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Solid state microbatteries are highly sought after for emerging microsensor technologies. To overcome the problem of the dwarfing
capacity resulting from the miniaturization of the battery, 3D-structured platform consisting of high surface area micropillar-shaped
electrodes are used. However, applying a conformal and continuous solid polymer electrolyte films onto the intricate 3D electrodes is
a crucial step toward achieving functional microbatteries. In this work, we present our approach for the development of polyethylene
oxide (PEO)-acrylate based ion conducting polymer thin films which function as solid polymer electrolyte (SPE) and a separator.
The SPEs were electrochemically deposited on the 3D electrodes resulting in ultrathin, continuous, conformal, and pinhole-free
polymer films. The electrochemical and Li+ ions transport properties of the SPEs were characterized by EIS measurements and
cyclic voltammetry. Furthermore, the homogenous composition of the SPEs at various depths were confirmed by XPS depth profiling
techniques.
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Solid and gel polymer electrolytes (SPEs) have received consider-
able attention in energy storage devices because they offer significant
advantages over liquid electrolytes. These include enhanced safety
due to the elimination of flammable solvents and reduced engineering
efforts (and hence cost) due to the elimination of a costly separator
and electrolyte leakage for example.1–4 The improved safety aspect
due to avoidance of toxic and liquid electrolytes is even more impor-
tant when implantable medical devices are the target application of
the battery system. SPEs are, however, typically generated in bulk by
conventional radical thermal or UV-induced polymerization methods
and then cast, dip- or spin-coated as thin films onto electrode mate-
rials prior to assembly in 2D battery configurations.5–13 A different,
though far less common, approach is to generate thin polymer elec-
trolyte (SPE) films directly onto the target electrode surface by in-situ
methods. SPEs generated by this scenario provide a mechanism for
applying these type of electrolytes onto architecturally complex 3D
electrode structures, such as in small-scale high energy density batter-
ies where the energy per footprint area can be significantly increased
by two orders of magnitudes.14–16 Micro or nano scale batteries are es-
sential for powering a range of autonomous microelectronic devices,
such as medical implants and sensors.17,18 One of the difficulties in re-
alising this concept is the need to coat complex non-planar electrode
structures with a thin contiguous SPE film or, in the case of liquid
electrolytes, apply the indispensable separator membrane. While pre-
fabricated polymer films may be engineered into complex electrode
arrangements, their mechanical handling and application can be very
challenging, in particular if they are gel-like and/or strongly adhesive.
Hence a convenient in-situ generation procedure is much sought after.

In this regard, electrochemical in-situ grafting or polymerization
from monomer precursors is, compared to conventional radical ther-
mal or UV-induced polymerization, very attractive for a number of
reasons:

(i) the grafting process, polymer growth and SPE properties are
easier to control since the self-limiting electrodeposition process
can induce homogeneous stepwise conformal coatings over the
entire electrode scaffold architecture resulting in blocking of the
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substrate surface when the electrochemically generated polymer
layer attains a certain thickness,18,19

(ii) ease of generation and application to the substrate electrode
material,20

(iii) simplification of the battery fabrication process,
(iv) avoidance of polymer initiating reagents, and;
(v) grafting occurs directly at the target surface.

The last point is particularly important because it ensures intimate
contact with the electrode surface which is critical for ion transport
at the electrolyte-electrode interface and concomitant reduction in
electrode resistances. This may be harder to achieve or not at all by
bulk UV-initiated polymerization which, for example, is conducted
with monomer material applied to the electrode surface.

