
Title Ultra-fast cycling of nanoscale thin-film LiCoO2 electrodes in
aqueous electrolytes

Authors Clancy, Tomás M.;Rohan, James F.

Publication date 2018-08-03

Original Citation Clancy, T. M. and Rohan, J. F. (2018) 'Ultra-fast cycling of
nanoscale thin-film LiCoO2 electrodes in aqueous electrolytes',
ChemElectroChem. doi: 10.1002/celc.201800822

Type of publication Article (peer-reviewed)

Link to publisher's
version

10.1002/celc.201800822

Rights © 2018, John Wiley & Sons Inc. This is the peer reviewed version
of the following article: Clancy, T. M. and Rohan, J. F. (2018) 'Ultra-
fast cycling of nanoscale thin-film LiCoO2 electrodes in aqueous
electrolytes', ChemElectroChem. doi: 10.1002/celc.201800822,
which has been published in final form at https://doi.org/10.1002/
celc.201800822. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-
Archiving.

Download date 2026-08-08 13:50:16

Item downloaded
from

https://hdl.handle.net/10468/6863

https://hdl.handle.net/10468/6863


www.chemelectrochem.org

Accepted Article

A Journal of

Title: Ultra-fast cycling of nanoscale thin film LiCoO2 electrodes in
aqueous electrolytes.

Authors: James Rohan and Tomás M Clancy

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemElectroChem 10.1002/celc.201800822

Link to VoR: http://dx.doi.org/10.1002/celc.201800822



ARTICLE    

1 

 

 

 

 

Ultra-fast cycling of nanoscale thin film LiCoO2 electrodes in 

aqueous electrolytes. 

Tomás M. Clancy,[a] and James F. Rohan*[a] 

Abstract: Additive-free nanoscale LiCoO2 thin-films deposited on Si 

substrates using DC sputtering show exceptional electrochemical 

performance due to the unique kinetics of the nanoscale thin-film in 

an aqueous environment. At extremely high scan rates and 

galvanostatic current densities of up to 100 mV s-1 and 200 C 

respectively, a capacity retention equivalent to 97 mAh g-1 (4.8 µAh 

cm-2, 48.3 µAh cm-2 µm-1) is obtained. A significant contribution of non-

diffusion controlled kinetics in a LiCoO2 electrode is shown. 

Introduction 

The ‘Internet of Things’ scenario envisions billions of wireless 

sensors acting as the environmental interface to provide data that 

will, amongst other benefits reduce analysis costs, improve safety 

and predict future trends. Non-rechargeable batteries are the 

predominant energy source for today’s commercial wireless 

sensors and both the energy and power demands dramatically 

reduce the lifetime of the primary batteries. The value of the useful 

data gathered is offset by the frequent battery replacement 

necessitated by their short lifetimes. The ultimate challenge facing 

the mass distribution of wireless sensors is meeting the energy 

and power requirements to match the lifetime of the 

microdevices[1].  

To extend the lifetime, smaller and more energy efficient sensor 

components and drive electronics are being developed with lower 

power and energy requirements. Of the available battery 

technologies Li-ion provides the highest energy density (~270 Wh 

kg-1) which is essential for miniaturisation and device integration[2]. 

The limitations of typical organic solvent–based Li-ion batteries 

include a modest cycle life (<1,000) and low power density 

(<1,000 W kg-1) which can hamper device operation particularly 

during the energy intensive periods of sensor measurement and 

wireless communication. Hybrid systems comprising a 

significantly smaller energy storage element coupled to an energy 

harvester are of interest to enable wireless operation over the 

lifetime of the device[3].  

Microbatteries, such as solid-state Li-ion batteries, present a 

number of potential advantages in the transition from primary to 

rechargeable batteries for hybrid powered wireless sensors[4]. 

