝑉 × 2𝑚𝑚

  or  𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  𝑖𝑖 ×∫𝑉𝑉 𝑑𝑑𝑑𝑑
𝑚𝑚 ×|𝑉𝑉𝑓𝑓2−𝑉𝑉𝑖𝑖2|

   (3) 

where 𝑚𝑚 is the active material mass. 

The volumetric device capacitance is calculated by  

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  ∫ 𝑖𝑖 𝑑𝑑𝑑𝑑
𝜈𝜈 × 𝑉𝑉 × 𝑦𝑦

  or  𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  2 ×𝑖𝑖 ×∫𝑉𝑉 𝑑𝑑𝑑𝑑
𝑦𝑦 ×|𝑉𝑉𝑓𝑓2−𝑉𝑉𝑖𝑖2|

   (4) 

where 𝑦𝑦 is the total volume of the two electrodes, two current collectors, electrolyte, and 

separator, or the geometric area of the active material, 

The device energy density and power density are calculated using the following equations: 
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𝐸𝐸 (𝑊𝑊ℎ 𝑘𝑘𝑘𝑘−1) =  1
 2

 ×  𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉2 ×  1 ℎ
3600 𝑠𝑠

×  1 000
1 𝑘𝑘𝑘𝑘

    (5) 

𝑃𝑃 (𝑊𝑊 𝑘𝑘𝑘𝑘−1) =   𝐸𝐸
𝑡𝑡
     (6) 
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Table S2-1. Thickness and areal mass loading of active material, current collector, and separator 
in LSG/VOx SSCs. 

 

 

 

 Thickness / 
μm Volume % Areal mass loading / mg 

cm–2 Weight % 

LSG/VOx  15 52.6 0.302 14.7 
Current 
collector 10 35.1 1.357 66.0 

Separator  7 12.3 0.797 19.4 
Device total 57 47.4 4.115 100.0 
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Figure S2-1. Characterization of the GO/VCl3 film. (a-c) Low- and high-magnification SEM 
images of the GO/VCl3 film. (d) XRD pattern of the GO/VCl3 film. 
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Figure S2-2. Low- and high-magnification SEM images of the LSG/VOx composite electrode. 
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Figure S2-3. (a) A TEM image showing VOx particles on a graphene sheet. (b) A plot showing the 
size distribution of VOx particles based on Figure 2-2.c. (c) A higher-magnification TEM image 
of the VOx network.  
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Figure S2-4.  XPS (a) O 1s and (b) C 1s spectra of the LSG/VOx composite. 
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Figure S2-5. (a) GCD curves of an aqueous LSG/VOx at 1, 2, 5, 10 A g–1 in a three-electrode setup. 
(b) Photos of the electrolyte after measurement (left) and fresh electrolyte (right). (c and d) Nyquist 
and Bode impedance plots of LSG/VOx. 
  



56 
 

 
 

 
Figure S2-6. (a) CV of LSG/VOx and LSG in 10 M LiCl compared to that of LSG and graphite 
paper in an electrolyte of 0.81 mM VCl3 and 10 M LiCl at 20 mV s–1. (b) CV of LSG and graphite 
paper in an electrolyte of 0.81 mM VCl3 and 10 M LiCl at 20 mV s–1(zoomed-in version of Figure 
S2-6a.). 
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Figure S2-7. (a) XRD pattern of the rGO/V2O3 mixture matching V2O5·1.6 H2O (JCPDS no. 40–
1296) (a) CV curves of the rGO/V2O3 electrode at 500, 400, 300, 200, 100, 80, 50 mV s–1 in a 3-
electrode setup. (c) GCD curves of the rGO/V2O3 electrode at 8 ,6, 4, 2, 1, 0.5 A g–1 in a 3-electrode 
setup. (d-e) CV curves of the rGO/V2O3 SSC at various scan rate. (f) Nyquist impedance plot of 
LSG/VOx and rGO/V2O3 electrodes with the high-frequency region shown in the inset. 
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Figure S2-8. Electrochemical measurements of an aqueous 10 M LiCl LSG/VOx symmetric 
supercapacitor (SSC). (a) CV curves of an aqueous LSG/VOx SSC at 1000, 500, 300, 250, 200, 
150 mV s–1. (b) CV curves of an aqueous LSG/VOx SSC at 10, 8, 6, 5, 2, 1 mV s–1. (c) Nyquist 
plot of an LSG/VOx SSC. (d) GCD curves of an aqueous LSG/VOx SSC at 60, 50, 40, 33, 25, 20 
A g–1. (e) Gravimetric and areal capacitance of an aqueous LSG/VOx SSC at various current 
densities. (f) Gravimetric energy and power densities of an aqueous LSG/VOx SSC at various 
current densities. 
  



59 
 

 

 
Figure S2-9. Electrochemical measurements of an quasi-solid-state LiCl/PVA LSG/VOx SSC. (a) 
CV curves of an aqueous LSG/VOx SSC at 1000, 500, 300, 250, 200, 150 mV s–1. (b) CV curves 
of an aqueous LSG/VOx SSC at 10, 8, 6, 5, 2, 1 mV s–1. (c) The gravimetric and areal capacitance 
of an aqueous LSG/VOx SSC at various current densities. (d) Gravimetric energy and power 
densities of an aqueous LSG/VOx SSC at various current densities. (e) CV curves of an quasi-
solid-state LSG/VOx SSC when flat and bent; the inset is a photo of an SSC bent around a 50 mL 
Falcon tube. 
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Figure S2-10. Electrochemical measurements of a 1.7 V quasi-solid-state LSG/VOx SSC. (a) CV 
curves of an aqueous LSG/VOx SSC at 20, 40, 50, 60, 100 mV s–1. (b) GCD curves of an aqueous 
LSG/VOx SSC at 0.5, 1, 3, 10, 20 A g–1. (c) Gravimetric and areal capacitance of an aqueous 
LSG/VOx SSC at various scan rates. (d) Gravimetric energy and power densities of an aqueous 
LSG/VOx SSC at various scan rates. (e) Long-term stability of an aqueous LSG/VOx SSC after 
10,000 cycles, in comparison to the aqueous system. 
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Figure S2-11. Electrochemical measurements of an aqueous 10 M LiCl rGO//LSG/VOx 
asymmetric supercapacitor (ASC). (a) CV curves of an aqueous rGO//LSG/VOx ASC at 400, 300, 
250, 200, 150, 100 mV s–1. (b) GCD curves of an aqueous rGO//LSG/VOx ASC at 0.8, 1, 1.5, 2, 
3, 5 A g–1. (c) Bode plot of an aqueous rGO//LSG/VOx ASC. (d) Gravimetric and areal capacitance 
of an aqueous LSG/VOx SSC at various scan rates. (e) Gravimetric energy and power densities of 
an aqueous rGO//LSG/VOx ASC at various scan rates. (f) Long-term stability of an aqueous 
LSG/VOx SSC after 10,000 cycles. 
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Figure S2-12. A Ragone plot comparing the volumetric energy and power densities of LSG/VOx 
symmetric supercapacitors to other vanadium oxide systems reported in the literature, normalized 
to active material volume.[1–3] 
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TGA analysis 

We also did TGA measurement to determine the weight% of VOx in the active material at a rate 

of 5 °C min–1 in air, as shown in the Figure below. Between 350 °C and 650 °C, the sample 

weight increases by about 12%, which accounts for the loss of GO and the oxidation of VOx to 

V2O5.  Since both events occur in the same region, only an estimate can be obtained. According 

the XPS results, the three main oxidation states are +2, +3, +4 and +5, with at. % of 12.6, 69.9, 

14.3 and 3.2, respectively, as summarized in the table below:  

 

 

 

 

 

 

 

Assuming this ratio, the effective molecular weight of VOx is calculated to be 75.59 g mol–1. 

Using the equation below:  

100 −𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿%
12 + 𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿%

=
75.59

90.94 − 75.59
 

The weight% of LSG ( 𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿%) is determined to be 6.82% and that of VOx is determined to be 

93.18%.  

VOx Ox. state at. % 
MW / g mol–

1 

VO +2 12.6 66.94 

VO1.5 +3 69.9 74.94 

VO2 +4 14.3 82.94 
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Chapter 3. A Laser-Scribed Vanadium Oxide Cathode for Ultra-Fast Zinc-Ion Energy 

Storage 

 

Abstract 

Aqueous zinc-ion storage is promising for large-scale energy storage applications, but is plagued 

by the lack of high-performance cathode materials that can simultaneously enable high specific 

capacity, ultra-fast charging, and outstanding cycling stability. In this work, we design a novel 

laser-scribed nano-vanadium oxide (LNVO) cathode with Faradaic pseudocapacitive response. 