Electrografting of polymers onto conducting surfaces has been
demonstrated by Lecyon et al. in 198119–23 and reviewed by Be-
langer et al.24 in 2011 as a highly effective method for surface
modification of metals for corrosion protection, and by Voelcker
et al.25 for the modification of p-type silicon surfaces. However,
this technique has only recently been applied to architecturally
complex electrode materials in energy storage devices and only a
few polymer electrolyte systems have been reported. Owen et al.
described the coating of MnO2, Ni foam and carbon substrates
with polyacrylonitrile (PAN) by electrochemically polymerising the
monomer dissolved in acetonitrile26 or from the monomer saturated
with oxygen.8 In these examples the materials obtained were sub-
sequently soaked in a lithium salt solution to incorporate a lithium
source into the polymer film. Di-Vona et al. reported the direct elec-
trochemical grafting of a Li-ion conducting p-sulfonated poly(allyl
phenyl ether) film onto TiO2 nanotubes from DMSO solution us-
ing cyclovoltammetric and chronoamperometric methods.27 Notably,
Brandell et al. and Djenizian et al. have demonstrated the advan-
tage of applying an electric potential to electrically conducting 3D
electrode surfaces in contact with an acrylate monomer solution for
the creation of SPE films on the surfaces in a controlled manner.
Brandell and colleagues electrografted binary poly(propylene gly-
col)diacrylate/ lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
films of nanometer thicknesses from an ethanolic monomer solu-
tion onto Cu2O-coated 3D Cu nano-pillars and estimated the ionic
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Scheme 1. Formulation of monomer precursor mixtures and AIBN induced generation of SPE films.

conductivity of the resultant films to be in the order of 10−6 Scm−1.14,16

Djenizian et al. demonstrated the direct electrochemical polymeriza-
tion of polyethylene oxide-b-methylmethacrylate co-monomer elec-
trolyte from 0.035 M aqueous LiTFSI solutions onto 3D nano-
structured electrodes.28,29 It should be noted that most of the elec-
trografted films were electrochemically polymerized from monomer
solutions where radicals generated from the respective solvents (or
from oxygen saturation)26 initiated the polymerization as opposed
to radicalization of the unsaturated functionality of the monomer
reported by Jérôme et al.22

Herein, we present our approach for electrochemical grafting and
polymerization of ultrathin polymer electrolytes (UTPE) onto 3D
cylindrical micropillars and also onto planar disc electrodes from
ternary monomeric electrolyte blends in the absence of sacrificial sol-
vents. These blends consist of a poly(ethylene oxide)acrylate block
co-monomer, a pyrrolidinium imide ionic liquid (IL) and a lithium
imide salt. The resultant thin film polymers proved to be pinhole-
free and gave complete conformal coverage of the intricate 3D-
structured cylindrical electrodes. The morphology, composition and
properties of the polymers produced were confirmed by differential
scanning calorimetry (DSC), impedance spectroscopy, cyclic voltam-
metry, chronoamperometry, X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS). Analysis of the quality of the thin films deposited
provided insights on the feasibility and versatility of the electrochem-
ical approach for creating continuous thin polymer films on complex
electrically conducting surfaces.

Experimental

All solvents were analytical grade and used as received.
The PEO-acrylate monomers were purchased from Sigma
Aldrich and dried under high vacuum at ambient tem-
perature prior to use in formulations. Azobisisobutyronitrile
(AIBN, 98%) and silver trifluormethylsulfonate (AgCH3SO3,
≥99%) were purchased from Sigma Aldrich. The ionic liquids

1-propyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide (P13FSI,
Wuhan Chemicals, China) and 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (P14TFSI, IoLiTec, Germany)
were dried under high vacuum at 45 ± 2◦C over 48 hours
and subsequently stored against finely cut Li metal con-
tained in a drying tube fitted to the storage flask. Lithium
bis(fluorosulfonyl)imide, LiN(SO2F)2 (LiFSI, Boulder Ionics) and
lithium bis(trifluoromethanesulfonyl)imide, LiN(SO2CF3)2 (LiTFSI,
3M) were dried at 120◦C under high vacuum for two days prior to use
in formulations.

