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Microbatteries with Enhanced Areal Performances

Sai Gourang Patnaik, Jensheer Shamsudeen Seenath,” David Bourrier, Sagar Prabhudev,* Daniel
Guay, and David Pech*

TLAAS-CNRS, Université de Toulouse, CNRS, 7 avenue du colonel Roche, 31400 Toulouse, France.
{INRS-Energie, Matériaux et Télécommunications, 1650 boulevard Lionel Boulet, Varennes, Québec J3X 1P7, Canada.

ABSTRACT: Three-dimensional electrodes with improved areal energy have become increasingly important for microscale energy
storage at the dawn of the Internet of Things. At its heart are plethora of microelectronic devices that require embedded energy
harvesters and energy storage components to ensure autonomy. In this study, we develop porous metallic microstructures and their
conformal coating with a new RuOxN,S, material through facile optimized electrodeposition process. The microporous structure with
nanodendritic network shows high areal capacitance (14.3 F cm for the electrode and 714 mF cm? for an all-solid-state
microsupercacitor) and stable performance (>80% retention after 5000 cycles) towards H" storage. Remarkable Li* storage capability
with high areal capacity (5 mAh cm?) and rate characteristics (1.5 mAh cm™ at 3C) is also observed. These results coupled with
facile synthetic strategy can thus offer inspiration for large-scale production of 3D porous electrodes for microbatteries and
microsupercapacitors.

Demand for miniaturized electronic systems have seen tremendous growth in the last few decades, thanks to rapid advances in
micro and nanofabrication technologies. These tiny systems are ubiquitous: implantable sensors, microelectromechanical systems,
wearable electronics, medical equipment’s, radio-frequency identification (RFID) tag, environment monitoring systems, Internet of
Things (IoT) based applications etc. But with this growing sophistication, efficient energy solutions are equally imperative to fuel up
the associated power electronics. The need of the hour is to maximize output power from limited footprint area in order for these
energy storage devices to be integrated directly into the circuit boards instead through external connections that lead to ohmic losses.
Microbatteries (MBs)!? and microsupercapacitors (MSCs)>~ have been extensively proposed and utilized in many miniaturized
systems coupled with efficient energy harvesters®®. However, to satiate the ever-hungry power electronics, novel electrode
architectures and multifunctional materials design and engineering are necessary. The primary challenge is to overcome the hurdle
of limited areal capacity of existing microenergy storage devices. While MB’s have been successful to some extent, they lack to
provide high capacity at high operating potentials from limited footprint area. Also, they are primarily energy delivery devices with
low power and limited life cycle. MSC’s circumvent these issues with excellent cyclability and power characteristics, but have
mediocre energy density. Even though both these classes of energy storage devices are complimentary to each other, numerous
challenges still remain to be addressed in each category for wide scale integration into microelectronic systems. Since areal/volume
specific capacity is important in microsystems, it is essential to screen appropriate materials which are apt for the purpose. 3D structure
has been well exploited to enhance capacity from limited footprint area in microbatteries and microsupercapacitors in the past.
However, a major bottleneck is inability to achieve conformal deposition of active materials on the 3D scaffolds, which limits
utilization of their full potential. Hence, in pursuit of achieving superlative performance metrics, we try to conformally deposit active
materials on highly porous 3D electrodes under ambient conditions. The choice of material in this case was a novel hydrous
RuOxNyS;-based material.