They have a larger potential energy density due to the removal of 

inactive binder and conductive additive materials in the cathodes 

and they offer the potential for Li metal anodes. The solid-state 

electrolyte significantly improves cycle life (≥ 5,000)[5]. The 

drawbacks which have limited their use in commercial systems 

include the need to maintain thin electrodes (at the micron level) 

particularly for the low electronic conductivity oxide cathodes 

typically utilised. A cathode with limited thickness and conductivity 

in combination with a low ionic conductivity solid-state electrolyte 

results in poor power capabilities and a significant potential drop 

can occur during high current operation. A small form factor 

capable of high current operation is critical in the development of 

next-generation hybrid systems. Dedicated micro power 

management systems are also required to deal with these issues 

and that of intermittent energy supply from the harvester which 

can add further volume and complexity to the system[6].   

In a typical thin-film microbattery the faradaic reaction and ion 

transport are primarily controlled by the solid-state diffusion 

kinetics in the electrode material. Changing the geometry, size 

and thickness of the electrodes will have a direct effect on the 

battery capabilities. Cathodes tend to be the limiting electrode 

material in batteries due their low electrical conductivity (layered 

oxide materials) and lower energy density compared to typical 

anode materials. 3D architectures with a large aspect ratio 

coupled to nanoscale films are a possible strategy to enable high 

currents for a hybrid system[7]. In this strategy the energy footprint 

is primarily dependent on the aspect ratio of the 3D architectures 

and the power footprint on the thickness of the electrodes. Using 

the approximation[8] for time (τ) to diffuse in a material of 

dimension l (τ  l2/D), where D is the diffusion coefficient, it can 

be estimated that the time taken for Li+ to diffuse in typical battery 

materials of micron dimension will be two to three orders of 

magnitude slower with a corresponding lower power capability 

than for a nanoscale (≤ 100 nm) material.  

Recent research has shown nanoscale film electrodes are not 

solely diffusion controlled and that pseudo-capacitive intercalation 

has a significant contribution on the electrochemical 

performance[9]. Solid-state and organic electrolytes by 

comparison with aqueous electrolytes tend to have low ionic 

conductivity and slower diffusion characteristics which have a 

significant effect on cell performance. The high ionic conductivity 

and diffusion coefficient of an aqueous electrolyte means that the 

electrochemical performance is primarily dependent upon the rate 

of lithiation and delithiation rather than the ion transport in the 

electrolyte. Analysis of a nanoscale film electrode in an aqueous 

electrolyte enables the analysis of the electrode performance 

without the resistive complications of an organic or solid state 

electrolyte. 

The concept of aqueous rechargeable Li-ion batteries was first 

introduced in 1994 with the use of LiMn2O4 and VO2(B) giving a 

cell potential of 1.5 V for 25 cycles[10]. This smaller potential 

window limits the suitable electrode materials. One of the most 

common cathode materials, LiCoO2 (3.9 V vs Li+/Li) used in 

organic systems can also be utilised in aqueous systems[11]. As 

with organic electrolytes side reactions due to the aqueous 

environment can complicate the lithium intercalation reaction 

mechanism[12]. As described in a recent review the number of 

papers published on aqueous lithium battery systems has 

increased tenfold over a ten year period[13]. While the research 
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into thin-film LiCoO2 has been thorough in organic and solid-state 

electrolytes, there has been limited analysis for aqueous 

electrolytes. The majority of analysis on LiCoO2 in an aqueous 

electrolyte has been directed towards bulky composite 

electrodes[14]. Such electrodes are porous and contain inactive 

additives unlike the solid-state thin film materials required for high-

power microbatteries. 

The nanoscale LiCoO2 thin-films described here were deposited 

using standard DC sputter processing appropriate for thin film 

microbattery applications. An aqueous electrolyte is used to 

investigate the electrochemical properties of a nanoscale LiCoO2 

thin-film in order to ensure the performance of the electrochemical 

cell is solely dependent on the electrode and not influenced by the 

resistive electrolytes typically used in the investigation of Li-ion 

electrodes. Cyclic voltammetry and galvanostatic cycling 

demonstrated charging in less than 18 s, and similarly that the 

material could be discharged in the same timeframe without 

altering the characteristic electrochemical profile of LiCoO2.    