An n-type antimony-doped 15 cm diameter commercial <111>
silicon wafer (resistivity = 0.005–0.016 ohm cm) of 360–390 μm
thickness (formerly WRS, now Pure Wafer, USA) was used as a
substrate material for fabricating the cylindrical pillars upon which
the UTPEs were deposited. The conductive silicon wafers were used
as supplied. Deep reactive ion etching (DRIE) was used to generate
high aspect ratio cylindrical pillars measuring 10 μm in diameter and
100 μm in height. The pillars were spaced 10 μm apart. The dry
etching process was carried out using an Oxford Instruments PLAS-
MALAB100 ICP380 system. A mask purposely designed by CSIRO
allowed 290 individual μ-battery units (Figure S3) of varying dimen-
sions (ranging from 3 mm × 3 mm down to 100 μm × 100 μm) to be
simultaneously produced on a single silicon wafer. A 40 nm conformal
TiN layer was then deposited onto the silicon pillars via Atomic Layer
Deposition (ALD) using Tetrakis(dimethylamido)titanium (TDMAT)
as precursors with Ar, N2, and H2 plasma at 250 ◦C to provide a
strike layer for the subsequent Ni coating. A Cambridge Nanotech
ALD Fiji F200 instrument was used to carry out the ALD process.
The TiN-coated cylindrical pillars were subsequently electrochem-
ically plated with a 1.2 μm thick film of nickel which serves as
a conducting layer. The DRIE, ALD and nickel electrodeposition
work was carried out by the Melbourne Centre for Nanofabrication
(MCN).

The monomer blend solutions for the UTPEs were formulated
according to Scheme 1 by mixing a commercially available pre-dried
PEO-acrylate, a pyrrolidinium ionic liquid and a lithium imide in
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various proportions (10–40 wt% IL rel. to monomer; 0.6–1.0 m Li
salt) inside an argon filled glove box.

Electrochemical polymerization and cyclic voltammetry were per-
formed using an Autolab PGSTAT302N potentiostat (Metrohm) con-
trolled by either the NOVA electrochemistry software or the GPES
software. The electrochemical polymerization of the UTPE were
carried out by applying a constant potential (−1.75 V and 2.00 V
vs. Ag/Ag+) across the 3D electrode unit containing the cylindrical
micropillar-electrodes or the planar 2D Ni, Cu, or Sn disc electrodes.
A Pt disc was used as the counter electrode and an Ag wire as the
quasi reference electrode. A specially designed electrochemical cell
(Figure S3) was fabricated to host the 3D micropillar substrates and
the 2D planar disc electrodes to improve handling and ensure con-
sistent experimental conditions between experiments. Another set of
electropolymerization experiments were conducted using a standard
three-electrode configuration cell in order to conduct cyclic voltam-
metry measurements on the deposited UTPE films. In this case, a gold
(BAS surface area of 0.04 cm2) or a platinum (BAS, surface area of
0.04 cm2) electrode was used as the working electrode, Ag/AgCF3SO3

(0.05 M in P14TFSI) as the reference electrode, and a Pt or stainless
steel wire as the counter electrodes. Prior to each scan, the working
electrode was first rinsed with deionized water, then coarse polished
with 3 μm alumina, followed by polishing with 0.3–1 μm alumina,
then rinsed with deionized water and HPLC grade methanol and fi-
nally dried.

The morphologies of the deposited UTPEs were imaged using
a field emission scanning electron microscopy (Zeiss, Merlin, Jena,
Germany). The elemental compositions of the UTPEs were deter-
mined by energy-dispersive X-ray spectroscopy (EDS) using an EDS
detector and control software from EDAX.

Free standing polymer films for Tg and complimentary ionic con-
ductivity measurements were synthesized via conventional radical
polymerization with AIBN initiator (∼ 1 wt%) dispersed in the
monomer blend at 45 ± 5◦C. After curing overnight, free standing
films of 0.5 to 1 mm thickness were readily obtained which are,
however, difficult to detach from various surfaces, in particular glass,
which makes it very tedious to mechanically handle thin and very
sticky films. The problem could be alleviated to some extent by the
use of Mylar or commercial silicone based baking moulds.

Differential scanning calorimetric (DSC) measurements were per-
formed on a differential scanning calorimeter (TA DSC Q100). An
average sample of 5 mg was sealed in an aluminum pan and heated and
cooled at a rate of 10◦C min−1. Temperatures for the glass transition,
crystallization and melting point were recorded.

