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Nanoengineering of Thin Film V2O5 Cathode Interfaces via
Atomic Layer Deposition for use with Polymer Gel Ionic
Liquid Electrolytes
Aaron O’Donoghue,[a] Micheál Shine,[a] Ian M. Povey,[a] and James F. Rohan*[a]

In this work we show high capacity and cycle-life performance,
for electrodeposited, crystalline V2O5 thin film cathodes pro-
tected by a 1 nm ALD alumina deposit for use with Li-metal and
ionic liquid electrolyte based microbatteries. Al2O3 coatings
thicker than 1 nm are shown to decrease the performance of
the V2O5 thin film cathodes. The ionic liquid outperforms an

organic electrolyte at 1 C rates with an initial capacity of
148 mAhg� 1 and capacity retention of 97% at cycle 50. A
polymer gel analogue of the ionic liquid electrolyte in
combination with the 1 nm Al2O3 coated V2O5 had an initial
capacity of 139 mAh/g with a capacity retention of 93.5% to
cycle 800, illustrating high capacity and extended cycle life.

Introduction

Vanadium pentoxide (V2O5) is a promising high energy density
cathode for lithium-based batteries.[1] V2O5 suffers from poor
charge-discharge kinetics due to its low ionic diffusion and
electronic conductivity.[2,3] Coatings such as ITO,[4] TiO2

[5] and
Al2O3

[6] have previously been reported to improve the charge-
discharge kinetics of V2O5 in typical organic electrolytes.
Similarly, coatings such as Al2O3,

[7–9] MgO[10] and TiO2
[11] have

previously been reported to improve charge-discharge kinetics
on other oxide-based cathode materials such as LiCoO2.

Al2O3 coating via atomic layer deposition (ALD) has been
reported previously by Liu et al. using a V2O5 xerogel.

[6] A sol-gel
method gave an electrode thickness ~2 μm. They cycled the
electrode over a 2 V range indicating that the 2 e� Li potential
window was used and achieved a maximum capacity of
225 mAhg� 1 with 10 ALD cycles (approximately 1 nm Al2O3)
coated V2O5. Data was only provided for the first 50 cycles and
it has been reported by Ng et al. that potential ranges for 2 and
3 e� V2O5 reactions can exhibit poor capacity retention by
comparison with the 1 e� potential window of 2.5 to 4 V.[12]

Microbatteries are designed primarily for use in micro-
devices such as medical devices, or IoT (internet of things)
sensors where solid-state electrolytes such as LiPON can be
utilised rather than the standard volatile organic electrolytes
which are less easily fabricated at the microdimensions.[13] Solid-
state electrolytes are also limited by their low ionic conductiv-
ities of 3×10� 3 mScm� 1, hindering high-rate capability which

may be required to counter their small size during periods of
data acquisition or communication.[14] McGrath and Rohan
reported the use of ionic liquids with V2O5 which have low
volatility and comparable conductivities to organic
electrolytes.[15] A polymer-gel ionic liquid (PGIL) electrolyte was
also reported which acts as a quasi-solid-state electrolyte with
an ionic conductivity 1.9 mScm� 1 which is over two orders of
magnitude greater than typical solid-state electrolyte and closer
to typical organic electrolytes (e.g. 7.9 mScm� 1 for 1 M LiPF6 in
(1 : 1) EC :DEC).[16,17]

In this work, we initially investigate increasing deposition
times of V2O5 to increase the layer thickness and capacity while
also reducing the total ratio of inactive material in the cell.[18]

This was followed by an investigation of the performance of
V2O5 thin films (~200 nm) on which Al2O3 coatings deposited via
ALD were utilised to protect the cathode from unwanted
electrolyte interactions and increase cycle life. The results for
ALD coated cathodes in organic, ionic liquid and PGIL electro-
lytes are compared.