Results and Discussion 

Figure 1a shows the XRD pattern of a typical LiCoO2 thin-film 

deposited by DC magnetron sputtering. XRD shows crystalline 

phases of (003) and (104) reflections that have an intensity ratio 

(I(003)/I(104)) of 0.67, indicating that (104) is the dominant phase 

present and that there is cation mixing within the hexagonal 

lattice[15]. The (101) and (104) crystalline phases are preferred for 

LiCoO2 as a lithium battery electrode in which the layered 

structure is at 100 and 35o to the surface, respectively, meaning 

increased rate capabilities[16]. The (003) crystalline phase on the 

other hand where the layered structure is at 90o to the surface 

limits the lithiation/delithiation which can only occur at cracks in 

the surface[17]. Initially solid-state deposition of LiCoO2 thin-films 

with a thickness of ≤ 500 nm were (003) dominated with layers ≥ 

1 μm preferring (101) and (104) orientations however other 

factors such as deposition technique, substrate, gas pressure etc. 

also have a significant influence on crystalline lattice[16a, 18].  

LiCoO2 has a space group of R3m as verified by the presence of 

the A1g and Eg peaks in the Raman spectrum of Figure 1b. The Eg 

peak at 596 cm-1 is associated with the stretching of the Co-O 

bond and the A1g peak at 487 cm-1 with the bending of the O-Co-

O bonds. The ratio between the intensity of Eg and A1g peaks is 

(I(Eg) /I(A1g)) 0.62, which indicates there is a small amount of c-axis 

orientation with a random orientation in the film[19]. The vibration 

of oxygen atoms at the ab and c -axes are related to the Eg and 

A1g peaks, respectively, and the results are in agreement with the 

XRD analysis[20]. The full width half maximum (FWHM) of less 

than 12 cm-1 for the A1g peak is a good indication of the thin-film 

quality[21]. 

  

Figure 1. XRD (a) and Raman (b) of rapid thermal annealed (RTA) 100 nm 

LiCoO2 film. Inset images are of as-deposited 100 nm LiCoO2 film. 

A plan view SEM and cross-sectional TEM image for the LiCoO2 

deposit is shown in Figure 2. The SEM image indicates large 

grains without a preferred orientation, while the cross-section 

shows a rough LiCoO2 surface with an average thickness of 100 

nm on 100 nm of Au and 6 nm of Ti in agreement with surface 

profilometry measurements. 

 

Figure 2. SEM plan view and TEM cross-section of nanoscale-film LiCoO2 on a 

100 nm Au current collector that contained a 6 nm Ti base layer to adhere to 

the 1µm thermal annealed SiO2 layer on the Si wafer substrate. 

The CV analysis in Figure 3 shows a well-defined redox couple 

for the anodic and cathodic reaction. The peak separations at 1, 

20 and 100 mV s-1 are 4, 36 and 98 mV, respectively, and are well 

defined indicating a low overpotential and small electrolyte charge 

transfer and electrode/electrolyte interfacial resistances. This is in 

contrast to a composite nanoparticle LiCoO2 electrode that 

contained an electrically conductive additive in an Li-ion aqueous 

electrolyte where there is a large increase in overpotential 

resulting in the distortion of the CV profile with the potential shift 

of the anodic peak to beyond the extended potential window cut-

off value at increasing scan rates[14d, 22]. The thin film (100 nm) 

cathodes can achieve extremely high currents of up to 10 mA cm-

2
, appropriate for a wireless sensor during active operation or data 

transmission. The potential distortion when analysing the 

characteristics of electrode materials in organic and solid state 

electrolytes is minimised in the high conductivity aqueous 

electrolytes. 
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Figure 3. CV of 100 nm LiCoO2 film at 0.5, 1, 2, 5 (a) 10, 20, 50 and 100 mV s-

1 (b) in 5 M LiNO3 aqueous electrolyte. 