Ionic conductivities were estimated by two different methods. One
method involved using free standing films generated by bulk poly-
merization of the monomer initiated with AIBN. In the other method,
electrochemically polymerized UTPE on flat 2D Ni electrodes were
used in specially designed cells (Figure S4) as described below:

The ionic conductivities (σ) of free standing films were measured
by means of electrochemical impedance spectroscopy (EIS) in a coin
cell type arrangement. The impedance tests were carried out over the
frequency range from 0.1 Hz to 100 KHz at an AC amplitude of
10 mV using a potentio/galvanostat Solartron 1255B analyzer. A disc
(15 mm diameter) was cut out of the polymer film, sandwiched be-
tween two stainless steel disks (1.77 cm2) supplied with the coin
cell. The film thickness was estimated before and after the impedance
measurement from this stack by subtracting the thickness of the two
stainless steel discs. The measurements were conducted over a tem-
perature range of 25–80◦C. The samples were thermally equilibrated
for at least 12 h prior to each measurement at a selected temperature.
The relative accuracy of all results was checked by replicating mea-
surements under identical experimental conditions and by recording
two data sets for each cell, a set of data collected during temperature
ramp up and an equivalent data set for temperature ramp down; occa-
sionally impedance data were also recorded at a certain temperature
after the typical 12 h rest period and again after extended rest periods
of 2–3 days at the same temperature; the retrieved data confirmed that
a 12 h temperature rest time is sufficient for equilibration. In addition,

the SPE film stack was recovered from coin cells after completion of
measurements and the film thickness was estimated. From the collec-
tive of these observations the error margin of measurements for free
standing films is 5–10%. The ionic conductivities (σ) of the polymer
electrolytes were calculated based on the following equation:

σ = d

Rr A
[1]

where d is the thickness of the polymer electrolyte film, Rr is the
ohmic resistance read from the real axis and A is the area defined by
the stainless steel electrodes holding the sample.

The ionic conductivity (σ) of selected UTPE film created by elec-
trochemical polymerization onto 2D substrates were measured by
means of electrochemical impedance spectroscopy (EIS) similar to
the freestanding films. However, given the UTPE’s thinness, relative
fragility and softness, sandwiching and pressing it between two elec-
trodes might result in deformation and mechanical damage to the
thin film. As a result, a drop of liquid metal alloy (Galinstan) was
used as a soft electrode and the same special cell used for the elec-
tropolymerization on the 2D Ni discs was used with a modified part
to accommodate the liquid metal (Figure SX). The same parameters
of EIS experiments on free standing polymer films were used.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using a Kratos Axis Ultra DLD spectrometer. The instrument
comprised of a monochromatic Al-Kα (1486.6 eV) X-ray source op-
erating at 225 W. The electron binding energy scale was calibrated
for each sample by setting the C-C component of the C 1s spec-
trum to 284.8 eV. XPS spectra were collected with pass energy of
160 eV for the survey spectra and 40 eV for the high-resolution spec-
tra. Depth profiling was undertaken using an argon gas cluster ion
source operating in cluster Ar500+ mode at 20 keV. A typical depth
profile involved 100 survey/sputter cycles, with sputtering undertaken
for 25 seconds per cycle. Data files were processed using CasaXPS
software and interpreted using relative sensitivity factors provided by
the instrument manufacturer (Kratos) as a guide. Background subtrac-
tions using a Shirley background were applied to all high-resolution
spectra. Synchrotron XPS was conducted for measurements requiring
the detection of lithium. These measurements were carried out at the
Soft X-ray beamline of the Australian Synchrotron under ultra-high
vacuum conditions with a base pressure of 5 × 10−10 mbar or better.30

The tuneable energy range at the soft X-ray beamline of the Australian
Synchrotron enables measurement at reduced photon energy (100 eV)
in order to achieve dramatic improvements in the sensitivity to lithium
versus a lab-based instrument. A photon energy of 100 eV was cho-
sen due to its close proximity to the Li 1s edge which significantly
increases the photoionization cross-section resulting in approximately
a 5000 fold increase in the counting statistics.

