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Abstract

Highly active ruthenium oxide was uniformly coated on vertically aligned carbon nanotube
forests for pseudocapacitor electrodes in enhanced energy storage applications. Atomic layer
deposition (ALD) was designed to realize the conformal coating process onto porous structures
and an electrochemical oxidation process was developed to achieve highly active ruthenium
oxide. Results show 100x and 170x higher specific capacitance after the ALD coating and
further electrochemical oxidation process, respectively, as compared with that of pure CNT
electrodes. Furthermore, the measured capacitance value was close to the theoretical limit of
ruthenium oxide at 644 F/g with a high power density at 17 kW/kg. The electrode performance
was tested over 10,000 charge-discharge cycles with gradually improved capacitance of 17%
higher than the starting value and at ultra-high scan rates of up to 20 V/s.
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Introduction

Supercapacitors store charge in the form of electric double layer capacitance or by
additional surface or near-surface Faradiac reactions by means of pseudocapacitance.'”
Large surface area electrodes and highly active pseudocapacitive materials are paramount
for achieving high performance supercapacitors.” Ruthenium oxide (RuOy) is well-
known as one of the highest performing pseudocapacitive materials,”’ among other
candidates including manganese oxide (MnO,),*'? vanadium oxide (V,0s)," and mixed
cobalt-nickel oxides (a-(Co+Ni)(OH),snH,0)."* These metal oxide pseudocapacitive
materials require good proton and electron conductivity for high performance, as positive
jons (H") are intercalated during the charging process.””> As a result, hydrated amorphous
oxides display higher charge storage capability due to better proton conductivity and
more electrochemically active redox sites.'®

To achieve high specific capacitance, RuOy fabrication methods must provide
excellent control of electrode structure and chemical composition as well as good
uniformity over high surface areas. RuOx-porous carbon composite electrodes have been
constructed to increase surface area, provide high double layer capacitance, and reduce
electrode material cost.'” Previous fabrication methods of RuO, supercapacitors include
solution-based deposition from ruthenium trichloride (RuCls)'* ' and ruthenium nitrosyl
nitrate,”> however these methods often result in poor uniformity of the RuOy coating.
Other fabrication methods include magnetic sputtering, electro-oxidation of Ru
nanoparticles,”* and mixing of RuO,-xH,O particles with a polymer binding agent.”
These approaches yield poor electron conductivity, low utilization of RuOx due to non-
uniformly dispersed nanoparticles or films, and low proton conductivity due to poor
hydration in the case of non-solution methods.

Atomic layer deposition (ALD) is a high-precision chemical vapor deposition
technique that uses sequential pulsing of precursors to deposit nanoscale films monolayer
by monolayer. With ALD, conformal and uniform films of metal, oxide, and nitride
materials can be deposited onto high surface area substrates.” Recently, there has been
growing interest in ALD for catalysis, sensing, and energy conversion, as well as DRAM
and CMOS commercial technologies.”’ To date, there have been only two investigations
of ALD for supercapacitor applications: vanadium oxide (VO,)*® and titanium dioxide
(TiO,) supercapacitors.”” Although these works demonstrated conformal coating of the
pseudocapacitive material, there has yet to be an investigation of optimal ALD material
chemistry for maximum proton conductivity and pseudocapacitor performance.

In this work, we provide important insight into the nature of hydration of ALD
metal oxide films, and devise the use of post-ALD electrochemical oxidation to achieve
high specific capacitance for ALD pseudocapacitors, using RuO, as a demonstration
material. ALD RuO, poses unique challenges for supercapacitor applications as: 1) the
degree of oxidation is difficult to control, with reports ranging from pure metallic Ru to
pure RuO, films,*** and 2) the ALD process in vacuum and at elevated temperatures
(270 °C-400 °C) is not conducive to depositing a hydrated oxide. Specific
accomplishments of this work include: uniform, conformal coating of high-surface area
porous electrodes with RuO,; rapid charge/discharge response due to direct bonding of
the RuO, coating to the electrode, with high durability for flexible electrodes; and
achieving pseudocapacitance values on-par with the highest values reported in the
literature for RuO,."” In this work, ALD RuO, films are deposited on vertically aligned
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carbon nanotube (CNT) forests and porous silicon (Si) substrates as electrodes. Vertically
aligned CNTs provide a large surface area, highly porous substrate with mechanical
flexibility to relieve stresses in the active material. While carbon-based materials are
widely used for supercapacitor applications, there is growing interest in developing
silicon-based supercapacitor electrodes.” ™’ The advantages of Si as an electrode material
include: opportunities for integration as micro-energy storage for on-chip devices such as
sensors and actuators; high conductivity of doped Si; and the use of a low cost, highly
abundant material.”?* The electrochemical instability of Si in aqueous electrolytes,
however, is a challenge for Si-based pseudocapacitors fabricated by conventional,
solution-based methods.”*” The ALD RuO,-porous Si supercapacitors in this work
demonstrate an effective means to achieve high performance Si-based micro-
supercapacitors.