The peak current associated with lithium intercalation / 

deintercalation at layered oxide cathode materials, conventionally 

a diffusion controlled faradaic reaction within the crystalline 

structure, is proportional to the square root of the scan rate. Non-

diffusion controlled faradaic reactions, dependent on the outer 

surface area and typically seen in supercapacitor materials, has 

a linear dependence on the scan rate. The equation for the peak 

current dependence on scan rate, Eq. 1, is in the form of the 

power law relationship and can be used to determine the 

dominating kinetics, Eq. 2. 

 

i=avb (1) 

log(i)= log (a) + (b)log (v) (2) 

 

A slope of 0.5 demonstrates diffusion control while a slope of 1 

implies non-diffusion controlled lithium storage. In Figure 4a the 

average slope for cathodic and anodic peaks is 0.69. This means 

that the lithium storage is dominated by diffusion controlled 

kinetics but has a significant non-diffusion controlled 

contribution[23]. This is in strong agreement with the well-defined 

CV profiles, of Figure 3, at fast scan rates (≥ 20 mV s-1), which 

suggested that the lithium reaction was not solely diffusion 

controlled and that the contribution is from a faradaic redox 

process. Typically non-diffusion controlled contributions in an 

aqueous systems are from double-layer capacitance (non-

faradaic) and/or near surface confined pseudocapacitance 

(faradaic). As the reaction is clearly faradaic and the lithium ions 

are intercalated into the LiCoO2 the non-diffusion controlled 

contribution is intercalation pseudocapacitance[23a]. The 

contribution of both diffusion and non-diffusion controlled lithium 

reaction is represented by Eq. 3. That can be rearranged to Eq. 4 

so that the i/v0.5 is plotted against v0.5 with the slope equal to k1 

and the intercept equal to k2. The contribution of the diffusion and 

non-diffusion controlled kinetics are quantified using Eqs. 5 and 6, 

respectively. 

 

i=k1v+ k2v0.5 (3) 

i

v0.5
=k1v0.5+ k2 (4) 

Diffusion Controlled= 
k2v0.5

k1v +k2v0.5
 (5) 

Non-Diffusion Controlled=  
k1v

k1v +k2v0.5
 (6) 

 

As seen in Figure 4b at slow scan rates, diffusion controlled Li-

bulk insertion contribution is the dominant mechanism for energy 

storage. The contribution of the fast intercalation pseudo-

capacitance kinetics is ≤ 20% at scan rates lower than 2 mV s-1. 

However the intercalation pseudocapacitance kinetics become 

more dominant at increased scan rates and are responsible for > 

50% of the energy storage at scan rates ≥ 50 mV s-1 which 

corresponds to accessing most of the cathode material in under 

10 s. The pivotal input of the non-diffusion controlled kinetics, 

which is considered negligible in commercial Li-ion batteries, 

allows for lithium energy accessibility at high rate capabilities. This 

indicates that nanoscale thin-films of LiCoO2 have the ability to 

achieve high energy and power densities for devices in an 

appropriate electrolyte. 

 

Figure 4. Log[Peak Current] vs. Log[Scan Rate] to determine b-value (a) and 

percentage of contributing kinetics at various scan rates (b). 

The diffusion coefficient was estimated using the Randles-Sevcik 

equation (Eq. 7). 

 

Ip=(2.69 x 10
5)n3 2⁄ ACLiDLi

1 2⁄
 v1 2⁄  (7) 

 

where Ip is a peak current, n is the number of electrons transferred, 

A is the active area of the electrode, CLi is the bulk concentration 

of Li in LiCoO2, DLi is the diffusion coefficient of Li in the thin film 

electrode, v is the scan rate.  