This material stores charges through Faradaic redox reactions on/near the surface at fast rates 

owing to its small grain size, displaying a notable surface-controlled capacity contribution (90%-

98%). Benefitting from this, a high specific capacity of 490 mAh g-1 can be achieved by the 

LNVO/Zn system at 0.5 A g-1 and impressively 54% (264 mAh g-1) can be retained at 100 A g-1 

with a 10 s charge/discharge cycle, showing excellent rate capability. The LNVO/Zn is also capable 

of reaching >90% capacity retention after  3000 cycles at a remarkably high rate of 30 A g-1,  as 

well as achieving both high energy (396 Wh kg-1) and power densities (56,306 W kg-1). Multiple 

characterization techniques unambiguously reveal a charge storage mechanism by zinc and 

hydronium ion co-insertion. Moreover, when the LNVO cathode is integrated into quasi-solid-

state zinc-ion batteries, the super-stable flexible device also exhibits great mechanical stability, 

demonstrating its promising prospects for both grid-scale and flexible energy storage systems. 
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Introduction 

Due to the accelerating hazards posed by climate change, concerted international efforts aim to 

achieve net-zero emissions by 2050, indicating the need for swift and fundamental changes in the 

global energy landscape. One of the priority areas that requires immediate technological advances 

is grid-scale energy storage. According to the International Energy Agency (IEA), although 

pumped-storage hydropower remains the most widely used grid-scale storage technology, grid-

scale batteries are rapidly progressing, and lithium-ion batteries (LIB) take the lead in all new 

battery capacity installed in 2021.1 Despite their high energy density and well-developed 

manufacturing methods, LIBs cause concerns in safety, cyclability and cost that are critical to 

large-scale stationary storage.2–4 Aqueous rechargeable batteries with attractive properties of low 

cost and being environmentally benign have emerged as promising solutions for grid-scale 

electrochemical energy storage.5 Among them, zinc-ion batteries (ZIBs) have received increasing 

research interest due to their merits such as abundant reserves, divalent charge, low redox potential 

and compatibility with mild pH electrolytes. 6,7  

Although a Zn metal anode has a high theoretical capacity of 820 mAh g-1 and can be produced on 

a large scale, it remains challenging to find cathode materials that simultaneously possess the 

following attributes: (i) high specific capacity, (ii) fast charging capability, (iii) structural stability 

upon cycling and (iv) can be made by a scalable synthesis. Herein, we propose a cathode design 

based on pseudocapacitive vanadium oxides. Unlike the conventional capacitor-type and battery-

type materials that are limited by either low energy or low power density, pseudocapacitance relies 

on Faradaic reactions that are confined to the surface (or near the surface) and occur at rates 

comparable to non-Faradaic processes like electric double layer formation, bridging the gap 

between traditional materials.8 Vanadium oxides (VOx) are not intrinsically pseudocapacitive and 
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nanosizing is required to achieve extrinsic pseudocapacitance.9 In this work, we present a 

nanoengineered nano-vanadium oxide (LNVO) cathode for zinc-ion storage, which is synthesized 

by a scalable laser-scribing/calcination method that results in VOx nanoparticles anchored on a 

conductive graphene scaffold. As illustrated in Figure 3-8, the LNVO/Zn battery stores charges 

via ultra-fast Faradaic redox reactions in which 90 – 98% of the capacity originates from surface-

controlled contributions, thanks to the small grain size of the VOx nanoparticles. A remarkable 

specific capacity of 490 mAh g-1 can be achieved at 0.5 A g-1 with a record rate capability signified 

by 264 mAh g-1 capacity gained within 10 s upon 100 A g-1 charging/discharging. Exceptional 

high-rate cycling stability has been achieved with capacity retention reaching 92% (of the initial 

434 mAh g-1) after 3,000 cycles at 30 A g-1 and 85% (of the initial 329 mAh g-1)  329 mAh g-1 after 

1,500 cycles at 50 A g-1. The charge storage mechanism is investigated with multiple techniques, 

revealing a hydronium ion-facilitated Zn ion co-insertion pathway where minimal structural 

changes have been observed upon cycling. Furthermore, the fabricated zinc-ion battery exhibits 

LIB-level energy density (up to 396 Wh kg-1) and capacitor-level power density (up to 56306 W 

kg-1) with commercially favorable areal capacity and excellent temperature endurance. Moreover, 

the quasi-solid-state LNVO/Zn device fabricated in a polymer gel electrolyte also shows 

outstanding electrochemical performance during mechanical deformations and long-term cycling. 

Therefore, the LNVO cathode presents high specific capacity, fast charging behavior, cycling 

stability and durability in practical uses, which are ideal features for grid-scale energy storage 

applications. 

  



68 
 

Results and discussion 

Synthesis and characterization 

The laser-scribed nano-VOx (LNVO) film consisting of redox-active VOx nanoparticles and  a 

reduced graphene oxide (rGO) conductive scaffold was fabricated by an improved laser-scribing 

method from a previously reported procedure with further calcination treatment to increase the 

uniformity (See Methods).10 Briefly, a dried film cast from a VCl3/graphite oxide (GO) precursor 

mixture was laser-scribed and subsequently calcined at 300 °C for 1 hour. The as-synthesized 

LNVO shows the well indexed diffraction peaks shown in Figure 3-9a, which illustrates that the 

LNVO film is mostly orthorhombic V2O5 (JCPDS: 00-041-1426) accompanied by VO2 (JCPDS: 

00-044-0252). The V2O5 and VO2 phases, respectively, adopt layered and channel-like structures 

that can provide multiple diffusion pathways and enable fast ion conduction. A broad graphitic 

peak at 26.4° confirms the existence of rGO, which provides enhanced electron transport in the 

LNVO film. X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical 

valences and bonding information. The peaks of V 2p can be deconvoluted into the V5+ signal 

(2p3/2: 517.7 eV) accompanied by a V4+ component (2p3/2: 516.5 eV), showing that V is multivalent 

with 67% V5+ and 33% V4+ content (Figure 3-9b), suggesting that the effective chemical formula 

of the nano-VOx is VO2.34. The peaks of the O 1s core level can be fit into three peaks located at 

530.5, 531.5, and 532.7 eV, representing V-O-V, C=O, and C-O bonds, respectively (Figure S3-

13a). V-O-V accounting for 70% corresponds well with thermogravimetry analysis (TGA), 

implying the weight ratio of active material (LNVO) is around 70 wt.% in the as-prepared sample. 

Both X-ray diffraction (XRD) and XPS measurements confirm the formation of multivalent 

vanadium oxide from the designed synthesis. 
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Scanning electron microscope (SEM) images of the sample are given in Figure 3-9c-d, where 

highly-exposed rGO sheets with rough surfaces can be seen with nano-VOx particles embedded in 

this hierarchically porous structure. This provides abundant surface-active sites and more diffusion 

pathways, boosting fast kinetics in electrochemical reactions. A transmission electron microscope 

(TEM) image (Figure 3-9e) also displays ultrathin rGO nanosheets as scaffold. The VOx 

nanoparticles with the size range from 2-6 nm are uniformly distributed on the surface (Figure 3-

9f, Figure S3-14). High-resolution TEM (HRTEM) images in Figure 3-9g-h reveal the interlayer 

distance of 0.44 nm and 0.33 nm, which correspond to the (001) and (-201) planes of V2O5 and 

VO2, respectively. The selected area electron diffraction (SAED) results can also be indexed to 

these two species (Figure S3-14). Energy dispersive spectroscopy (EDS) mapping (Figure 3-9i) 

shows that C, V, and O are uniformly distributed in the LNVO. Overall, all evidence indicates the 

successful synthesis of LNVO with a nanostructure that facilitates intercalation stress relieving 

during charge/discharge that provides finite diffusion space confined on/near the surface. 

Therefore, the redox processes are expected not to be limited by bulk diffusion and resemble 

capacitive processes, which provides a great foundation for fast-charging applications. 

 

Electrochemical performance 

To analyze the electrochemical kinetics of the LNVO cathode material, cyclic voltammetry (CV) 

curves at a voltage range of 0.3-1.6 V were recorded and are displayed in Figure 3-10a. The two 

pairs of peaks in the CV and the plateaus in galvanostatic charging/discharging (GCD) suggest that 

reversible Faradaic reactions occur in the charge storage process. The peak current response (i) 

can be divided into two separate contributions (battery-like diffusion-controlled and capacitor-like 
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surface-controlled charge-storage processes), and is related to the scan rate (𝑣𝑣) by an empirical 

power-law relationship as described in the following formula: 11,12 

𝑖𝑖 = 𝑎𝑎 𝑣𝑣𝑏𝑏 

where a and b are experimentally determined constants where b = 0.5 stands for a diffusion-

controlled charge-storage process, while b = 1.0 signifies a surface-controlled capacitive charge-

storage process. The as fit b values for these four redox peaks are 0.92, 0.99, 1.01, 0.92, which are 

all close to 1 for the LNVO film over a wide range of sweep rates from 0.2 to 2 mV s-1 (Figure 3-

10b), signifying that the electrochemical reaction is almost all surface-controlled and not limited 

by diffusion-controlled processes throughout the whole operating potential range. As a comparison, 

asymmetric peak intensities and much lower b values (0.23, 0.82, 0.72, 0.43) have been observed 

for bulk V2O5 (BVO) (Figure S3-15). A mixture of diffusion- and surface-controlled process 

behavior for BVO suggests that the Faradaic pseudocapacitive response of LNVO arises from the 

nanostructure derived from a combination of the laser scribing and calcination processes. The 

calculated current contributions from these two types of processes follows: 

𝑖𝑖 = 𝑘𝑘1𝑣𝑣 + 𝑘𝑘2𝑣𝑣
1
2 

where 𝑘𝑘1  and 𝑘𝑘2  are the proportionality constants of surface- and diffusion-controlled 

contributions respectively. With increasing scan rates, the ratio of capacitance-type charge storage 

for LNVO increases from 90% at 0.2 mV s-1, to 93% at 1 mV s-1 and reaches 98% at 2 mV s-1 

(Figure 3-10c). It is worth noting that these reported b-values for LNVO are among the highest 

compared to previous literature values in the zinc-ion storage area, meaning intrinsically non-

capacitive vanadium oxide exhibits a pseudocapacitive nature in this work. Collectively, high b 

values and high surface-controlled capacity contributions suggest that although the charge-storage 
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of the LNVO film is confined to the cathode surface and occurs with ultrafast pseudocapacitive 

kinetics, the charge storage mechanism is Faradaic in nature, leading to fast-charging zinc-ion 

energy storage. 