Ruthenium dioxide is well known to possess extremely high specific pseudocapacitance owing to its ability to undergo rapid redox
reactions with its multiple valence states in a reversible manner®!!. In addition, it also possesses excellent electronic conductivity
which is essential for a stable microbattery/supercapacitor electrode with low overall impedance. Owing to such interesting properties,
many groups have tried to incorporate RuO: in different interesting configurations to tap its enormous potential in supercapacitor'>-
14 as well as in battery'>!® based applications. In the present study, a new ruthenium oxide-based material was chosen as the material
for fabrication of high energy/power electrodes for micro-energy storage devices with excellent stability and rate performance.
Controlled electrodeposition of sheet like hydrous RuOxN,S, material on porous 3D architectures was achieved through carefully
optimized parameters and studies for high performance MSCs and MBs are reported. The presence of heteroatoms like N and S in
RuOx framework not only affect the microstructure and surface area but also can be beneficial in providing better access to active
sites in supercapacitors!”. In batteries, presence of these heteroatoms can enhance electrolyte wettability'8. For MSCs, the performance
of porous RuO:N,S, material was thus evaluated towards surface H" ion storage through pseudocapacitance at low potential (0.10-
0.95 V vs. SCE) as a power delivery device. In MBs, its response towards Li" storage was studied at high potential range (0.75-3.5
V vs. Li/Li") as an energy storage source. We report record specific capacitance of > 10 F cm™ for MSC electrodes and > 5 mAh cm’
2 for MBs, thereby projecting these 3D porous electrodes as promising candidates for fueling next generation miniaturized
microelectronics.
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Figure 1. Material synthesis and characterization. (a) Linear sweep voltammetry (LSV) studies showing different interfacial processes during
potential scan. (b) Evolution of potential time curve during 4 hours of deposition. (¢) SEM micrographs at different magnifications after 4
hours of deposition. (d) Ru-3d core-level XPS spectrum of the deposited material.

Highly porous metallic current collectors were first prepared using the dynamic hydrogen bubble template (DHBT) method on a
silicon substrate. DHBT is advantageous in terms of its cleanliness, simplicity, and ease of preparation, making it easily transferable
to pilot production line in microelectronic facilities. Such porous metallic current collectors are also ideally suited for attaching
pseudocapacitive materials like RuOa, reported before by our group!'*?” and also by other workers?!. DHBT was thus used to prepare
highly porous gold architectures onto which novel hydrous RuOx-based material was electrodeposited for MSCs and subsequently
water was got rid of for MB application. Electrodeposition of hydrous RuO: has been evaluated in the past by different techniques
including cyclic voltammetry?, anodic®® and cathodic®* polarization in static as well as pulsed configurations. Out of all the
techniques, pulsed techniques provided best results for supercapacitive applications?. Even though one can envisage pulsed potential
methods to be more controllable, pulsed current configurations are more versatile as they can be easily scaled up industrially without
utilizing a reference electrode. Hence, we investigated pulsed current technique for conformal electrodeposition of hydrous RuOx-
based material on porous Au substrates. In addition, the majority of the reported protocols have utilized RuCls based precursors,
mostly because of its well understood chemistry in aqueous media%. However, RuCl; was not compatible with the porous Au
substrates prepared by DHBT due to high potential complexation of Cl- with Au (Figure S1) and hence, we screened several other
salts and chose [Ru(NO)]2(SO4)3 for plating hydrous RuOxN,S.. The linear sweep voltammetry (LSV) profile of the Au current
collector in electrolyte bath showed two different interfacial processes, initial gold oxidation peak (conspicuous in the solution even
without the Ru salt) followed by oxidation of nitrosyl sulfate (NS) salt-precursor (Figure 1a). The current for pulse was chosen so as
to cover both these processes. A galvanostatic pulse of 7 mA cm™ for 10 s (optimized for porous substrates from LSV studies) was
followed by a rest period of 30 s to stabilize/equilibrate the porous structure/electrolyte interface (Figure 1b). The total pulse time
determined the actual content of RuOxNyS, on the substrates and increased pulse-on period depositions (1 h, 2 h, 3 h etc) were
performed to have higher active material loading. The bare porous gold structure had a thickness of ~ 50-60 um and the samples with
the highest loading (1440 pulses, i.e. 4 hours pulse-on) had a thickness of ~ 160 pm. Figure 1c shows the microstructure of the
deposited samples which have the original DHBT structure retained but with flaky RuOx-based deposits over the dendritic Au
structure. However, it is interesting to note here that, even after 20 hours of electrodeposition (i.e. 5 hours pulse-on), neither the large
pores nor even the smallest pores of the porous substrates are blocked by the active material. Such conformal deposition is essential
to fully utilize the advantages of 3D nanostructure and to achieve higher energy density. Elemental mapping through energy-
dispersive X-ray (EDX) analysis further confirmed conformal deposition of the Ru-based active material over the entire porous Au
structure below (Figure S2).