There is a Li concentration gradient across the thin-film electrode 

during intercalation and for this analysis it is assumed that the 
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diffusion is one dimensional in the thin-film electrode. This 

assumption is regularly utilised when determining Li diffusion 

such as when using electrochemical impedance spectroscopy 

(EIS), potentiostatic intermittent titration technique (PITT) and 

galvanostatic intermittent titration technique (GITT)[24]. The 

diffusion coefficient for lithiation and delithiation was found to be 

5.31x10-12 and 7.07x10-12 cm2 s-1, respectively, which is in line with 

the literature for thin-film LiCoO2
[25].  

Galvanostatic cycling was performed at current densities 

equivalent to C-rates of 3, 5, 10, 20, 50, 100 and 200 C. Figure 

5a shows the galvanostatic charge and discharge curves of the 

fifth cycles in the sequence, while Figure 5b shows the specific 

capacity of the galvanostatic cycling. The main redox plateau is 

observed even at 200 C which is agreement with the well-defined 

peak seen in the CV of Figure 3. Generally the redox plateau 

decreases and drops in potential at increased C-rates which 

implies an interference in lithiation/delithiation. The reverse is 

seen in this study when an increment in C-rate is applied, 

indicating superior lithiation/delithiation kinetics, in which a well-

defined plateau is still present with no drop in potential at a 200 C 

rate. At a 10 C rate, (full charge/discharge in 6 minutes), a 

reversible discharge capacity of 108 mAh g-1 (5.4 µAh cm-2, 53.9 

µAh cm-2 µm-1), is achieved assuming a film density of 4.98 g cm-

3
 (data sheet density of the sputter target) which is equivalent to 

79% of the theoretical capacity (137 mAh g-1)[26]. A 20 times 

increase in current density from 10 C to 200 C, (full 

charge/discharge in 18 s) exhibit excellent capacity retention with 

losses of only 12.5% and a capacity of 96.45 mAh g-1. To the best 

of our knowledge the maintenance of such high capacities for 

nanoscale LiCoO2 thin-films has not been reported previously[27]. 

Typically such high C-rates would lead to a significant capacity 

drop. CV profiles tend to become distorted with peak separation 

increasing significantly at higher scan rates. Galvanostatic 

profiles lead to a drop in potential without a significant current 

plateau and would complicate the use of such a material in a 

wireless sensor system. 

 

Figure 5. Galvanostatic profiles of a 100 nm LiCoO2 film at various C-rates (a) 

and summary of galvanostatic cycling capacities (b) in a 5 M LiNO3 aqueous 

electrolyte. 

Longer-term cycling at a 200 C rate was assessed for over 500 

cycles is shown in Figure 6. The capacity decreased in the initial 

cycles (134 cycles) as the system reached equilibrium at which 

point the capacity value was equivalent to the 200 C value 

obtained with the LiCoO2 sample used in Figure 5, where the 

cycling was more intensive. The capacity after 533 cycles was 70 

mAh g-1 which represents a capacity drop of 0.08 % per cycle over 

400 cycles (after stabilisation) as shown in Figure 6. The 

galvanostatic profiles retain the characteristic plateau during 

cycling which indicates little interference from side reactions at the 

electrode / electrolyte interface which are generally seen in 

organic electrolytes and inhibit the Li+ ion transport. 

 

Figure 6. Galvanostatic Cycling of a 100 nm LiCoO2 film at 200 C for 533 cycles 

in a 5 M LiNO3 aqueous electrolyte. 

Conclusions 

Nanoscale LiCoO2 films fabricated by DC sputtering show 

exceptional electrochemical rate capabilities for Li-ion battery 

applications. At the higher rates intercalation pseudocapacitive 

storage is dominant and enables the electrochemical kinetics. 