 

To evaluate the fast-charging zinc-ion storage performance, the rate capability and cycle life tests 

under high current densities were conducted. To exclude the capacity contributions of the rGO 

scaffold and graphite paper substrate, cells with these two carbon materials as cathodes were 

galvanostatically cycled at 0.1 A g-1, and the capacity contributions from the scaffold and substrate 

alone were found to be negligible compared with the LNVO film (Figure S3-16b). The rate 

performances of LNVO and BVO cathodes are illustrated in Figure 3-10d and Table S2 with the 

current density increasing stepwise from 0.5 to 100 A g-1 and then decreasing back to 0.5 A g-1. 

LNVO shows an outstanding specific capacity of 490 mAh g-1 at 0.5 A g-1, which is among the 

highest reported to the best of our knowledge. Notably, high specific capacities of 363 and 328 

mAh g-1 were obtained at high rates of 30 and 50 A g-1, respectively. More impressively, the 

LNVO/Zn cell can reach a capacity 264 mAh g-1 at an ultra-high current density of 100 A g-1 in 

under 10 s. To elaborate, ∼54% of the maximum capacity can be retained with a 200-fold current 

density increase from 0.5 A g-1 to 100 A g-1, which is one of the best rate performances reported in 

the literature (Figure 3-10e and Error! Reference source not found.).13–20 In the end, the system 

was cycled again at 0.5 A g-1 and negligible fading of capacity was observed, suggesting that the 

rate performance is sustainable and causes no irreversible damage to the cathode material. For 

BVO, its discharge capacity rapidly decreased to 15 mAh g-1 when the current density was 

increased to 50 A g-1. Thus, the super-high-rate performance is dramatically improved due to 

pseudocapacitive response of the precisely designed LNVO cathode material.  
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The cycling stability and corresponding voltage profiles of the LNVO electrode at a current density 

of 30 A g-1 are shown in Figure 3-10f, which shows an impressive 92% capacity retention after 

3000 cycles. Plateaus in the GCD profiles (Figure S3-17b) can be observed during long-term 

cycling, which indicates that reversible Faradaic reactions still occur even in the ultrafast 

charge/discharge storage process. The capacity of LNVO at 30 A g-1 is almost three times greater 

than that of micro-sized BVO powder with a much more stable Coulombic efficiency (CE) range. 

The LNVO film generally shows a dramatically superior electrochemical performance compared 

to its bulk counterpart due to its facile strain relaxation upon Zn cycling, shorter diffusion lengths, 

and faster storage mechanism. We further took apart the cell after 2000 cycles at 30 A g-1 to 

investigate the electrode evolution during long-term cycling and Figure S3-18 shows the optical 

image. No obvious color change for the separator after cycling is observed, indicating the common 

vanadium dissolution issue might be suppressed by the rigidity of the LNVO nanostructure. As 

displayed in SEM images (Figure S3-19), the morphology of the LNVO film with nano-VOx 

particles anchored on a rGO scaffold only slightly changes and no serious Zn dendrites can be seen 

in the SEM images, favoring the long-term cycling stability at fast rates. More impressively, the 

LNVO electrode has a capacity retention of >85% after 1,500 cycles at a high current density of 

50 A g-1, and the CE was maintained at nearly 100% throughout cycling (Figure S3-17b). 

 

Storage mechanism 

To elucidate the pseudocapacitive charge-storage mechanism based on redox reactions confined 

on/near the LNVO film surface, the evolution of LNVO electrodes at different charge/discharge 

states were first characterized by XPS measurements. Error! Reference source not found.b gives a 

clear trend that the Zn:V at.% ratio decreased as the battery was charged to 1.6 V and then increased 
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when the cell was discharged to 0.3 V, demonstrating reversible Zn de-intercalation/intercalation 

upon charge/discharge. As shown in the O 1s region (Figure S3-20), there is a significantly taller 

high-energy shoulder when the cell was fully discharged at 0.3 V. This can be assigned to the 

increasing presence of H-O-H,21–24 which is absent in the pristine cathode (Figure S3-13a). The 

at.% ratio of H-O-H to V-O-V follows the same trend during cycling, suggesting that Zn2+ insertion 

is accompanied by H3O+ (Error! Reference source not found.c). Based on the Zn/V ratio from the 

XPS survey spectrum, 0.70 Zn2+ per V is reversibly cycled between 0.3 V and 1.6 V. For each 

V2O4.68 unit, the amount of inserted Zn2+ and H+ can be quantified to be 1.40 and 0.84 when 

considering the high capacity of 553 mAh g-1 at 0.1 A g-1 corresponding to a ~3.64 electron redox 

process (Figure S3-21). Therefore, the insertion of Zn2+ and H+ contributes to 77% (about 426 

mAh g-1) and 23% (about 127 mAh g-1) capacity, respectively, and the step-by-step electrochemical 

reactions based on different redox peaks in CV curve (Figure 3-10a) can be expressed as following: 

Step 1 (0.3-0.9 V): V2O4.68 + 0.68 Zn2+ + 0.49 H+ + 1.85 e- ↔ H0.49Zn0.68V2O4.68 

Step 2 (0.9 V-1.6 V): H0.49Zn0.68V2O4.68 + 0.72 Zn2+ + 0.35 H+ + 1.79 e- ↔ H0.84Zn1.40V2O4.68 

Overall: V2O4.68 + 1.40 Zn2+ + 0.84 H+ + 3.64 e- ↔ H0.84Zn1.40V2O4.68 

Raman spectroscopy (Error! Reference source not found.d) was carried out to further investigate 

the changes in the cathodes. As shown in Figure S3-22, the low-frequency peaks at 283, 404, 480, 

521, 688, 998 cm-1 can be assigned to the ladder distortion, V-Obridging-V bending, ladder step 

stretching, V-O3Obridging-V symmetric stretching and apical V=O stretching in V2O5, 

respectively.25 The D and G bands of graphene are also observed at 1338 and 1598 cm-1. Upon 

charging and discharging, the main parts of the spectra remain unchanged except for the region 

between 820 and 1000 cm-1. As the cell is charged from 0.3 V to 1.6 V, the intensity of the 998 cm-
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1 peak (assigned to apical V=O stretching) increased with Zn2+ extraction, while the broad peaks 

in the 820-950 cm-1 region gradually decreased and finally disappeared at the top of the charge. 

The spectrum of the fully charged cell is almost identical to that of the pristine cathode. This 

suggests that the V=O bond in the pristine V2O5 is disrupted by the O coordination to inserted Zn2+ 

and/or V coordination to the co-inserted H3O+ during discharge. We speculate that the new peaks 

arise from stretching modes of the apical V-O bonds that resulted from the V-O-Zn  with Zn2+ 

and/or V-O-H coordination with co-inserted H3O+.26 Subsequently with the potential decreasing to 

0.3 V, the broad peaks are recovered upon Zn2+ insertion, which clearly demonstrates the good 

Zn2+ storage reversibility. 

 

The co-insertion mechanism was further validated by TEM of the LNVO cathode. The TEM image 

in Error! Reference source not found.e shows the nano-VOx particles are still tightly anchored onto 

the rGO sheets, maintaining good hierarchical nanostructure after fully being charged/discharged. 

Because the lattice contraction induced by zinc intercalation and the expansion caused by the 

hydronium intercalation cancel each other out, the constant lattice spacing of 0.45 nm in the 

HRTEM image (Error! Reference source not found.f) can be understood,13,27 which favors long-

term cycling stability at faster rates. Meanwhile, the homogeneous distribution of elemental Zn in 

the EDS mappings further demonstrates uniform Zn2+ insertion (Error! Reference source not 

found.g). We also investigated the electrochemical behavior of the LNVO cathode in organic Zn2+-

based electrolyte to elucidate this Zn2+/H3O+ co-insertion mechanism. As shown in Figure S3-23a, 

when 0.1 M Zn(OTf)2 in anhydrous acetonitrile was used as the electrolyte, the specific capacity 

was negligible and there is no significant H-O-H component in the XPS O 1s region of the cathode 
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(Figure S3-23b). However, the capacity increased dramatically to 402 mAh g-1 with the addition 

of 10 wt.% H2O, indicating that H2O is essential to Zn2+ insertion. 