Experimental
CNT and Porous Si - based ALD RuO, electrodes

Vertically aligned CNTs were synthesized on silicon substrates by chemical vapor
deposition using iron and aluminum catalyst layers, as described by Jiang et al’ and
illustrated schematically in Supplementary Information Figure S1. The substrates were
first cleaned in pirahna solution (heated mixture of sulfuric acid and hydrogen peroxide),
then coated with 100 pm thermally grown silicon dioxide as a barrier against metal
diffusion into the silicon. A 50 nm molybdenum electrical contact layer was deposited by
electron-beam evaporation, followed by the metal catalyst layers (10 nm aluminum and 5
nm iron by thermal evaporation). CNTs were grown in a horizontal tube furnace at 720
°C and atmospheric pressure in a mixture of 7:1 hydrogen-to-ethylene gas. A growth time
of 10 minutes gave CNT heights of approximately 10 wm. Porous Si electrodes were
synthesized by HF anodization using a p-type Si substrate. The substrate was placed
between two electrodes in an aqueous HF-ethanol solution (10% hydrofluoric acid, 20%
ethanol) in a Teflon container. A current of 6 — 12 mA/cm* was applied between both
sides of the substrate according to the constant current anodization method.***

RuO, was deposited using a Cambridge Fiji F200 Plasma ALD with
bis(ethylcyclopentadienyl)ruthenium(Il) (Ru(EtCp),) and oxygen (O,) as precursors.
Pulse times for Ru(EtCp), and O, were 1 s and 10 s respectively, with 5 s argon gas purge
times. During the ALD process, substrates were heated to temperatures ranging from 270
°C to 400 °C. Electrochemical oxidation of ALD RuO, electrodes was conducted in 0.5 M
H,SO, electrolyte by controlled potential coulometry at 1.3 V vs. Ag/AgCl reference
electrode for times ranging from 3 min to 120 min. Thermal oxidation of ALD RuO,
supercapacitor electrodes was conducted in a horizontal tube furnace at 600 °C for 30 min
with 70 sccm O, flow.

Electrochemistry

Electrochemical testing was conducted in 0.5 M H,SO, electrolyte using a Gamry
Reference 600 potentiostat. Cyclic voltammetry (CV) measurements were performed
using a three-electrode test set-up with a platinum counter electrode and Ag/AgCl
reference electrode. All samples were cycled for at least 20 CV cycles to stabilize prior to
performance testing. A scan rate of 100 mV/s was used for CV measurements, unless
otherwise indicated. Constant current charge-discharge (chronopotentiometry)
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measurements were performed using a symmetrical, two-electrode test cell without
separator. For ALD RuQO,-CNT electrodes, the mass of active material is approximately
1.3 mg/cm® of electrode planar surface area, as calculated from RuO, thickness
measurements and measured CNT densities (1.4 mg/cm® for electrochemically oxidized
ALD RuO,-CNT electrodes, taking into account the increase in mass of the ALD coating
with oxidation). The estimated active material mass for porous Si electrodes is 20.4
mg/cm’. Further details of active mass measurements are provided in the Supplementary
Information.

Materials Characterization

Scanning electron microscopy (SEM) images were taken using an FEI Nova
NanoSEM 650 scanning electron microscope and transmission electron microscopy
(TEM) images with a Technai 12 transmission electron microscope. X-ray diffraction
(XRD) measurements were conducted with a Siemens D5000 X-Ray Diffractometer (Cu
Ka radiation) and X-ray photoelectron spectroscopy (XPS) measurements with a PHI
Quantum 2000 X-ray photoelectron spectrometer.