Results and Discussion

PEO-Acrylates were chosen for this application for three reasons.
Firstly, the electrochemical reduction of standard acrylates (without a
PEO moiety) is well established and their long term stability and ef-
fectiveness as coatings on metal surfaces has been demonstrated.19,23

Secondly, PEO-b-acrylate polymers have been shown to be promising
matrixes for SPEs9,12,31 where the acrylate group with its polar oxygen
constituent contributes to the ion transport.1 Thirdly, acrylate poly-
mers are not only widely-accepted industrial compounds but they also
have a low level of toxicity which renders them attractive electrolyte
systems for biomedical applications such as implantable devices.20 In
this work, we focused mainly on UTPEs based on poly(ethylene gly-
col) methyl ether acrylate (PEO-MA, Mn 480). which typically gave
higher conductivities reaching 5 × 10−4 S cm−1 at 25◦C compared to
PEO-diacrylate counterparts, the latter having a less flexible network
due to crosslinking via two acrylate groups present in the monomer.12

Similar ionic conductivities were reported for this type of ternary SPE
by several other groups.5,7,13,32 For the interested reader we present
in the ESI temperature dependent conductivity studies as a function
of (i) the nature of the acrylate – poly(ethylene glycol) methyl ether
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Figure 1. Nyquist plot obtained for an UTPE film of PEO-MA-30 created
electrochemically on a 2D Ni surface.

methacrylate (PEO-MMA, Mn 500), poly(ethylene oxide) diacrylate
(PEO-DA, Mn 575) and PEO- MA matrixes, respectively – (ii) as a
function of the nature and (iii) the concentration of ionic components
in the blend, along with a brief discussion of the data. Figure 1b shows
a Nynquist plot of experimental and fitted data obtained for an UTPE
film of PEO-MA-30 created electrochemically on a 2D Ni surface.

Selected examples of SPE films were analyzed by DSC for glass
transition temperature (Tg), melting points and phase transitions
(Table I). The majority of compositions examined display a flat pro-
file with melting points above 120◦C. Ternary mixtures composed of
two different ionic liquids and 0.6 m LiFSI show a crystallization
event (exothermic peak) just before their melting. The lowest Tg, <
−50◦C, were observed for ternary mixtures where the ionic liquid
and the lithium salt components are FSI salts, or if both FSI and TFSI
anions are present in the polymer blend. Duluard and Delville et al.
reported,32 for ternary electrolytes BMIM-TFSI + Y wt% PMMA
and a mol fraction of 0.03 LiTFSI, Tg values of −64◦C (Y = 40%)
and 0◦C (Y = 50%); Libo et al. who investigated similar SPE com-
positions did not disclose any DSC data.13 Based on our results from
screening for conductivity and glass transition temperature, we se-
lected the ternary composition PEO-MA + 30 wt% P13FSI + 0.6 m
LiFSI (PEO-MA-30 in the following) for subsequent studies.

Electropolymerization.—Prior to conducting the electrochemical
grafting experiments on the Ni-coated Si-based cylindrical 3D mi-
cropillar structured electrodes we investigated the electrochemical
reduction of various acrylate monomer mixtures via cyclic voltam-
metry in a conventional three electrode cell. In the following our

Figure 2. Cyclic voltammogram of PEO-MA-30 on a) Au electrode (2 mm
diameter) and b) Ni disc (12 mm diameter) electrode at 20 mV s−1.

discussion will focus on one monomer blend only, results obtained
for diacrylate based monomer formulations are summarized Figure
S2 in the ESI. Figure 2a shows consecutive reductive scans of PEO-
MA-30 blend on a gold electrode. In the first cycle, the voltammet-
ric response shows two irreversible reduction peaks at −1.7 V and
−2.3 V. The first reduction process corresponds to the grafting of
the acrylate functional group onto the electrode surface whereas the
second one is attributed to the bulk reduction of the acrylate func-
tional group near the electrode surface and the growth of the polymer
film. This is in agreement with previous observations by Jérôme et al.
for acrylates and acrylonitriles dissolved in DMF solutions contain-
ing tetrabutylammonium hexafluorophosphate (TBAPF6) supporting
electrolytes.19,20 The first reduction process disappeared after the first

Table I. Thermal properties of selected ternary PEO-acrylate polymer electrolytes.