X-ray photoelectron spectroscopy (XPS) studies were performed to probe the chemical nature of the deposited film (Figures 1d,
S3 and S4). These measurements were compared with XPS performed on NS salt-precursor (Figure S5) and a crystalline-RuO:
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reference obtained from a well-defined RuO: (001) thin-film that we synthesized by pulsed laser deposition (PLD), (Figure S6).
Although the XPS spectrum shows presence of nitrogen and sulfur in the film (even after heat-treatment), the Ru-3d, N-1s and S-2p
core-level spectra of the deposited material exhibited a very different chemical signature from the initial NS salt-precursor. From Ru-
3d, Ru-3p, O-1s, N-1s and S-2p core level spectra (see the Supporting Information for quantification details), the surface composition
of the as-deposited and heat-treated sample was estimated to be 9 at.% Ru, 76 at.% O, 12 at.% N and 3 at.% S. However, the
distinctiveness in the detailed XPS spectra makes it clear that the deposited material is more closely related a RuO2-based material
with the following composition RuOxNyS; that is distinctively different from the NS salt-precursor used for the synthesis. This is
further confirmed by the noticeable pseudocapacitive behaviour of this material in the electrochemical analysis hereafter.
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Figure 2. Porous RuOxNyS; as microsupercapacitor electrode. (a) Cyclic voltammetry profiles of electrodes after different deposition dura-
tions in 0.5 M H2SO4. (b) Determination of the outer charge, gower, of different electrodes obtained by calculating average volthmmetric
charge, ¢”, as a function of sweep rate v. (¢) Determination of the total charge, grrai, of the electrodes using inverse of voltammetric charge
versus square root of sweep rate plots. (d) Evolution of total capacitance, Ci, and outer capacitance, C,, after different deposition durations.

(e) Stability of the electrode (3 h deposition) during long-term galvanostatic charge discharge (GCD) studies and corresponding potential
time profiles at 10 mA cm2.