Practical applications 

For practical applications, there are many parameters that need to be considered, such as 

gravimetric energy/power density, mass loading, temperature tolerance, mechanical robustness, 

and fast-charging properties. The LNVO/Zn system is able to achieve these requirements 

simultaneously without sacrificing any of them. The high energy and high power densities are 

confirmed by the Ragone plot (Figure 3-12a), showing an energy density of 396 Wh kg-1 at a 

power density of 351 W kg-1 and 164 Wh kg-1 at 56306 W kg-1, which surpasses most of the 

previously reported Zn-ion devices.28–32 At a mass loading of 4.5 mg cm-2, a high energy density 

of 215 Wh kg-1 is still maintained with a commercially favorable areal capacity that is close to 2 

mAh cm-2 (Figure 3-12b). Figure 3-12c shows the galvanostatic voltage profiles at different 

temperatures. A high specific capacity of ~400 mAh g-1 with minimal polarization and good 

reaction kinetics were obtained at both 4 °C and 65 °C, which is comparable to that tested at 25 

°C, suggesting the good compatibility over a wide range of temperatures. As shown in Figure 3-

12d, the LNVO/Zn system was cycled in a ZnCl2/LiCl/PVA gel electrolyte to demonstrate its 

practicability as a flexible device. The fabricated quasi-solid-state pouch cell was cycled under flat, 

bent, and twisted conditions. The relatively stable specific capacity when mechanically bent or 

twisted indicate the excellent mechanical stability of the cell, revealing superior comprehensive 

performance of the as-prepared LNVO film.  
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Conclusions 

In summary, we have designed a nano-VOx (LNVO) film with good pseudocapacitive response 

for zinc ion storage synthesized via a scalable laser-scribing method. The hierarchical 

nanostructure provides abundant charge storage active sites, facilitating high specific capacity and 

fast electrochemical kinetics. In this way, the LNVO/Zn system exhibits a Faradaic nature with 

predominantly capacitive kinetics, as the redox processes are confined to the surface (90-98% 

contribution), thus achieving high energy density and power density simultaneously, which fills an 

important gap in the energy-storage field. Specifically, a record rate performance, 264 mAh g-1 for 

<10 s-fast charging/discharging at 100 A g-1, has been obtained. The energy and power density can 

reach 396 Wh kg-1 (at 351 W kg-1) and 56306 W kg-1 (at 164 Wh kg-1), respectively. Oustanding 

cycling performance at ultrafast rates, 434 mAh g-1 with a capacity retention of >90% over 3,000 

cycles at 30 A g-1 and 329 mAh g-1 with >85% over 1,500 cycles at 50 A g-1, has been demonstrated 

and can be attributed to the structural stability of LNVO upon cycling. The charge storage 

mechanism of the LNVO/Zn system was found to be a hydronium ion-faciliated co-insertion of 

zinc ions. The scalable areal mass loading, temperature tolerance and great electrochemical 

performance when constructed in a flexible device show that the LNVO film is readily applicable 

in practical settings. Overall, the LNVO/Zn system provides a promising solution towards grid-

scale energy storage owing to its high capacity, fast kinetics and long cycle life. 
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Methodts 

Synthesis of LNVO 

Graphite oxide (GO) was synthesized via a modified Hummer’s method.33 In a typical synthesis, 

160 mg of freeze-dried GO powder was diluted with the addition of 7.6 mL DI water and dispersed 

by 2-minute tip sonication. 40 mg of VCl3 (Fisher Scientific) was dissolved in 8.4 mL DI water 

and bath sonicated for 2 hours. Next, the VCl3 solution was uniformly added to the GO suspension 

within 1 hour via a syringe pump while stirring. The resulting mixture was then drop-cast onto 

graphite paper (Panasonic) at a density of 200 μL cm-2 and left to dry under ambient conditions. 

Then, the dried film was laser-scribed using a 40 W Full Spectrum Laser Muse 2D Vision 

Desktop CO2 Laser Cutter with a 12% power setting, and electrodes were cut out of the film 

using a 10 mm hole punch. Finally, the electrodes were placed in a furnace which was set to 60 °C 

for 1 h, ramped up to 300 °C at 2 °C min-1 and then left at 300 °C for 1 h. The as-made LNVO 

electrodes were weighed by a micro-balance and the active material loading was determined 

to be 0.9 mg cm-2 by TGA. The films with higher mass loadings of 1.8, 2.7, and 4.5 mg cm–2 

were synthesized using analogous methods with different amounts of GO and VCl3 powder. 

 

Fabrication of BVO cathodes 

To fabricate the BVO cathodes, the V2O5 (Fisher Scientific, >99.6%), conductive carbon (Canrd, 

≥99.5%), and polyvinylidene fluoride (PVDF, Canrd, ≥99.5%) binder with a mass ratio of 7:2:1 

were dispersed in N-methyl-2-pyrrolidone (NMP, ≥99.9%) and cast onto stainless steel foil (10 

µm thick, Canrd, 99.99%) using a conventional slurry and doctor-blading technique. The slurry 

with a mass loading of ~0.9 mg cm-2 was then dried overnight at 90 °C in a vacuum oven. The as-

prepared electrodes were punched into 10 mm disks. 
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Fabrication of quasi-solid-state pouch cells 

The ZnCl2/LiCl/PVA gel electrolyte was made following a previously reported method.34 The 

LNVO film was cut so that a 2×3.5 cm2 area was exposed. The gel electrolyte was added to wet 

each of the electrodes and the separator and left for 30 minutes. After the excess electrolyte was 

removed, the separator was sandwiched between the two electrodes, and the assembled device was 

dried at 40 °C overnight. Subsequently, the current collectors were extended using 3M copper 

tape and the device was assembled using Kapton tape. 

 

Electrochemical testing 

All electrochemical data were collected on BioLogic VMP3 and LANDt battery cycler at 25 °C 

under ambient conditions unless specified otherwise. The 2032-type coin cells were assembled 

using glass fiber (Cytiva, Grade GF/C) as the separator, 2.0 M zinc sulfate (ZnSO4, Sigma-Aldrich, 

99%) as the electrolyte, and Zn foil (1.2 cm in diameter, 70 µm thick, Leishent, 99%) as the anode. 

For standardization, the amount of electrolyte for each cell was controlled to be 100 μL. 

Galvanostatic charge/discharge (GCD) and cyclic voltammetry (CV) tests were performed 

between 0.3-1.6 V. Electrochemical performance value calculations were based on discharge 

capacities. 

 

Material characterization 

Zn|LNVO full cells were disassembled at different charge/discharge states after cycling. Zn foil 

and LNVO films were harvested for scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Raman characterizations. All 

samples for material characterization were gently and thoroughly rinsed with DI water to remove 
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trace residual salt. The SEM images were collected using a JEOL JSM-67 Field Emission Scanning 

Electron Microscope. TEM was performed on an FEI Titan 80-300 scanning transmission electron 

microscope (S/TEM) operated at 300 kV acceleration voltage. X-ray powder diffraction (XRD) 

was performed using a Panalytical X’Pert Pro X-ray powder diffractometer with Cu Kα radiation 

with a wavelength of 0.154 nm on a SiO2 crystal zero-background plate. In order to eliminate the 

coinciding signals from graphite paper, glass slides were used as the substrate instead and the 

active materials were scratched off to maximize the signals. The unassigned small peaks in the 

spectra are from SiO2 impurities. The XPS spectra were acquired using a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Kα X-ray source. Fittings of the XPS spectra 

were performed with CasaXPS software (Casa Software Ltd., version 2.3.15) to estimate the 

chemical species. High-resolution O 1s spectra were calibrated using the C 1s peak at 284.8 eV 

and fitted using a Shierly-type function background. The peak positions and areas were optimized 

by a Gaussian/Lorentzian product peak shape function, following the literature. The mass of the 

electrode was measured by a Mettler Toledo MX5 microbalance with 0.001 mg sensitivity. Raman 

spectroscopy was carried out using a Reinshaw inVia confocal Raman microscope with a 633 nm 

laser. Thermogravimetry analysis (TGA) was performed on a Perkin Elmer Diamond 

Thermogravimetric analyzer from ambient temperature to 800 °C at a linear heating rate of 10 °C 

min-1 under air atmosphere. 
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Figure 3-8. Schematic illustration showing the construction and the fast-charging behavior 
of the zinc-ion battery with a laser-scribed nano-VOx cathode. 
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Figure 3-9. Characterization of the synthesized laser-scribed nano-VOx cathode. (a) XRD 
pattern of LNVO. (b) XPS V 2p spectrum of LNVO. (c)-(d) SEM images of  LNVO. (e)-
(f) TEM images showing VOx nanoparticles on an rGO sheet. (g)-(h) High-resolution TEM 
showing lattice spacings of V2O5 and VO2. (i) TEM-EDS images displaying C, V, O 
distribution of LNVO. 
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Figure 3-10. Electrochemical characterization of LNVO/Zn cells. (a) cyclic 
voltammogram (CV) of  an LNVO/Zn cell at slow scan rates. (b) b-value fitting of peak 
currents from CV. (c) Quantified capacity contributions from surface-controlled and 
diffusion-controlled processes based on CV data. (d) Rate performance of LNVO/Zn 
showing the discharge capacity at 0.5 – 100 A g-1. (e) Capacity retention % of the 
LNVO/Zn system change upon current density increase in comparison to previously 
reported systems. (f) The specific capacity of an LNVO/Zn cell during long-term cycling 
at 30 A g-1 compared to a cell with a bulk BVO cathode. 
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Figure 3-11. Characterization of LNVO revealing a H3O+-facilitated Zn2+co-insertion 
mechanism. (a) The charge/discharge curve at 0.5 A g-1 labelled with stages a-i. (b) Zn:V 
atomic% ratios at various stages based on XPS survey spectra. (c) Atomic% ratios of the 
decoupled H-O-H to V-O-V peaks at various stages based on XPS O 1s region. (e-f) High-
resolution TEM images showing the VOx particles and lattice spacing of a fully discharged 
LNVO cathode. (g) TEM-EDS showing Zn, V, O, C and S distributions in the fully 
discharged LNVO cathode. 