Formulation Tg/◦C m.p./◦C TC/◦C

PEO-MA + 20 wt% P13FSI + 0.6 m Li-FSI −40.5 >120 −
PEO-MA + 30 wt% P13FSI + 0.6 m Li-FSI −53 >120 −
PEO-MA + 30 wt% P13FSI + 1.0 m LiTFSI −53.6 126.3 −
PEO-MA + 30 wt% P14TFSI + 0.6 m LiTFSI −45.4 >120 −
PEO-DA + 30 wt% P14TFSI + 0.6 m LiTFSI −49 139 −
PEO-MA + 30 wt% P14TFSI:P13FSI (1:1) + 0.6 m LiFSI −59 115.7 −
PEO-MA + 30 wt% P14TFSI:P13FSI (1:1) + 0.6 m LiTFSI −57 120.5 85.1
PEO-MMA + 15 wt% P13FSI + 0.6 m Li-FSI −38 >142 82
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Figure 3. SEM images of 3D electrode scaffolds after electrografting of UTPE
at −1.7 V for 60 s.

cycle which indicates the completion of the grafting process during
the first cycle and the full functionalization of the electrode surface.
In the subsequent cycles, the observed current density for the second
reduction process rapidly decreased due to the insulating nature of
the formed polymer. The self-limiting electrodeposition property of
the process guarantees the complete coverage of the entire electrode
surface with electronically insulating polymer electrolyte film and al-
lows the control of its thickness by controlling charge density.18,19,27

Furthermore, when a more negative potential is applied an additional
intense reduction process could be observed.24 Similar observations
can be made for grafting processes using different substrates. Cyclic
voltammetry measurements were similarly conducted on a Ni disc
electrode in order to study the polymerization process on a surface
similar to the Ni-coated 3D micropillar electrodes. In this instance,
the potential window was limited to the first reduction potential in
order to confine the study to the grafting process (ca. −1.7 V, Figure
2b). The voltammetric response on Ni is seen to be similar to that on
the Au electrode. The current corresponding to the grafting process
diminished significantly after the first cycle proving electrografting of
the polymer film on the Ni surface took place.

After investigating the electrochemical polymerization process on
planar 2D electrodes (Au, and Ni) and establishing the optimum pa-
rameters and conditions, we conducted the same investigations on
the Ni-coated 3D cylindrical micropillar electrode arrays present in
the waver templates. However, constant potential deposition was em-
ployed using different deposition times (60 s, 90 s and 120 s) to
obtain the polymer instead of cyclic voltammetry. To determine the
optimum deposition potential value, two potential values were chosen
(i.e. −1.7 V and −2.0 V) which correspond to the first “grafting”
and second “bulk polymerization” potentials, respectively, obtained
from the studies on 2D electrodes. The UTPEs obtained on the intri-
cate cylindrical 3D microelectrodes are shown in Figure 3. The elec-
tropolymerization process was first carried out for 60s after which
the electrodes were immediately washed with methanol to remove
any loosely bound polymer and to stop further polymerization. The
UTPE films produced at both potentials conformally coated the entire
3D electrode scaffold following the contour of the micropillars. The
UTPEs grown at −1.7 V, i.e. grafting potential, show a consistent
thickness across all regions of the 3D scaffold. On the other hand, at
−2.0 V, i.e. the bulk polymerization potential, overgrowth of polymer
was observed (Figure 4c) resulting in inter-pillar growth in the form of
membranes or walls which is undesirable. Accordingly, the grafting
potential of −1.7 V was chosen to electrochemically polymerize UT-
PEs on the 3D electrodes as it allows for better control of the UTPE
polymerization.