We first studied the electrochemical performance for supercapacitive applications in three-electrode configuration in
0.5 M H2SOa. To optimize the capacitive performance of porous RuOxNySy, different pulse durations during the deposition step were
explored. Figure 2a shows representative cyclic voltammograms (CVs) for capacitive performances of different samples with
increased active material loadings. Higher specific capacitance was observed with increase of active materials, while retaini ng the
capacitive profile at a given scan rate. The electrode exhibits an extremely high capacitance of 8.5 F cm™ when cycled at 5 mV s™!,
which is to our knowledge the highest value ever reported for a microsupercapacitor electrode. The electrochemical impedance
spectroscopic studies showed a vertical line in the lower frequency region with a negligible semicircle at higher frequencies related
to charge transfer resistance, further proving the pseudocapacitive behavior of the electrodes (see Nyquist plot in Figure S7). We also
performed CV studies at different sweep rates (from 0.5 to 500 mV s!) to understand charge accessibility in different samples (Figures
2b,¢). By systematically varying the loading, we could achieve a record value of ~14.3 F cm™ for 5 hours of total pulse-on time
deposition (Figure 2d). Outer charge contribution (gouer) accounted for more than 80% of the total charge stored (grorr), indicating
most of the deposited material to be directly in contact with the electrolyte. However, the difference between the gouer and gror curves
progressively started to increase upon increasing the deposition time, indicating relatively lower charge accessibility in thicker layers
of RuOxN;,S; albeit overall higher specific capacitance. The areal capacitance of the porous electrodes with better charge accessibility
(3 h pulse-on deposition) was also evaluated using galvanostatic charge discharge (GCD) studies (Figure S8). GCD profiles at
different current densities exhibited small voltage hysteresis between charge and discharge, characteristic of pseudocapacitive
materials?’. The areal capacitance of the microsupercapacitor electrode, taken from the GCD curve was calculated to be 6.6 F cm™ at
a current density 10 mA cm?, and 5.0 F cm™ at a current density of 100 mA c¢cm™, thus retaining 75 % of initial capacitance even after
ten times increase in current. The long-term behavior of the electrode was tested by repeated galvanostatic charge/discharge cycles
at high current of 10 mA cm (Figure 2e). The cycling experiment indicates excellent stability of the porous electrodes with more
than 80% retention of the initial capacitance after 5000 cycles. To our knowledge, such high area specific capacitance with excellent
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stability has not been reported with 3D electrodes in the past for RuO2 based materials. Application of this strategy in full 3D
interdigitated devices will be particularly interesting for high energy microsupercapacitors in various niche areas. Encouraged with
such superior performance, we wanted further to explore the feasibility of Li* ion storage at high potentials w.r.t to Li/Li* into porous
RuOxNyS; electrodes as potential microbattery cathodes.
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Figure 3. Porous RuOxNyS; as microbattery electrode. (a) Cyclic voltammetry profiles of electrodes showing lithiation and de-lithiation
processes at 0.5 mV s-1. (b) Galvanostatic charge discharge profile at 0.1 mA cm-2. (c) Specific capacity retention at different charge discharge
rates and (d) corresponding discharge profiles. (€) Reversible capacity retention during long term charge discharge studies at 3C and at C/10
(performed every 500 cycles) and (f) corresponding discharge profiles at C/10 rate.

RuO: has a theoretical volumetric capacity of 5617 mAh cm™ (806 mAh g, density = 6.97 g cm™) towards Li" ion storage through
complex multiphasic mechanism?*?° (up to 4 Li* per unit, below 0.9 V vs. Li/Li*)'® with excellent columbic efficiency during the
initial cycles®. In addition, its metallic conductivity (36.2 uQ cm resistivity) and high rate performance are especially elusive for
application in microbatteries as Li-free cathodes with high energy density and rate capability. However, typical to conversion-type
reactions, it suffers from structural degradation at high rates or upon cycling, thereby limiting its wide scale application. It has been
indicated previously that amorphous RuQ: synthesized electrochemically can have better performance in terms of lithiation potential
and cycling than bulk RuO2*'. In addition, when thin layers (~100 um) of such amorphous material is conformably deposited on
sturdy metallic current collectors, their performance can be greatly improved. Hence, we evaluated the electrochemical properties of
porous RuOxN,S, towards Li" storage, hoping to take advantage of the large surface area and porous structure for high energy and
high power microbatteries.