  



91 
 

 
Figure 3-12. Demonstrated practical aspects of the LNVO/Zn system. (a) A Ragone plot 
comparing energy and power densities of the LNVO/Zn system to others in the literature. (b) Areal 
capacity of cells with different areal mass loading of LNVO cathode. (c) Voltages profiles of the 
LNVO/Zn system when cycled at 4 and 60 °C. Cycling performance of a flexible quasi-solid-state 
LNVO/Zn pouch cell showing (d) its mechanical flexibility and (e) long-term cycling stability at 
2 A g-1. 
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Supporting information 

 

Figure S3-13. (a) XPS O 1s region and  (b) TGA profile of the pristine LNVO. 
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Figure S3-14. Particle size distribution and SAED pattern based on the TEM images of 
pristine LNVO. 
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Figure S3-15. (a) CV and (b) b-value fitting of BVO|Zn cells. 
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Figure S3-16. (a) CV of LNVO/Zn cell at 2 mV s-1 showing surface-controlled 
contributions. (b) Voltage-capacity profiles of cells with LNVO, rGO and graphite paper 
as cathode and zinc metal anode at 0.1 A g-1. 
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Table S2. Rate Performance Data of LNVO/Zn and BVO/Zn Systems 
 

  

Cathode 

Rate performance (A g-1) 

0.5 1 2 5 10 20 30 40 50 60 70 80 90 100 0.5 

LNVO 491 480 462 434 410 381 363 345 328 310 303 287 278 264 486 

BVO 119 130 132 107 74 45 29 15 --- --- --- --- --- --- --- 
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Table S3. High-Rate Performance Data of Previously Reported ZIB and This Work 

Active materials Rate 
performance 

Amplitude of 
current 
density 
increase 

Capacity 
retention Reference 

Zn0.25V2O5·nH2O nanobelts 183 mAh g-1 
(3 A g-1) 20 65% Nat. Energy, 2016, 1, 

16119 

vanadium defective-V2O3 

(Vd-V2O3) 
113 mAh g-1 

(4 A g-1) 40 58% Nat. Commun., 2021, 12, 
6878 

Zn0.3V2O5·1.5H2O 265.2 mAh g-1 

(10 A g-1) 50 62% Sci. Adv. 2019, 5, 
eaax4279 

phenylamine (PA)-intercalated 
VOPO4·2H2O (PA-VOP) 

187.5 mAh g-1 

(10 A g-1) 100 70% Energy & Environ. Sci., 
2021, 14, 4095-4106 

Al2.65V6O13·2.07H2O 376.8 mAh g-1 

(5 A g-1) 50 64% Angew. Chem. Int. Ed. 
2023, 62, e202216089 

ethylenediamine–vanadium oxide 
(EDA-VO) 

169.9 mAh g-1 

(10 A g-1) 20 49% Adv. Mater. 2022, 34, 
2105452 

vanadium nitride embedded nitrogen-
doped carbon nanofiber (VN/N-CNFs) 

297 mAh g-1 

(100 A g-1) 200 42% Adv. Energy Mater. 2023, 
13, 2202826 

V2O5·nH2O xerogels 112.2 mAh g-1 

(10 A g-1) 100 25% Adv. Energy Mater. 2023, 
13, 2202515 

CaSO4·2H2O coated V5O12−x·6H2O 

(GP-HVOd) 
225.5 mAh g-1 

(10 A g-1) 33 61% Adv. Energy Mater. 2022, 
12, 2201434 

VO2 nanobelt 116.6 mAh g-1 

(10 A g-1) 50 34% Adv. Energy Mater. 2021, 
11, 2003902 

This work 

363 mAh g-1 

(30 A g-1) 60 74%  

328 mAh g-1 

(50 A g-1) 100 67%  

264 mAh g-1 

(100 A g-1) 200 54%  
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Figure S3-17. Voltage-capacity profiles of LNVO/Zn cells (a) at various current densities 
and (b) at the 1st , 500th, 1000th, 2000th, 3000th cycle during 30 A g-1 cycling. (c) Long-term 
cycling of a LNVO/Zn cell at 50 A g-1. 
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Figure S3-18. Optical image of the separator in a LNVO/Zn cell after cycling. 

  



100 
 

 

Figure S3-19. Optical and SEM images of the LNVO cathode and Zn anode after cycling. 
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Figure S3-20. XPS O 1s region of the LNVO cathode at different voltages during the 1st 
charge/discharge cycle (0.5 A g-1). 
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Figure S3-21. Capacity-voltage profile of the LNVO/Zn cell cycled at 0.1 A g-1. 
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Figure S3-22. (a) The Raman spectrum of pristine LNVO. (b) The charge/discharge curve at 0.5 
A g-1 labelled with stages a-i. (c) The Raman spectrum of LNVO cathode at various stages based 
on XPS survey spectra. 
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Figure S3-23. (a) Capacity-voltage profile of the LNVO/Zn cell cycled at 0.5 A g-1 in 0.1 M acetyl 
nitrile Zn(OTf)2 electrolyte with 0 and 10 wt% H2O. 
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Chapter 4. Nanoengineered Vanadium Oxide Composite as High-performance Anode for 

Aqueous Li-ion Hybrid Battery   

 

Introduction 

Aqueous rechargeable batteries have emerged as a promising technology for applications in 

large-scale energy storage systems due to their safe operation, non-toxicity, and cost-efficiency.1 

Among storage systems based on various cations such Na+, K+, Zn2+, Mg2+, Al3+, etc., aqueous 

lithium-ion batteries (LIBs) are the most prominent candidates because of the well-developed 

manufacturing capability for LIB component production. The progress of aqueous LIB research 

has been significantly advanced by the development of numerous aqueous electrolytes, extending 

the electrochemical window beyond the conventional 1.23 V limit imposed by the electrolytic 

decomposition of water.2–5 While the commercially available LIB cathodes including LiCoO2, 

LiFePO4, and LiMn2O4 conveniently sit below the upper potential limit of the operational window 

of aqueous electrolytes, carbon-based anodes that are widely used in organic electrolytes are not 

compatible with the aqueous system due to their low Li/Li+ intercalation potential.6–9 Thus, 

unconventional transition metal-based anodes must be employed in aqueous LIBs. 

Restricted by the relatively high lower potential limit of aqueous lithium-ion electrolytes, the 

choice of suitable transition metal redox couples for an aqueous LIB anode is limited. Most 

reported aqueous LIBs use an intercalation-type Mo6S8 or TiO2 anode. Although high average 

full-cell voltage can be achieved, the energy density is restricted by their low specific capacity, 

since a high capacity ratio between the negative electrode (anode) and positive electrode (cathode), 

known as the n:p ratio, is required to compensate for the initial loss of anode capacity by reactions 

with the electrolyte.5 Therefore, there is an urgent need for anode materials that exhibit high 
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specific capacity. Vanadium oxide anodes have been reported to show enhanced capacity in 

aqueous LIBs; however, the added capacity is not sufficient to account for the lower average 

voltage owing to its unfavorable redox potential, leading to disadvantageous energy density.10–13 

Moreover, aqueous LIBs have great potential for fast charging applications due to the enhanced 

diffusion in an aqueous electrolyte, which can be further improved by integrating electrodes with 

multi-dimensional diffusion pathways or with redox reactions confined to the surface. The spinel 

LiMn2O4 cathode allows three-dimensional Li migration, and V2O5, as an intrinsically 

intercalation-type material, can show extrinsic pseudocapacitive behavior when nanosized.14–17 

Therefore, the combination of these three components is expected to deliver a hybrid battery with 

excellent fast charging capability. 