The charge storage is not limited by the crystalline structure for 

this nanoscale-film as a result of the decreased diffusion pathway 

and an increased surface reactivity. The improved wettability of 

the electrode surface may also play a role in the resultant 

electrochemical kinetics. At extremely high scan rates and 

galvanostatic current densities of up to 100 mV s-1 and 200 C 

respectively, a capacity retention equivalent to 97 mAh g-1 (4.8 

µAh cm-2, 48.3 µAh cm-2 µm-1) is obtained. Even at only 100 nm 

thickness the cathodes can achieve desirable high current 

densities of up to 10 mA cm-2. Nanoscale-film LiCoO2 is a 

potential electrode for an aqueous electrolyte based battery that 

can achieve the high current rates during device interrogation for 

the “Internet of Things” scenario. Aqueous Li-ion batteries can 

potentially decrease the areal footprint and increase the energy 

density to more closely match the power requirements of the 

sensors and electronic micropower management system. 

Experimental Section 

A stack of Ti (10 nm) and Au (100 nm) was deposited on a 1 µm thermal 

annealed SiO2 layer on a 100 mm diameter silicon wafer using metal 

sputter targets (Kurt J. Lesker) in a DC magnetron (Quorum Q300T D 

Dual) sputter coating system. The Ti layer acted as an adhesion layer 

between the SiO2 substrate and Au current collector. LiCoO2 was 

deposited, using a LiCoO2 (99.9% purity) sputter target (Kurt J. Lesker) 

over the Au current collector at a pressure and current of 5x10-3 mBar and 
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150 mA respectively. The LiCoO2 target was cleaned by pre-sputtering for 

15 min prior to deposition. All depositions were performed in an Ar 

environment and deposit thickness monitored using a quartz-crystal 

monitor system. Deposit thickness was confirmed using a surface 

profilometer (Tencor alpha-step 200). DC sputtered LiCoO2 is amorphous 

and is crystallised using rapid thermal annealing (RTA Jipelec 150) at 

600oC for 3 min in an Ar environment which has not been investigated 

previously for aqueous LiCoO2 cathode systems. RTA offers a short 

operational time and lower energy consumption by comparison with a 

furnace. The structure and the morphology of the samples were analysed 

with a scanning electron microscope (FEI Nova 630 Nano-SEM) coupled 

with an energy dispersive X-ray (EDX) (Hitachi S4000). Transmission 

electron microscopy (TEM) (was performed using a JEOL 2100 High 

Resolution TEM), For X-ray diffraction (XRD) a Philips PW3710-MPD with 

Cu Kα radiation, l = 1.54056 Å, at 45 kV (40 mA) was used and data 

analysed using Philips X’Pert XRD software). Raman spectroscopy was 

performed with a Renishaw Invia, 514 nm laser.  

Electrochemical measurements were controlled using a CH Instruments 

660B potentiostat and a three electrode cell. Cyclic voltammetry (CV) was 

performed on the LiCoO2 cathode over the potential window of 0.45 to 1.05 

V against a saturated calomel electrode (SCE). Galvanostatic cycling was 

carried out in a potential window of 0.25 to 1.05 V vs SCE at C-rates of 3, 

5, 10, 20, 50, 100 and 200 C in which 1 C is equivalent to LiCoO2 being 

either fully charged or discharged (137 mA g-1) within 1 hour. The 

electrolyte used was 5 M LiNO3 aqueous solution at a pH of 7 purged with 

N2 gas prior to cycling to reduce the amount of dissolved oxygen. A high 

concentration of LiNO3, neutral pH and little or no dissolved O2 is critical to 

remove/suppress the side reactions that are associated with aqueous 

electrolytes [13]. Delithiated LiMn2O4 was utilised as the counter electrode. 

The use of delithiated LiMn2O4 as a counter electrode rather than a metal 

counter, (e.g. Pt), is required to achieve stable electrochemical behaviour 

for extended cycling[13, 14b, 14e, 28]. A metal counter electrode possesses no 

storage capacity for the Li+ extracted from the working electrode and would 

most likely evolve gas as the counter electrode reaction perturbing the 

electrolyte composition. The delithiated LiMn2O4 allows for Li+ to cycle 

between the electrodes and operates without any significant changes to 

the chemical or physical properties of the electrolyte. The measurements 

were carried out under ambient air and at 21oC.   
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