Results and Discussion

V2O5 thin films were deposited and annealed to a crystalline
morphology on a hotplate at 325 °C in ambient air, as described
previously, where a 10 s deposition time yielded a thickness of
220 nm.[15,19]

Figure 1 shows Raman spectra for 10, 40 and 90 s deposi-
tion time V2O5. The spectra align closely with the previously
reported data for the orthorhombic phase of V2O5.

[20–23] That
phase of V2O5 is characterized by a well-established spectrum
and belongs to the space group Pmmn with D2 h point
symmetry.[24,25] The peaks observed in the annealed films
correspond to various vibrations including: In-phase stretching
of V=O1 bonds at 994.51 cm� 1, Anti-phase stretching of V� O2
bonds at 705.40 cm� 1, The x-axis displacement of stretching O2
atoms at 528.4 cm� 1, The bending of the V� O3-V bridge angle
at 484.81 cm� 1, The x-axis displacement of O1 atoms at
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403.79 cm� 1, The z-axis displacements of O21 and O22 atoms at
302.36 cm� 1, The y-axis displacement of O1 atoms at
284.43 cm� 1, The x-axis displacement of V atoms at 200.12 cm� 1,
The O3� V� O2 in the y-axis at 144.73 cm� 1, and the vibration of
V atoms within the O3� V� O2 bridge along the z-axis at
101.35 cm� 1.

The peaks at 200.12 cm� 1 and 144.73 cm� 1 correspond to
lattice vibrations and are strongly indicative of the layered
structure.[26–28] The lower intensity 10 s spectra was expanded in
the inset in figure 1 to show peak positions. It can be seen that
the spectra for all samples share the same peak positions
however, intensity increases proportionally with deposition
time or thickness when the experimental conditions are
adequately controlled.[29]

V2O5 thin film deposits were cycled in an ionic liquid
electrolyte 0.5 M LiTFSI in [C4mpyr][TFSI] using cyclic voltamme-
try (CV) at 0.05 mVs� 1 as shown in figure 2. At short deposition
times variation in thickness measured on a profilometer was
small. At longer deposition times the variation increased, and
very little additional capacity could be achieved beyond the
90 s deposition (Supporting information, S1 and S2). The surface
resistance increases during deposition leading to preferential
and uneven plating at the substrate edge for these resistive
oxides.[30,31]

Sharp peaks are observed in the CVs for 10 and 20 s
deposition times which show 2 pairs of anodic and cathodic
peaks typical of V2O5 within the 2.5–4 V region with peaks
corresponding to α $ɛ and ɛ $δ phases which occur during
intercalation/deintercalation.[32–34] It can be seen that with each
increase in deposition time from 10 s that peak current
increases along with the anodic and cathodic peaks shifting to
higher overpotential, due to the increase in Li+ diffusion
pathways and cathode resistance.[35,36,37]

The maximum capacities for each sample were 10, 15, 25,
and 32 μAh for 10, 20, 40 and 90 s, respectively.[38] To
investigate if the samples could be more completely crystallised
yielding larger capacities, oven annealing at 450 °C for 7 hours
in ambient air was employed on 10, 40 and 90 s deposited
samples. The upper potential limit for 90 s was increased from
3.65 to 3.8 V still within the maximum range of 2.5–4 V
recommended for the 1 e� reaction without decreasing the
cycling stability. A third anodic peak was also observed at
3.25 V for the thickest 90s deposit when oven annealed which
has been reported previously[39–41] and probably result from
slight changes in the phase orientation for the thicker deposits.

The capacities of hotplate and oven annealed samples were
compared. The thinner deposits did not show a significant
change in capacity dependent upon the annealing conditions.
However, for the 40 s oven annealing an 84% increase in
capacity from 24 to 48 μAh was observed while the 90 s deposit
showed a 156% increase in capacity 32 to 82 μAh (or
144 mAhg� 1 assuming a 1.7 μm deposit). Figure 3 shows
capacities and coulombic efficiencies for a 90 s deposited
sample to 100 cycles using CV. An Initial capacity of 51 μAh was
observed. After 25 cycles, a maximum capacity of 82 μAh is
achieved before decreasing to 69 μAh at 100 cycles for a
capacity retention of 84%.