In this work, we report a novel V2O5/laser-scribed graphene (LSG) composite material in which 

V2O5 nanoparticles are uniformly anchored on a conductive graphene nanosheet scaffold. The 

V2O5-LSG composite is made from VCl3/graphite oxide via an originally designed two-step laser 

scribing/photothermal approach where the former gives an expanded LSG network as well as 

nanosized vanadium particles and the latter further converts all vanadium species to V2O5 

nanoparticles. In this way, the resulting V2O5 nanoparticles in the V2O5-LSG electrode are 

electrochemically active, small in grain size and easily accessible for charge transport via the LSG 

structure. This V2O5-LSG electrode shows pseudocapacitive features and remarkable rate 

capability in three-electrode measurements. When the V2O5-LSG anode is paired with a LiMn2O4 

cathode, the hybrid battery exhibits predominantly surface-controlled charge storage behavior, 

leading to excellent fast charging capability. The full-cell specific capacity can reach 151 mAh (g 

anode)-1 giving high power and energy density, 650 W kg-1 (at 15.6 Wh kg-1) and  81.5 Wh kg-1 at 

(13.6 W kg-1),  that outperform the majority of previously reported aqueous LIBs.  
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Results and discussions 

The synthesis of V2O5-laser scribed graphene (LSG) was designed to adapt a pseudocapacitive 

material to battery chemistry. As shown in Figure 13, the VCl3 solution was added to a graphite 

oxide (GO) dispersion to ensure uniform mixing of vanadium ions and GO sheets. The vanadium 

cations are believed to act as spacers to avoid aggregation of GO layers. As reported in our prior 

work, laser-scribing of a drop-cast VCl3/GO film can simultaneously lead to the formation of low-

valent vanadium oxides (VOx, predominantly V2O3 and VO2) and an expanded reduced graphene 

oxide (rGO) network due to the rapid release of gases, denoted here as VOx-LSG.18,19 Although 

laser-scribing alone can fabricate thin-film electrodes for supercapacitor systems that only rely on 

surface charge storage processes, the electrodes usually suffer from low areal mass loading20,21 

and incompatibility with battery-type electrochemistry, which require more uniformly formed 

electrodes to carry out ion transport deeper beneath the surface. Therefore, after the transient heat 

exposure induced by a CO2 laser, the VOx-LSG was exposed to a much longer (> 0.5 h) thermal 

treatment in air resulting in the oxidation of lower-valent VOx to V2O5. By choosing a sufficiently 

low temperature, thermal decomposition of graphene to CO is prevented and the integrity of the 

LSG structure is preserved.  In the end, the transformation from any unconverted VCl3/GO and 

VOx-LSG intermediate into a V2O5-LSG composite was completed. 
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The structural features of the as-synthesized V2O5-LSG composite were investigated by 

electron microscopy (SEM) and transmission electron microscopy (TEM). In 

 

Figure 14a, randomly stacked rGO flakes with visible wrinkles are observed in the SEM 

image, suggesting the successful formation of the conductive LSG network. Under high 
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magnification, 

 

Figure 14b shows that the LSG sheets are evenly and fully coated by V2O5 nanoparticles. 

As illustrated by the TEM images 
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(

 

Figure 14c-d), nanoparticles are uniformly distributed on the graphene sheets and are ∼50 

nm in size. The morphological evidence demonstrates that the interconnected and porous LSG 

structure is preserved and the V2O5 particle size remained within the same order of magnitude after 

calcination. Additionally, the composition of the synthesized V2O5-LSG composite was studied 

by X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Raman 
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spectroscopy. 

 

Figure 14e presents the diffraction pattern of the V2O5-LSG composite and it matches that 

of orthorhombic V2O5, confirming the formation of V2O5 from the lower-valent VCl3 precursor 

and VOx intermediate. The most prominent peaks at 20.4°, 26.3° and 31.2° correspond to the (001), 

(110) and (310) planes, respectively. The successful synthesis of V2O5-LSG was confirmed by 

Raman spectroscopy, which shows all the V2O5 vibrational features as well as the D and G bands 

of graphene 
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(

 

Figure 14f). O1, O2 and O3 denote the out-of-plane terminal, in-plane terminal and in-

plane bridging oxygen atoms in V2O5, and all the peaks are labeled with the corresponding 

vibration modes.22 Furthermore, the complete oxidation of VCl3 to V2O5 is confirmed by the 

absence of both Cl 2s and Cl 2p peaks in the XPS survey spectrum of V2O5-LSG (Figure S4-24). 

As illustrated in the high-resolution V 2p spectrum 
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(

 

Figure 14g), a major peak at 517.7 eV in the region also indicates that the dominant V oxidation 

state is 5+ despite the presence of approx. 13.4% V4+ at 516.1 eV. Furthermore, since the 

calcination temperature was chosen to be below 400 °C, above which LSG is vulnerable to thermal 

oxidation to CO, ∼10% of the final V2O5- composite is LSG by weight, as signified by the sharp 

decrease around 400 °C in the thermogravimetric analysis (TGA), as shown in  Figure S4-25. 

Overall, all characterization results indicate that the post-laser-scribing calcination step ensures 

full reaction converting VCl3 to V2O5 without compromising the conductive LSG scaffold, as 

illustrated in Figure 13. 
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The electrochemical features of the V2O5-LSG composite electrodes were first studied using a 

three-electrode setup in the potential window 0 to -1.4 V vs Ag/AgCl with 21 M lithium 

bis(trifluoromethane)sulfonimide (LiTFSI) as the electrolyte. As shown in Figure 15a, the CV 

curves possess broad peaks with small peak-to-peak separations, which is a feature of fast 

Faradaic charge storage processes and is typical for a redox-active pseudocapacitive material. 

The voltage profile in Figure 15b shows two sloping regions with drastically different gradients. 

From -1.1 V to 0.5 V vs Ag/AgCl, there is a sloping plateau and the capacity contribution from 

which gradually decreases with increasing current density, indicting rate-dependent battery-type 

behavior. This is consistent with CV measurements since the most pronounced redox peaks are 

also observed in the same region. On the other hand, a sloping voltage is always observed between 

-0.5 V and  0 V vs Ag/AgCl and the gradient stays constant with changing current density, 

signifying capacitive behavior. As described in Figure 15c, the V2O5-LSG composite electrode 

demonstrated an excellent rate capability in 21 M LiTSFI. At 0.1, 0.2, 0.5 and 1 A g-1, the average 

discharge capacity can reach 158, 145, 131 and 119 mAh g-1, respectively. Impressively, 75% of 

the maximum capacity was retained upon a 10-fold rate increase from 0.1 to 1 A g-1. Additionally, 

∼7% capacity loss was observed in the first cycle, which is speculated to be caused by irreversible 

formation of LiF from the electrode reaction with LiTSFI.5 When the rate is returned to 0.1 A g-1 

in the end, ∼95% of the initial capacity was recovered after accounting for the loss from LiF 

formation. The outstanding rate performance of the V2O5-LSG electrode provides a promising 

foundation for its fast-charging applications in full cells. 

 

To evaluate the electrochemical performance of the V2O5-LSG composite in a more 

practical setting, it was tested as the anode in full cells and paired with an intercalation-

type cathode LiMn2O4, as illustrated in Figure 16a. Figure 16b shows the CV curves of 



115 
 

the V2O5-LSG anode and the LiMn2O4 cathode. The anode is electrochemically active 

between 1.8 V and 3.2 V vs. Li/Li+, which covers the potential ranges of common aqueous 

lithium-ion battery anodes such as Mo6S8 and TiO2.4,23 The discharge capacity of the 

LiMn2O4 cathode was measured to be 112 mAh g-1 (Figure S4-26), which is 29% lower 

than that of the V2O5-LSG anode. Conventional LIB anodes that have similar specific 

capacity as LiMn2O4 often require doubling the mass of the anode to obtain a suitable n:p 

ratio in order to compensate for the anode capacity loss due to solid-electrolyte interphase 

formation;6 however, since the V2O5-LSG anode capacity is 41% higher than that of 

LiMn2O4, an anode : cathode mass ratio of 1 was used in all full cell testing. As shown in 

Figure 16c, between 0.5 and 2 V, the CV curves of the V2O5-LSG||LiMn2O4 cell adopt a 

distorted rectangular shape with prominent redox peaks, which is typical for a hybrid 

energy storage system. 

In order to investigate the kinetics of the charge storage processes in the V2O5-

LSG||LiMn2O4 cell, the sharpest pair of peaks that appear between 1.2 and 1.6 V were 

analyzed. The peak current densities (𝑖𝑖) and the scan rates (𝑣𝑣) generally obey the following 

power law:24,25 

                                                                        𝑖𝑖 = 𝑎𝑎 𝑣𝑣𝑏𝑏  (1) 

By plotting 𝑙𝑙𝑙𝑙𝑙𝑙 (𝑖𝑖) of each peak against 𝑙𝑙𝑙𝑙𝑙𝑙 (𝑣𝑣), the 𝑏𝑏-value of the peak can be determined, and 

the common consensus is that 𝑏𝑏-values of 0.5 and 1 indicate battery-type and capacitor-type 

behavior, respectively. Figure 16d illustrates that the anodic and cathodic peaks, respectively, 

have 𝑏𝑏-values of 0.93 and 0.92 (with R2 = 0.998), suggesting that the charge storage mechanism 

of the V2O5-LSG||LiMn2O4 system consists of both battery-type and capacitor-type processes that 

is dominated by the latter. Furthermore, to gain more quantitative insights into the charge storage 

behavior and decouple the capacity contribution from the diffusion-controlled battery-type and 



116 
 

the surface-controlled capacitor-type processes, a second kinetic analysis was carried out based 

on the following relationship: 

                                                                        𝑖𝑖 = 𝑘𝑘1𝑣𝑣 + 𝑘𝑘2𝑣𝑣
1
2  (2) 

The surface-controlled component (𝑘𝑘1𝑣𝑣 ) and the diffusion-controlled component (𝑘𝑘2𝑣𝑣
1
2 ) are 

proportional to the scan rate and the square root of the scan rate, respectively. Figure 16e shows 

an example where the current contributions from the two types of processes were quantified based 

on CV data of the system at 1 mV s-1. It is clear that the lower-voltage region (0.5 – 1.2 V) is more 

predominantly governed by surface-controlled processes, whereas the diffusion-controlled current 

starts to significantly grow going into the higher-voltage region (1.2 – 2 V). This is consistent with 

the observation in Figure 15b, in which the V2O5-LSG anode also presents more battery-type 

behavior toward higher state-of-charge. This analysis was also carried out using CV data at 0.1, 

0.2, 0.5 and 0.8 mV s-1 and the corresponding capacity quantification is summarized in Figure 

16f. The capacity contributed by the diffusion-controlled processes decreased from 79% at 1 mV 

s-1 to 61% at 0.1 mV s-1. This indicates that the charge storage mechanism of the V2O5-

LSG||LiMn2O4 system is mainly governed by capacitive processes even at very slow scan rates 

although the contribution gap between the processes gradually lessens from 1 to 0.1 mV s-1. This 

capacity dominated by diffusion-controlled contributions of V2O5-LSG||LiMn2O4 gives an 

excellent foundation for its great electrochemical performance at high rates. 