Since water can be detrimental towards battery performance, the porous RuOxN,S; electrodes were first dried under vacuum at
200°C for at least four hours, to get rid of any moisture content. X-ray diffraction (XRD) patterns showed that the sample remains in
amorphous state with no crystallization peaks related to rutile-like RuO», even after heat-treatment at 200 and 225°C (Figure S9). Li
ion cells were then fabricated with Li foil as counter/reference electrode, commercial electrolyte (LiPFs in ethylene carbonate and
diethylene carbonate, 1:1 EC:DEC) and porous RuOxNyS; as working electrode. The cell exhibited a stable open circuit voltage of
~3.40 V after resting (6 hours). CV studies (Figure 3a) show a small broad peak at ~2.1 V vs. Li/Li" and a prominent peak at 1.4 V
vs. Li/Li* during the first lithiation, consistent with previous reports of multistep lithiation?*2. The initial redundant broad peak
(~2.1 V vs. Li/Li") can be due to electrolyte degradation followed by intercalation to form LiRuOxN,S, type species and further
conversion to Li2O and RuN,S; type amorphous phases. The delithiation process occurs in two steps with peak potentials at 1.5 and
2.0 V vs. Li/Li", corresponding to reformation of LiRuOxNyS; type species and regeneration of RuOxNyS;, respectively. In the
subsequent cycles, similar behavior is retained except for solid-electrolyte interface (SEI) formation, thus indicating that presence of
heteroatoms (like N, S) or the deposition methodology doesn’t drastically affect the electrochemical behavior towards reversible Li*
ion storage as compared to widely studied RuO2 which also exhibits similar stepwise lithiation and delithiation processes. This was
also reflected in galvanostatic charge discharge profiles. Due to extremely porous structure, stable reversible capacity as high as
5 mAh cm™ could be achieved at low C rates (Figure 3b). The porous structure along with intrinsic high rate capability of RuOxNyS,
was well reflected in rate studies (Figure 3c), with reversible capacity > 0.5 mAh cm? at 10C rate (1C = 1 mA cm) and conspicuous
two step battery-like profile maintained up to 3C rate (Figure 3d and S10). Cycling stability studies were also performed on different
samples. Significant reversible capacity retention was observed with 3 hours pulse-on deposition for more than 2000 cycles (Figure
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3e). To understand the mechanism for capacity reduction during cycling, impedance measurements were performed at regular
intervals during long cycling (at 3C) along with a slow rate cycle (0.1C). The initial electrochemical impedance spectroscopy (EIS)
spectrum showed low internal resistance followed by two suppressed semicircles at high frequency region corresponding to SEI and
charge transfer resistance respectively (Figure S11). The internal resistance of the cell started to increase with cycling whereas other
resistive components saw relatively less change upon cycling. The aging mechanism can thus be related to the progressive degradation
of the electrolyte during cycling, and can be easily addressed using solid electrolytes. This was also well observed in the slow rate
cycles interspersed between the high rate long cycling studies. The average discharge capacity at 0.1C remained almost similar at
~2.5 mAh cm even after 2600 cycles (Figure 3f and S12). Scanning electron microscopy (SEM)/EDX analysis after long cycling
(Figures S13 and S14) revealed that the dendritic structure of the porous gold structure was maintained and embedded within
electrolyte reduction products, hence further showcasing the plausibility of these porous structures for long life cycle microbatteries
with other electrolyte designs.
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Figure 4. Comparison of porous RuOxNySz as microbattery and microsupercapacitor electrode. (a) Peak current density from CV studies
at different scan rate for each case. (b) Charge storage ability as a function of applied current. State-of-the-art (c) microbattery electrode
materials (surface capacity) and (d) microsupercapacitor electrode materials (surface capacitance).

We further tried to compare the charge storage performance of porous RuOxN,S;, synthesized using the same loading
(3 hours pulse-on) towards H" and Li" storage. We have considered the sweep-rate dependence of the recorded current, as shown in
Figure 4a. A linear dependency between log(current i) and log(scan rate v) is observed for both electrolytes (H2SO4 and LiPFs in
EC:DEC). The slope of the log(7) vs. log(v) can give an estimate of the mechanisms responsible for the charge storage occurring in
the material: if the slope is 0.5, then the current is diffusion-controlled; if the slope is 1, then the current is capacitive. As expected,
the slope of the log(i) vs. log(v) in aqueous sulfuric acid electrolyte is 1, indicating that the overall response tends to be
pseudocapacitive. Using LiPFs in EC:DEC, we observe a contribution from the diffusion-controlled process related to Li* insertion
with a slope of 0.75. The comparison of charge storage ability as a function of applied current (Figure 4b) indicates the interaction
towards H" to be apt for high power applications whereas the reaction with Li* is more appealing for high energy type requirements.
The high areal capacity and durability of porous RuO:NyS; in Li* cells make it a promising Li-free microbattery cathode as compared
to other reported metal oxide type active materials (Figure 4c) while its performance as supercapacitor electrode also stands out as
the highest ever reported areal capacitance (~14 F cm™) to the best of our knowledge (Figure 4d).3 333443443542