Figure 4. SEM images of 3D electrode scaffolds after UTPE was electro-
grafted using different grafting times a) 90 s, and b) 120 s at −1.7 V and c) at
−2.0 V for 60 s.

The effect of longer polymerization times on the structure and mor-
phology of the UTPEs was studied by applying the grafting potential
for 90s and 120s (Figure 4). As expected, longer polymerization times
resulted in thicker films around the pillars with no detectable variation
in thickness. However, thicker films and overgrowths were produced
at the top of the micropillars near the edge of the cylinders (Figure 4b).
Polymer microstrings extending from the top of the micropillars to
the neighboring micropillars were observed. The thickness and occur-
rence of these cross-linking microstrings increased with increasing
polymerization time. The overgrown features are attributed to the
higher current densities experienced at the top of the micropillars due
to their geometry.33 The sharp edge at the top of the cylindrical shape
of the pillar induces higher current density which is translated into
thicker polymer films in these areas. This is in agreement with a re-
cent study by Angelo et al. where they modelled the electrochemical
and mechanical properties of trench geometry microbatteries.33

Furthermore, EDS elemental maps were recorded of the UTPE-
coated micropillars in order to confirm the deposition of the polymer
electrolyte (Figure 5). In particular, a damaged pillar was chosen
for further examination as it allowed the coated pillar surface to be
compared to the uncoated internal part of the micropillar. EDS data
show a moderate silicon signal which is expected as the micropillars
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Figure 5. EDS elemental maps of the 3D electrode scaffolds after electro-
grafting with the PEO-MA-30 UTPE.

are etched from a silicon wafer. The silicon signal is however lower
on the sidewall of the pillar as it is masked by the nickel and polymer
coating unlike the exposed internal section of the micropillar. The
silicon signal can still be detected on the sidewall of the pillar due to
the probing depth of the electron beam being longer than the thickness
of the nickel and polymer layers combined. EDS also confirms the
presence of nickel layer between the silicon and polymer. Carbon and
oxygen, which are the main constituents of the polymer electrolyte
film, can also be observed. The carbon mapped signal is similar to
the nickel signal where it exists only on the surface of the pillar. The
oxygen, on the other hand, is also mapped inside the collapsed pillar,
which can be attributed to the oxygen from SiO2. The damage to the
pillar happened outside the controlled environment of the glove box
while transferring the sample to the SEM chamber.

To further complement and establish the composition of UTPE
films, we examined XPS depth profiles of PEO-DA-based films ob-
tained from different ternary monomer compositions using the electro-
chemical grafting method. Depth profile experiment showing survey
spectra as a function of etch time of electrografted polymer elec-
trolyte films on a copper surface are presented in Figures 6a, 6b.
Figure 6c shows the relative atomic concentrations of each element
(as calculated from the above survey spectra) as a function of depth.
As expected, the polymer is relatively homogenous across the entire
thickness of the electrochemical grafted polymer. A higher relative

Figure 6. XPS depth profiling of the UTPE on copper substrate showing a)
survey spectra collected at selected sputtering treatment times, b) the relative
atomic concentrations of each element (as calculated from the survey spectra)
as a function of depth, and c) the high resolution Li 1s signal.
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atomic concentration of fluorine and sulfur at the start of the depth
profile may suggest a slight surface enrichment of the TFSI anion.
Figure 6d presents the high resolution synchrotron-XPS Li 1s signal
in the UTPE observed after different sputtering intervals. Notably,
lithium is present throughout the entirety of the film up until 25 min-
utes of sputtering, coinciding with the appearance of Sn 3d peaks
associated with the tin substrate (i.e. the entire polymer film was
sputtered away).