The electrochemical performance of the V2O5-LSG||LiMn2O4 system was assessed in coin cell 

formats. First, a control experiment was carried out to eliminate any capacity contribution from 

the graphite paper substrate, and Figure S4-27 shows that the substrate gives negligible capacity 

when paired with a LiMn2O4 cathode. The V2O5-LSG||LiMn2O4 cell was cycled at C/6, C/3, 1 C 

and 2 C rates as shown in Figure 17a. The average discharge capacity reached 151, 137, 123 and 
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107 mAh (g anode)-1, or  75, 69, 61 and 53 mAh g-1 based on the total electrode mass, at C/6, C/3, 

1 C and 2 C, respectively. With a 12-fold rate increase from C/6 to 2 C, 71% capacity was retained, 

signifying outstanding fast charging capability. Again, the same initial decrease in capacity is 

observed, leading to 91% capacity retention when the rate is reversed to C/6, as seen in Figure 

15c. The voltage profiles of the V2O5-LSG||LiMn2O4 cell consist of a small plateau around 1.5 V 

and a voltage slope in the 0.5 – 1.4 V range, indicating that the capacity is predominantly from 

surface-controlled processes, as illustrated in Figure 17b. The plateau is a feature of diffusion-

controlled Faradaic processes, and its gradient increases with increasing rate, suggesting the 

capacity contribution from battery-type behavior also falls with increasing rate. This trend 

corroborates with the kinetics analysis results presented in Figure 16f, and the plateau voltage 

matches the peak positions in the CV curves (Figure 16c). Additionally, the calcination time in the 

synthesis to convert VOx-LSG to V2O5-LSG (Figure 13) was varied and their average discharge 

capacities compared in Figure 17c. On the one hand, with shorter calcination time, the conversion 

to V2O5-LSG may not be complete; on the other hand, the VCl3 precursor is susceptible to both 

vaporization and decomposition.26 Either way, it could lead to a low proportion of the 

electrochemically active V2O5 in the resulting composite, reducing the specific capacity. As shown 

in Figure 17c, in comparison to 0.5 h and 2 h, the V2O5-LSG anode that underwent calcination 

for 1 h gives the highest capacity when paired with a LiMn2O4 cathode, suggesting 1 h is the 

optimal calcination duration.  

The V2O5-LSG||LiMn2O4 system was tested for long-term cycling at a 1 C rate (Figure 17d). 86% 

and 75% of the initial capacity were retained after 50 and 100 cycles, respectively. As illustrated 

in Figure 17e, the capacity fading is associated with the disappearance of the voltage plateaus 

around 0.8 and 1.5 V, indicating a change to reduced diffusion-controlled Faradaic processes. 
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Furthermore, when a pair of V2O5-LSG||LiMn2O4 cells were connected in series, the battery pack 

can light up not only red, but also blue LED lights; impressively, the fully charged battery pack 

can power the LED illumination for more than 24 h. 

Finally, several control experiments were carried out to confirm the source of the great 

electrochemical performance and to evaluate the designed synthetic strategy. 

 

Figure S4-28 compares the electrochemical properties of a physical mixture V2O5 + rGO to those 

of the nanoengineered V2O5-LSG, and the former shows poor rate capability and cyclability due 

to the lack of a conductive scaffold and V2O5 nanosizing. The V2O5-LSG composite electrode 

fabricated following the synthesis in Figure 13 is also compared to a sample that only underwent 

one of either the laser-scribing or calcination steps 
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(

 

Figure S4-29). Both the calcination only and laser only sample experienced a sharp capacity 

decrease at the start, which can be ascribed to the lack of a rigid supportive LSG network and loss 

of redox-active species due to imcomplete conversion. This confirms the significance of the design 

strategy presented in Figure 13. Overall, the meticulously designed V2O5-LSG electrode exhibits 

a high specific capacity and excellent fast-charging properties due to its predominantly surface-

controlled charge storage mechanism that is triggered by the V2O5-nanoparticle-on-LSG-scaffold 

structure. 

The electrochemical performance of the V2O5-LSG||LiMn2O4 system is compared to other lithium-

ion batteries (LIBs) previously reported in the literature. 
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Figure 18a compares the full-cell specific capacity based on the total mass of both anode and 

cathode compositions when other aqueous LIB anodes are paired with the LiMn2O4 cathode.5,11,27–

30 The V2O5-LSG||LiMn2O4 system gives the highest specific capacity of 67 mAh g-1 (after an initial 

capacity loss is accounted for) compared to other Ti, Mo and V-based anodes. This competitive 

advantage is attributed to the high capacity of the designed binder-free V2O5-LSG anode. The 

Ragone plot 

(

Figure 18b) compares the energy and power density of the V2O5-LSG||LiMn2O4 cell to the aqueous 

LIBs reported in the literature.5,11,13,27,28,30,31 The V2O5-LSG||LiMn2O4 system can reach a high 
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power density of 650 W kg-1 at 15.6 Wh kg-1 and a high energy density of 81.5 Wh kg-1 at 13.6 W 

kg-1, outperforming the majority of prior aqueous LIBs. The outstanding power density can be 

attributed to the predominantly surface-controlled charge storage as illustrated in Figure 16f. 

Notably, although V-based anodes have a relatively less negative redox potential that leads to 

lower average full-cell voltages in comparison to Ti and Mo-based anodes, the energy density of 

the V2O5-LSG||LiMn2O4 cell is actually comparable to if not higher than other aqueous LIBs due 

to its remarkably high anode capacity. Thus, the V2O5-LSG||LiMn2O4 system exhibits tunable 

power and energy density and is a promising candidate for fast-charging and safe energy storage 

applications. 

Conclusions 

In summary, a pseudocapacitive composite anode for aqueous lithium ion storage in which V2O5 

nanoparticles are distributed on a conductive graphene scaffold is reported for applications in 

aqueous LIBs. The V2O5-LSG composite was synthesized from VCl3/GO precursors by a two-step 

laser-scribing/calcination approach, resulting in both an expanded LSG structure and fully 

oxidized V2O5 particles that are ∼50 nm in size. The V2O5-LSG anode can achieve an outstanding 

average specific capacity of 158 mAh g-1 and excellent rate capability as shown in three-electrode 

measurements. When paired with the intercalation-type cathode LiMn2O4 cathode, the full cell 

displays a predominantly surface-controlled charge storage mechanism that is Faradaic in nature, 

leading to excellent fast charging properties. The V2O5-LSG||LiMn2O4 system shows an average 

specific capacity of 151 and 107 mAh (g anode)-1 at C/6 and 2 C. Furthermore, the full-cell specific 

capacity as well as power and energy density of this hybrid battery can reach 67 mAh g-1, 650 W 

kg-1 (at 15.6 Wh kg-1) and 81.5 Wh kg-1 at (13.6 W kg-1) respectively, all of which compare 

favorably to previously reported aqueous LIBs. Thanks to its high capacity, fast charging 
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capability and safe operation, the V2O5-LSG||LiMn2O4 system provides a potential solution for 

future energy storage applications. 
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Figure 13. Schematic illustration of V2O5-LSG synthesis via laser scribing and calcination. 
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Figure 14. Characterization of the as-synthesized V2O5-LSG composite (calcination time = 1 h). 
(a-b) Low- and high-magnification SEM images of the V2O5-LSG composite. (c-d) A TEM image 
showing the V2O5 particles on the rGO sheets. (e) XRD pattern of V2O5-LSG matching V2O5 