CV analysis was utilized to determine the effect of coating
the V2O5 with 1, 2 and 3 nm Al2O3 deposited by ALD. Figure 4
shows CV plots for the three coatings used in 0.5 M LiTFSI in
[C4mpyr][TFSI] and 1 M LiPF6 in EC :DEC (1 :1). Figure 4 (a) shows
the 30th cycle at 0.1 mVs� 1 in ionic liquid electrolyte. The
electrode with a 1 nm coating shows sharp peak formation with
the same peak position as the uncoated sample. The 2 nm

Figure 1. Raman profile of 10 (Intensity expanded in the inset), 20 and 90 s
deposition time V2O5.

Figure 2. CV profiles of cycle 5 for 10–90 s deposition time V2O5 in ionic
liquid electrolyte at 0.05 mVs� 1; vs. Li/Li+. (*= oven annealed).

Figure 3. Capacity and coulombic efficiency of 90 s deposition time oven
annealed V2O5 in ionic liquid electrolyte at 0.05 mVs� 1; vs. Li metal.
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coating shows inhibited peak formation for the V2O5, with the
cathodic peak at 3.08 V shifted partially outside the lower
potential limit. This indicates an increase in overpotential or
charge transfer resistance inIch the thicker 2 nm Al2O3 acts as
an electrochemically resistive layer.[42] This is further exacer-
bated for the 3 nm which shows little or no lithium in V2O5 peak
behaviour. Figure 4 (b) is the 30th cycle at 0.1 mVs� 1 in organic
electrolyte. A similar trend is observed to the ionic liquid with
the 1 nm Al2O3 coating showing sharp peak formation. The
2 nm Al2O3 coating leads to a decreased peak current height.
Again, the 3 nm coating is too resistive and no V2O5 peaks are
resolved at this sweep rate. The CV profiles indicate that
increasing coating thickness over 1 nm has a significantly
negative effect on the charge-discharge kinetics.[43]

Figure 5 shows discharge capacities obtained from galvano-
static cycling (GC) at 1 C using an organic electrolyte for bare
V2O5 and 1 nm Al2O3 coated V2O5 and a 1 nm coated V2O5 with
an ionic liquid electrolyte. Bare V2O5 with organic electrolyte
had an initial capacity of 135 mAhg� 1 and a capacity retention
of 60% at cycle 50. 1 nm Al2O3 coated V2O5 when cycled in
organic electrolyte had an initial capacity of 145 mAhg� 1 and a
capacity retention of 80% at cycle 50. For the ionic liquid
option, the 1 nm Al2O3 coated V2O5 had an initial capacity of
148 mAhg� 1 and a capacity retention of 97% at cycle 50. These
results show that 1 nm Al2O3 coating significantly improves the
performance over bare V2O5 for both organic and ionic liquid

electrolytes and that the ionic liquid shows much greater
capacity retention at cycle 50. Ionic liquids based on both
pyrrolidinium and TFSI� have shown improved cyclability due
to more stable SEI formation containing F and N element
species which can improve Li-ion diffusio–[44–46] We have
previously reported[15] that discharge capacities for the same
ionic liquid without and with a vinylene carbonate additive at
1 C (cycle 30 and 40) were ~90 and ~120 mAhg� 1, respectively.
In this work 1 nm Al2O3 coated V2O5 shows capacities of
144 mAhg� 1 at cycle 40 which is an improvement over the
previous analysis for ionic liquids with and without the
carbonate additive.