In subsequent experiments, we explored the feasibility of reversible
lithium electrodeposition and striping from PEO-acrylate + 30 wt%
P13FSI IL + 0.6 m Li-salt solution via cyclic voltammetry. Cyclic
voltammograms at a Au disc working electrode are shown in Figure 7a
for a still monomeric PEO-DA at a scan rate of 10 mV s−1 and 22◦C.
The first scan shows a broad reduction processes at ca. −1.7 to −2.5V
assigned to the electrografting processes as discussed earlier. The on-
set of lithium deposition begins at ca. −3.3V and shows a current
crossover due to a nucleation and growth mechanism. The subse-
quent stripping of the deposited lithium metal occurs at ca. −3.0V
with associated stripping processes at −2.3 and −2.0 (as shoulders)
due to formation of Li-Au alloy phases as expected during the plat-
ing process. The voltammetry demonstrates that on a Au electrode,
the PEO-DA film does not fundamentally change the chemically re-
versible lithium plating stripping reaction. The electrochemical data
does not show electrochemical reversibility, as expected, due to the
concomitant solid electrolyte interphase formation due to ionic liquid
breakdown34 and subsequent lithium salt formation on the deposited
lithium close to the deposition potential. Similar behavior is observed
at a Pt working electrode where the first scan shows the electrografting
processes (Figure 7b) at ca. −1.6V and −2.2V. Lithium plating begins
at −3.5 V and again shows the current crossover due to nucleation
and growth mechanism. In contrast to the Au working electrode, only
a single oxidation peak at −2.6V due to lithium stripping is observed
due to formation of Li metal only upon plating. Cyclic voltammo-
grams at a Ni disc electrode (Figure 7c) shows chemically reversible
lithium deposition and stripping across the PEO-MA-30 UTPE at a
scan rate of 20 mV s−1. The voltammetry again shows nucleation loops
(current crossover) demonstrating the lithium being electrodeposited
in the expected nucleation and growth mechanism. Similar to the Pt
electrode case, only a single stripping process due to lithium plating
is observed. In the case of the Ni electrode, additional processes due
to incomplete electrografting can be observed.

Overall the voltammetric study demonstrates lithium plating and
stripping can be achieved in the presence of the electrografted poly-
mer electrolyte films. These films do not fundamentally affect the
nature of the lithium plating and stripping reaction, and for all three
electrode substrates utilized in this study, the voltammetry showed the
as-expected responses. This would then suggest that the electrografted
polymer electrolyte films may have the potential for use in a li-ion
battery. Further optimization and studies will focus on understanding
if this hypothesis can be validated.

Summary

In this work we have demonstrated that the surface of architec-
turally complex electrode structures, i.e. 3D micropillars, can be
conveniently coated with UTPE films electrochemically from multi-
component monomer mixtures. The created films consisting of PEO-
acrylate + ≥30 wt% P13FSI + ≥ 0.6 m LiFSI have a room temper-
ature ionic conductivity >10−4 S cm−1. The electrografting method
adopted here is very attractive because it allows control over the
UTPE film formation by adjusting the polymerization potential and
time. The presented electrografting process which incorporates the
lithium salt in situ without the need for any further processing steps
is also attractive because it creates an intimate contact between the
conducting electrode surface and the UTPE film which is essential
for effective ion-transport during electrochemical operations. Thus,
cyclic voltammetric experiments conducted on these films showed
reversible lithium deposition and stripping which provides further
evidence for the Li+ transport across the UTPE produced by our

Figure 7. (a) Cyclic voltammogram of monomer mixture PEO-DA +30 wt%
C3mpyr-FSI + 0.6 m LiTFSI; WE: Au, RE: Ag/AgOTf, CE: Pt; ν = 10 mVs−1

(b) Cyclic voltammogram of monomer mixture PEO-MA +30 wt% P13FSI +
0.6 m LiTFSI; WE: Pt foil, RE: Ag/AgCH3SO3, CE: Pt; ν = 50 mV s−1 and
(c) Cyclic voltammogram of P13FSI + 0.6 m LiFSI obtained on a Ni electrode
coated with PEO-MA-30 polymer film; RE: Li, CE: Li, ν = 20 mV s−1.
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methodology. These developments are very encouraging for future
miniaturized solid state Li-ion battery developments.
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