Results and Discussion

Figure la provides a conceptual illustration of ALD RuO, in uniformly coated
porous supercapacitor electrodes. A generic porous structure is coated with ALD RuO,
by sequential pulsing of gas-phase precursors of Ru(EtCp), and oxygen. A scanning
electron microscope (SEM) image of vertically aligned CNTs coated with ALD RuO,
shows uniform coating over the entire length of the CNTs (Figure 1b). TEM images
indicate that the as-deposited films are polycrystalline and highly conformal (Figure Ic
and Figure S2). SEM images of ALD RuO, films deposited on porous Si electrodes are
provided in the Supplementary Information (Figure S3). For porous Si electrodes, RuO,
is deposited over the entire depth of the pores (exceeding 127 wm) but with less
uniformity than on CNTs due to poorer nucleation of ALD RuO, on Si-H terminated
surfaces.*

XPS measurement of ALD RuO, deposited on planar substrates reveals
significant oxide content in the surface region of the ALD films. XPS measurements of
the Ru3d peak show a shift to higher binding energies — hence higher oxidation states —
compared to Ru metal (Figure 1d). Since ruthenium does not form a native oxide at room
temperature,” these results suggest that the observed RuO, surface layer is formed during
the ALD process. XRD measurements of as-deposited ALD RuO, on a planar substrate
(Figure S4) indicate a metallic ruthenium crystal structure (Ru(100)), suggesting that the
films are not fully oxidized. During the ALD process, the oxygen precursor both
oxidatively decomposes the organometallic ruthenium precursor and oxidizes the
depositing Ru metal; in-situ ALD RuO, formation can therefore be inhibited by low rates
of subsurface oxygen absorption* and slow reaction kinetics for Ru oxidation.* XRD
and XPS measurements for CNT electrodes are similar to planar electrodes, and are
provided in the Supplementary Information (Figures S5, S6).
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Figure 1. Conceptual illustration and demonstration of ALD RuO, supercapacitor
electrodes. (a) Schematic drawing of RuO, deposited uniformly and conformally on a
high surface area, porous electrode by ALD. Monolayer by monolayer deposition is
achieved by sequential pulsing of Ru(EtCp), and oxygen. (b) SEM image of vertically
aligned CNTs coated with ALD RuO,. (c) TEM image of a single CNT conformally
coated with ALD RuO,. (d) High-resolution XPS measurements of Ru3d binding energy
for as-deposited ALD RuO, films on planar electrodes. The Ru3d peak shows a shift to
higher binding energies, hence higher oxidation state, compared to Ru metal.

Cyclic voltammetry (CV) measurements were conducted to determine the specific
capacitance of ALD RuO, supercapacitor electrodes (capacitance calculations and
electrode mass measurements are provided in the Supplementary Information). Specific
capacitance is an important performance metric because it corresponds to the energy
storage of pseudocapacitors (E = /4 CV?). Figure 2a provides a comparison of the CV
curves for ALD RuO,-CNT electrodes deposited at ALD temperatures of 270 °C — 400
°C. The as-deposited ALD RuO, films are highly capacitive, and the shape of the CV
curves is characteristic of RuO, supercapacitors.”*> Although the ALD RuO, coatings are
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not fully oxidized, there is a large, two-order of magnitude increase in specific
capacitance for vertically aligned CNT electrodes with the ALD RuO, coating, from 3.4
F/g (0.47 mF/cm®) for uncoated CNTs (Figure S14a) to a maximum of 363 F/g for ALD
RuO,-CNTs (404 F/g counting only the mass of RuO,) (23.6 mF/cm*). We observe that
the pseudocapacitive performance is highly dependent on the ALD temperature, with
lower deposition temperatures corresponding to higher CV currents. Lowering the ALD
temperature from 400 °C to 270 °C results in a 4.4x enhancement in ALD RuO,-CNT
specific capacitance (2.4x enhancement from 400 °C to 350 °C) (Figure 2a). This result is
indicative of the degree of hydration of the ALD films, as metal oxide pseudocapacitance
is highly dependent on hydration state and proton conductivity of the oxide.'™”" Studies
have found that RuO, dehydration begins at temperatures above 150 °C, with increasing
temperatures accelerating water loss until full dehydration occurs at 400 °C.”* The
temperature dependence of capacitance shown in Figure 2a is particularly interesting
because it suggests that ALD metal oxide films, in particular hygroscopic oxides like
RuO,,"” can be deposited in a hydrated state. High resolution XPS measurements of ALD
RuO, films deposited at 350 °C support this hypothesis, with XPS curve fitting of the O
Is peak (Figure S15) closely matching that reported by Mun et al. for hydrous RuO,, and
differing substantially from anhydrous RuO, curves presented in Mun et al.* This
important result, observed for ALD RuO, supercapacitors, is significant for ALD metal
oxide pseudocapacitors in general, as ALD reactions typically occur in the temperature
range of metal oxide dehydration (Table 1).