Figure 6 shows a comparison of this work and other studies
related to V2O5 thin film performance at similar cycle-life and C
rate.[47,48] Previous reported results from this laboratory with a
3% wt. % vinylene carbonate (VC) electrolyte additive showed a
capacity of ~120 mAhg� 1 at cycle 30. A capacity of ~85 mAhg� 1

is observed in this work at cycle 30 for bare V2O5 in organic
electrolyte. A capacity of ~128 mAhg� 1 is achieved at cycle 30
for 1 nm coated V2O5 in organic electrolyte which is a 7%
increase over the performance with VC additive. In organic
electrolyte a capacity of ~144 mAhg� 1 is observed at cycle 30

Figure 4. Cycle 30 for 1–3 nm Al2O3 coated V2O5 (10s deposit) in (a) ionic
liquid and (b) organic electrolyte at 0.1 mVs� 1; vs. Li metal.

Figure 5. Comparative discharge capacities of bare and 1 nm Al2O3 coated
V2O5 (10s deposit) in organic electrolyte and 1 nm Al2O3 coated V2O5 in ionic
liquid electrolyte at 1 C vs. Li metal.

Figure 6. Comparative discharge capacities for this work compared to
literature values at similar cycles and C rates.
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for 1 nm Al2O3 coated V2O5 which is a 20% increase over the
literature optimisation with a VC additive.

Figure 7 shows GC of 1 nm Al2O3 coated V2O5 in ionic liquid
electrolyte, for which the lower potential limit was decreased to
2.6 from 2.9 V for long term cycling to ensure full lithiation and
de-lithiation within the potential range. An initial capacity of
150 mAhg� 1, was achieved which was stable for ~25 cycles
followed by a gradual decrease in capacity. The capacities at
cycle 50, 100, 250 and 500 were 132, 119, 112 and 105 mAhg� 1,
respectively, for a capacity retention 70% at cycle 500.

A PGIL electrolyte was fabricated as described previously.[16]

To achieve thinner electrolytes a smaller quantity of the
electrolyte was utilised which resulted in a thickness of 95 μm
by comparison with 450 μm of the previous work and more in
line with typical battery electrolyte thickness.[49] EIS was used at
room temperature to determine the ionic conductivity shown in
table 1 and compared to LiPON a common commercial solid-

state electrolyte, PG-60 from our previous work and 1 M LiPF6 in
(1 : 1) EC :DEC a common organic electrolyte.[14,17] The PGIL had a
conductivity ~470 times that of LiPON and the same order of
magnitude as both the previous PGIL reported and the
common organic electrolyte.

Figure 8 shows GC of 1 nm Al2O3 coated V2O5 with PGIL
electrolyte at 1 C. An initial discharge capacity of 139 mAh/g
was followed by a decrease in capacity to 95 mAhg� 1 at cycle
20 before increasing again gradually to 117 mAhg� 1, at cycle
100. The initial high capacity followed by a decrease may have
been due to poor initial cathode contact between the alumina
coated cathode and the PGIL leading to poor intercalation and
deintercalation, wtabilizedlised after cycle 25.

Capacities at cycle 500 and 800 were both 130 mAhg� 1

which is an 8% increase of the previous work at 1 C and
demonstrates long term stable cycling with a capacity retention
of 93.5% against a lithium metal anode. This is an increase
~10% over the analogous ionic liquid electrolyte, which was
also seen in the previous work with a VC additive or PG-60
where the PGIL shower better long-term cycling. This can be
further attributed to the SEI formation when a PVDF polymer is
utilised. It has been reported that both the LiTFSI salt and the
ionic liquid in combination with PVDF and other polymers lead
to the formation of a homogenous LiF-rich SEI layer which can
allow for uniform Li+ reaction pathways improving the charge-
discharge kinetics and Li plating at the anode. Furthermore,
polymer based electrolytes form a thin homogenous SEI unlike
for organic liquid electrolytes where their SEI continues to grow
during cycling leading to capacity los–[50–52]

Conclusions

Initial CV analysis showed that oven annealing is required for
thicker plated V2O5 cathodes to obtain high capacity electro-
chemically active crystalline thin films. The 90 s plated V2O5

which was oven annealed showed a maximum capacity of
82 μAh. with a capacity retention of 84% at cycle 100.