(JCPDS no. 00-001-0359). (f) Raman spectra of the composite showing V2O5 and graphene 
features. (g) XPS V 2p region of the V2O5-LSG composite spectra. 
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Figure 15. Electrochemical measurements of the V2O5-LSG electrode in a three-electrode 
setup. (a) Cyclic voltammetry curves for V2O5-LSG at 0.1, 0.2, 0.5, 0.8, 1 mV s-1. (b) 
Capacity-voltage profiles at 0.1, 0.2, 0.5, 1 A g-1. (c) Rate performance and corresponding 
Coulombic efficiency of V2O5-LSG cycled at different current densities. 
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Figure 16. Electrochemical analysis of the V2O5-LSG||LiMn2O4 cells. (a) Illustration of 
Li-ion storage in the hybrid system based on a pseudocapacitive anode and an 
intercalation-type cathode. (b) Potential windows of V2O5-LSG and LiMn2O4 in 21 M 
LiTFSI electrolyte. (c) Cyclic voltammetry curves of a V2O5-LSG||LiMn2O4 coin cell at 
0.1, 0.2, 0.5, 0.8, and 1 mV s-1. (d) b-values of the most pronounced pair of peaks in the 
CV. (e) Current contribution by surface-controlled processes at 1 mV s-1. (f) Capacity 
contribution by surface-controlled and diffusion-controlled processes at a range of scan 
rates. 
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Figure 17. Electrochemical performance of the V2O5-LSG||LiMn2O4 coin cells. (a) Rate 
performance and corresponding Coulombic efficiency of a V2O5-LSG||LiMn2O4 cell 
cycled at 0.2 C, 0.5 C, 1C, 2C and 0.2 C. (b) Capacity-voltage profiles at different rates. 
(c) Specific capacity comparison between samples synthesized with 0.5, 1, 2 h of 
calcination. (d) Capacity and Coulombic efficiency of a V2O5-LSG||LiMn2O4 cell over 1 C 
cycling. (e) Capacity-voltage profiles of the 1st, 2nd, 3rd, 50th, and 100th cycles during 1 C 
cycling. (f) Optical images of LED bulbs powered by 2 V2O5-LSG||LiMn2O4 coin cells 
connected in series. 
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Figure 18. Performance comparison of V2O5-LSG||LiMn2O4 to previously reported systems in the 
literature. (a) A capacity comparison based on total electrode mass of V2O5-LSG||LiMn2O4 to 
those of other aqueous Li-ion batteries reported in the literature.5,11,27–30 (b) A Ragone plot 
comparing power and energy densities based on total electrode mass of V2O5-LSG||LiMn2O4 to 
those of other aqueous Li-ion batteries reported in the literature. 
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Supporting Information 

Experimental 

Synthesis of V2O5-LSG: Graphite oxide (GO) was synthesized via a modified Hummer’s method.32 

In a typical synthesis, 160 mg of freeze-fried GO powder was diluted with the addition of 5.8 mL 

of DI water and dispersed by 2-minute tip sonication. 40 mg of VCl3 (Fisher Scientific) was 

dissolved in 4.2 mL of DI water and bath sonicated for 2 hrs. Next, the VCl3 solution was uniformly 

added to the GO suspension within 1 h via a syringe pump while stirring. The resulting mixture 

was then drop-cast onto graphite paper (Panasonic) at a density of 200 μL cm-2 and left to dry 

under ambient conditions. Next, the dried film was laser-scribed using a 40 W Full Spectrum 

Laser Muse 2D Vision Desktop CO2 Laser Cutter with a 12% power setting, and electrodes 

were cut out of the film using a 10 mm hole punch. Finally, the electrodes were placed in a furnace 

which was set to 60 °C for 1 h, ramped up to 300 °C at 2 °C/min and then left at 300 °C for 0.5, 1 

or 2 h. The as-made V2O5-LSG electrodes were weighed using a micro-balance and the 

electrode mass was determined to be 1.4 – 1.6 mg. 

 

Materials characterization: Scanning electron microscopy (SEM) images of the V2O5-LSG 

composite were collected using a JEOL JSM-67 Field Emission Scanning Electron Microscope. 

Transmission electron microscopy (TEM) was performed on a Tecnai G2 T20 iCorr TEM (FEI 

Inc.). X-ray powder diffraction (XRD) was performed using a Panalytical X’Pert Pro X-ray 

powder diffractometer using Cu Kα radiation with a wavelength of 0.154 nm on a SiO2 crystal 

zero-background plate. In order to eliminate the coinciding signals from graphite paper, glass 

slides were used as the substrate instead and the active materials were scratched off to maximize 

the signals. The unassigned small peaks in the spectra are from SiO2 impurities. The X-ray 
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photoelectron spectroscopy (XPS) spectra were acquired using a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Kα X-ray source. The mass of the electrode was 

measured by a Mettler Toledo MX5 microbalance with 0.001 mg sensitivity. Raman spectroscopy 

was carried out using a Reinshaw inVia confocal Raman microscope with a 633 nm laser. 

 

Fabrication of LiMn2O4 and rGO/V2O5: The active material, LiMn2O4  (MTI) or V2O5 (Sigma-

Aldrich) was mixed with conductive carbon black or rGO, and PVDF binder, in the ratio 85:10:5. 

The slurry was cast on a graphite paper substrate using a doctor-blade and then punched into 10 

mm discs. The resulting electrode mass was determined to be 1.4 – 1.6 mg. 

 

Electrochemical testing: There-electrode measurements including cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) 

measurements were carried out using a Biologic VMP3 electrochemical workstation (VMP3b-10, 

USA Science Instrument). For three-electrode experiments, graphite paper and an Ag/AgCl 

electrode were used as the counter and reference electrodes, respectively. The electrolyte is 21 M 

lithium bis(trifluoromethane)sulfonimide (LiTFSI) unless stated otherwise. Coin cell tests were 

carried with an approximately equal mass of cathode and anode using an MTI battery cycler.  
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Figure S4-24. XPS survey spectra of V2O5-LSG and VOx-LSG. 
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Figure S4-25. Thermogravimetric analysis of V2O5-LSG. 
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Figure S4-26.  (a) Voltage profile and (b) rate performance of a LiMn2O4 cathode. 
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Figure S4-27.  (a) Voltage profile and (b) rate performance of a graphite paper||LiMn2O4 cell. 
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Figure S4-28.  (a) Voltage profile and (b) rate performance of a V2O5+rGO||LiMn2O4 cell. 
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Figure S4-29.  (a) Voltage profile and (b) rate performance of calcination only and laser only 

anodes paired with an LiMn2O4 cathode. 
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Chapter 5. Outlooks and Future Work 

It was demonstrated in Chapters 2-4 that the simple synthesis via CO2 laser scribing can give 

electrodes with superior electrochemical performance and favorable charge transfer kinetics. By 

this kinetically controlled process, multivalent vanadium oxides can be preferentially formed from 

the chloride precursor, allowing a multielectron redox couple. In this way, the thin-film electrodes 

can achieve high specific capacitance, enabling the supercapacitor system to reach energy densities 

that are close to battery level, as seen in Chapter 2. Moreover, with an additional calcination step 

to ensure the complete conversion to vanadium oxides and to increase the active material loading, 

the pseudocapacitive materials can be adapted to battery chemistry. While the predominantly 

surface-controlled charge transfer mechanism remained, pronounced Faradaic features were 

observed, resulting in not only excellent fast charging capability but also high specific capacity, as 

described in Chapters 3-4.  

 

Although the previous chapters provide successful examples of integrating laser-scribed vanadium 

oxides/graphene composite electrodes into different energy storage systems, the following 

challenges still need to be addressed:  

1) Due to the limited penetration of the CO2 laser, relatively low mass loadings have been 

achieved even with the aid of calcination, hindering the development of electrodes with 

commercial-level areal mass loading or freestanding electrodes. 

2) Despite the compatible electrochemical potential with zinc-, sodium- and magnesium-ion 

systems, vanadium compounds generally limit the voltage window of LIBs due to their 

lower electrochemical potential in comparison to other cathode materials.  
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3) Although laser-scribing gives a fast and facile route to nanocomposites, there is little 

control over the morphology and phase of the product owing to the chaotic nature of the 

process. 

 

Considering the challenges above, the following strategies can be experimented with as possible 

solutions. Previously former lab members reported other approaches to make freestanding 

nanostructured rGO scaffold via freeze-casting1 and flash conversion.2 Combining the two 

concepts, a mixture of GO (or partially reduced GO) and a transition metal compound precursor 

can be freeze-dried first, and the powder can subsequently undergo photothermal treatment. This 

strategy was experimented with the VCl3 precursor, and it was discovered that the higher-power 

CO2 laser was required for the conversion to vanadium oxides. However, the resulting powder 

product only possessed the high specific capacity as seen with the film electrode but lacked the 

rate capability. VCl3 is highly hygroscopic and rapidly separates from GO upon freezing in liquid 

nitrogen; thus, a precursor compound with suitable physical and chemical properties should be 

found to further develop this strategy. The precursor compound is not limited to vanadium 

compounds and can be salts of other common transition metals such as Mn, Co, Ni, Ti, Mo, etc. 

The high yield and increased areal mass loading can improve the practicality of the electrode 

materials. Furthermore, in order to control the phase of the final transition metal product, a 

preliminary solvothermal step can be introduced. Many synthetic approaches in the literature are 

two-step processes where the final products are made from controlled intermediates,3–9 and 

previous work showed that laser-scribing can achieve similar chemical conversions as 

solvothermal methods,10 therefore, laser-scribing an intermediate mixture made from a controlled 
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synthesis could take advantage of both types of processes and result in next-generation high-

performance electrode materials. 
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