Life cycle testing of ALD RuO, supercapacitor electrodes was conducted by
repeated CV scans over the full supercapacitor operating range (0 — 1.0 V) (Figure 2b).
Remarkably, the specific capacitance of the ALD RuO,-CNT electrode increases by 17%
after 10,000 CV cycles. We observe a change in the shape of the CV curves from cycle
10 to cycle 10,000 with evidence of a RuO, peak,””* suggesting a non-reversible change
in the electrode material chemistry. We believe this performance improvement is due to
the gradual electrochemical oxidation of as-deposited ALD RuO, during the CV
cycles.*”" A similar increase in capacitance was observed with repeated cycling of planar
ALD RuO, (Figure S16), however the durability of the planar electrode is much lower
than that of CNTs. After 3000 cycles, we observed significant damage to the planar ALD
RuO, electrode, likely due to stresses in the RuO, film from repeated cycling between
redox states on an inflexible substrate. The surprising results of lifecycle testing of ALD
RuO,-CNT electrodes suggest that post-ALD electrochemical oxidation could be used to
achieve highly active RuO, and a further increase in specific capacitance by converting
the mixed metal-oxide ALD films to hydrated amorphous RuO,. In the following, we
explore this theory by testing the performance of post-ALD electrochemically oxidized
supercapacitor electrodes, with an aim to achieve ultra-high charge storage capability.
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Figure 2. Performance testing of ALD RuO,-CNT supercapacitor electrodes. (a) CV
measurements of ALD RuO,-CNT electrodes deposited at 270 °C - 400 °C,
demonstrating enhanced pseudocapacitance at lower ALD temperatures (capacitance
increases of 2.4x and 4.4x for 350 °C and 270°C, respectively, compared to 400 °C
deposition temperature). (b) Life cycle testing of ALD RuO,-CNT electrodes shows a
17% increase in specific capacitance after 10,000 CV cycles. Inset: Change in shape of
CV curves after 10 vs. 10,000 cycles, indicating non-reversible electrochemical oxidation
of the RuO,-CNT electrode.

Table 1: Comparison of dehydration temperatures and typical ALD deposition
temperatures for select pseudocapacitive metal oxides.

Metal oxide Dehydration temperature Typical ALD
temperature
50% dehydrated | Fully dehydrated
Ruthenium oxide 130 °C* 400 °C* 270— 400 °C*!
Vanadium oxide 90 °C> 350 °C* 50 — 200 °C*
Manganese oxide 190 °C** 400 °C** 140 — 210 °C>?°
Cobalt oxide 160 °C”’ 170 °C” 190 — 280 °C*®

Figure 3a, following from Figure la, illustrates the use of post-ALD
electrochemical oxidation to improve proton conductivity and enhance charge storage in
the pseudocapacitive metal oxide (details of the electrochemical oxidation process are
provided in the Experimental section). Thermal oxidation was used as a comparison to
determine the relative impact of increased oxidation vs. hydration of the ALD films.
SEM images of vertically aligned CNT electrodes indicate there is no degradation of the
ALD coating or CNT structure with electrochemical or thermal oxidation (Figure S17).
TEM images show a 29% increase in RuO, thickness with thermal oxidation, and a 35%
increase with 9 minutes of electrochemical oxidation (Table S3). XRD measurements of
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thermally and electrochemically oxidized ALD RuO, show RuO,(210) and mixed
RuO,(110)/Ru0,(101) peaks, respectively (Figure S18). XRD measurements indicate that
the electrochemically-oxidized film has greater amorphous character, likely due to its
hydrated structure with incorporated water molecules distorting the polycrystalline
structure.*®