Interfacial coatings using ALD were investigated to enhance
the stability of the V2O5 in longer term cycling. Films thicker
than 1 nm were determined to be too resistive and not
compatible with the cathode material. 1 nm Al2O3 coated V2O5

did show improved performance with an initial capacity of
148 mAhg� 1 exceeding that of the organic electrolyte and had
a greater capacity retention of 97% at cycle 50.

A thin 95 μm PGIL electrolyte showed comparable con-
ductivities to 1 M LiPF6 in EC :DEC and previous research with
this ionic liquid and polymer gel analogues. In combination
with the 1 nm Al2O3 coating to protect the interface this PGIL/
V2O5 combination delivered an initial capacity of 139 mAhg� 1

and a capacity of 130 mAhg� 1 at cycle 800 against a lithium
metal anode for a capacity retention of 93.5%.

Figure 7. GC of 1 nm Al2O3 coated V2O5 (10s deposit) in ionic liquid at 1 C vs.
Li metal.

Table 1. Comparison of ionic conductivities of polymer gel, solid-state and
organic electrolytes.

LiPON PG-60 1 M LiPF6
in (1 :1) EC :DEC

PGIL

Conductivity (mScm� 1) 3×10� 3 1.9 7.9 1.43

Figure 8. GC of 1 nm Al2O3 coated V2O5 (10s deposit) with PGIL electrolyte at
1 C vs. Li metal.
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Materials & Methods
V2O5 was deposited on Si wafer coupons for which the surface area
of the active material was ~0.9 cm2 (mass loading=6.05×10� 5 g)
with Ti (10 nm) and Au (200 nm) adhesion and contact layers. The
plating bath previously reported included 0.25 M VOSO4.xH2O
(Sigma Aldrich) dissolved in 1 :1 ethanol:dionized water.[53] V2O5 was
deposited at 2 V using a CH Instruments 660B potentiostat. with a
three-electrode cell consisting of a standard calomel reference and
platinised Ti mesh counter electrode. The deposited films were
annealed using a hotplate and oven annealing method described
in the results section.

The thin PGIL was fabricated using 1=4 of the reagents reported
previously.[16] Once the PGIL was set it was measured using a
micrometre to a thickness of 95 μm and EIS was carried out using a
Biologics VSP potentiostat.

Al2O3 was deposited to 1, 2 or 3 nm via ALD using a Picosun R200
system at 150 °C. Pulse durations were 0.1 s for both trimeth-
ylaluminium (TMA) and water reagents with purge times of 4 and
6 s, respectively. Alumina thin-film growth rate was assumed to be
~0.1 nm per cycl–[54–58] Previous work has shown that for lower than
10 cycles or ~1 nm thickness that island growth during initial
nucleation steps can lead to incomplete coverage, a complete
monolayer is formed on subsequent cycles where the islands
coalesce .[59,60]

Electrochemical performance was determined using a Biologics VSP
potentiostat with CV and GC. A pouch cell was fabricated using
0.25 mm Li foil (Sigma Aldrich) as a counter and reference electro-
des. Two liquid electrolytes were used, a battery grade organic
electrolyte solution of 1 M LiPF6 in EC :DEC (1 :1) (Sigma Aldrich)
and 0.5 M LiTFSI (Sigma Aldrich) in [C4mpyr][TFSI] (Solvionic). The
cells were assembled and tested in an MBraun LABstar glovebox.

Capacities were calculated from CV by integrating the area under
the curve for charge and discharge where current (A) x time (s)=
Coulomb (C), Capacities calculated from GC were calculated based
on the total time took to reach the upper or lower potential limit so
that, s x A=C which can be converted to Ah. mAh/g was obtained
by dividing the capacity (mAh) by the cathode mass (g), where
mass (g)=density (g/cm3) x volume (cm3) based on the surface
profiler derived thickness and area of the deposit.
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