To assess the performance of this electrode material in a microdevice, we created an all-solid-state microsupercapacitor in an
interdigitated configuration integrated on a silicon wafer, using a poly(vinyl alcohol) (PVA)-based electrolyte doped with
silicotungstic acid (HaSiW 12040, SiWa) as well as with [EMIM][TFSI] ionic liquid (1-ethyl-3-methylimidazolium bis(trifluoromethyl
sulfonyl) imide) doped with SiWa. A thin metallic Ti/Au sublayer were first patterned onto an oxidized silicon wafer using
conventional photolithography and lift-off techniques. Porous gold current collectors were then selectively electrodeposited using the
DHBT method onto the conductive areas. The thickness and aspect ratio AR (defined as the ratio of the electrochemically active
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surface area to the geometrical surface area) of the metallic current collector were ca. 30 um and 374 cm? cm™, respectively. RuON,S,
was afterward electrodeposited on the resulting 3D conducting current collector (Figures 5a,b).
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Figure 5. Characterization of an all-solid-state interdigitated micro-device based on porous RuOxNyS.. (a) Schematic and
(b) image of an interdigitated microsupercapacitor before encapsulation. (¢c) CVs in doped PVA at different scan rates. (d) CVs in doped
[EMIM][TFSI] at different scan rates. (e) Cell capacitance retention with the number of charge / discharge curves at 10 mA cm-=2. Inset: 15t
and 5000 potential-time curve during GCD.

The microsupercapacitor exhibits a remarkable cell capacitance of 714 mF cm™ at 5 mV s in doped PVA (Figure 5¢) with a very
low equivalent series resistance (ESR) of 0.7 Q cm?, as shown in the Nyquist plot (Figure S15). No leakage current is observed, with
a near vertical straight line in the low-frequency region, as expected for a pseudocapacitive material. The delivered specific energy
density achieves a value of 432 mJ cm™, and a maximum power density of 421 mW cm2 Using the doped [EMIM][TFSI], the cell
voltage can be extended up to 2.3 V with no visible sign of electrolyte or electrode degradation (Figure 5d). Although this high voltage
comes at the expense of a lower cell capacitance and higher ESR, the energy and power density reach in this case of 460 mJ cm™ and
110 mW cm?, respectively. The long-term behavior of the solid-state microdevice was tested by repeated galvanostatic
charge/discharge cycles at a high current density of 10 mA cm™ (Figure 5e). The device shows stable cycling performance with
almost no loss of specific capacitance even after S000 cycles, with identical symmetrical triangular curves for all cycles.

In summary, conformal deposition of RuOxNyS; on 3D porous current collectors with extremely high surface area has been reported
through ambient temperature electrodeposition process. Extremely high capacitance of > 10 F cm™ was obtained for supercapacitor
performance with outstanding stability > 5000 cycles. These porous electrodes also exhibited unrivaled performance as microbattery
cathodes with high areal capacity > 5 mAh cm™ at low rates and stability > 2000 cycles, making it suitable for dual purposes
applications - power delivery as well as energy delivery electrodes for microelectronics. These electrodes can sustain thousands of
cycles of operations both in batteries and supercapacitors and are fabricated through facile simple electrodeposition strategy, which
makes it ideal for integration with existing microfabrication procedures for different microsystems as well as for new upcoming
applications in the IoT age. These electrodes can be further coupled with solid electrolytes or ionic liquids to enhance their lifetime,
storage ability and electrochemical performance. They can also be envisioned in 3D stacked interdigitated configurations with
appropriate counter electrode materials to provide excellent energy/power density microenergy solutions for novel microsystems
seeking energy autonomy.
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