Comparing CV measurements for as-deposited and electrochemically oxidized
ALD RuO,- CNT and porous Si electrodes, there is a substantial increase in
supercapacitor charging and discharging currents with post-ALD electrochemical
oxidation (Figure 3b,c) . Specifically, the electrochemically oxidized ALD RuO,-CNT
electrode reaches a maximum capacitance value of 644 F/g (counting only the mass of
RuO_; 578 F/g including the mass of CNTs) (37.7 mF/cm?®), an increase of 170x that of
uncoated CNTs and in the same order of magnitude as the theoretical capacitance of
RuO, at 1450 F/g.” For porous Si electrodes, specific capacitance increases from an
uncoated value of 0.39 mF/g (154 uF/cm®) (Figure S14b) to 1.88 F/g (38.2 mF/cm®)
with as-deposited ALD RuO, to 2.42 F/g (49.2 mF/cm®) with electrochemically oxidized
ALD RuO, — a 6200x increase and the highest value of gravimetric specific capacitance
reported for porous Si-based electrodes.”® In contrast, thermal oxidation of ALD RuO,
electrodes results in a decrease in specific capacitance by 55% for CNT electrodes when
compared to as-deposited ALD RuQO,. This observed loss in supercapacitor performance
is most likely due to dehydration of the ALD RuO, with thermal oxidation, despite the
increase in oxide content of the ALD film. Figure 3d shows the effect of increasing
electrochemical oxidation time on the specific capacitance of ALD RuO,-CNT and RuO,-
porous Si (inset) supercapacitor electrodes. The capacitance of ALD RuO,-CNT
electrodes increases steadily over 120 minutes of electrochemical oxidation. For porous
Si electrodes, however, we observe a decrease in capacitance after 3 minutes of
oxidation, and a substantial degradation of both the ALD RuO, film and porous Si
substrate after 18 minutes of electrochemical oxidation (Figure S19). We attribute these
results to differences in each electrode’s ability to accommodate stresses in the ALD
RuO, film arising from simultaneous oxidation and hydration processes, with the
vertically aligned CNT forest providing a highly flexible electrode substrate.®”
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Figure 3. Conceptual illustration and demonstration of enhanced pseudocapacitance with
post-ALD electrochemical oxidation. (a) Chemical activation to create a hydrated RuO,
supercapacitor electrode with high proton conductivity. (b), (c), CV measurements of
CNT and porous Si ALD RuO, electrodes, respectively. Electrochemical oxidation
improves capacitance, while thermal oxidation (“Thermal ox.”) decreases capacitance
compared to as-deposited (“ALD RuO,”) electrodes. CV measurements for uncoated
CNT and uncoated porous Si electrodes are included for comparison (for full details, see
Figure S14). (d) Change in capacitance of ALD RuO,-CNT electrodes with
electrochemical oxidation time, with a continuous increase in specific capacitance over
120 minutes of oxidation. Inset: Capacitance of ALD RuO,-porous Si increases for 3
minutes of electrochemical oxidation, then decreases as a result of damage to the porous
Si electrode.

Constant current charge-discharge (chronopotentiometry) measurements of
symmetric, two-electrode test cells are used to determine power and energy density of the
ALD RuO, supercapacitors (Figure 4a and S20). Charge-discharge curves for planar
ALD RuO; electrodes show good linearity with low resistance drop for both as-deposited
and electrochemically oxidized ALD films, indicating fast and highly reversible redox
reactions. Figure 4b provides a Ragone plot of power and energy density for planar and
CNT-based ALD RuO, supercapacitor electrodes (power and energy density calculations
are included in the Supplementary Information). Electrochemical oxidation of as-
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deposited ALD films results in a substantial improvement in energy and power density
for planar RuO, electrodes (17x increase in maximum power density and 14x increase in
maximum energy density). The highest power density achieved for the ALD
supercapacitor electrodes is 17 kW/kg for electrochemically oxidized planar RuO,. For
CNT electrodes, energy density is also highest with the electrochemically oxidized ALD
RuO, coating at 4.0 Wh/kg. Power density, in contrast, is greatest for uncoated CNT
electrodes as a result of the faster charge/discharge mechanism for double layer
capacitance compared to pseudocapacitance. Electrochemical oxidation further decreases
the power density of ALD RuO,-CNT electrodes, likely due to an increase in
pseudocapacitance vs. double layer capacitance as the primary energy storage mechanism
of the electrochemically oxidized CNT electrodes. In general, energy and power density
of the CNT-based electrodes are lower than expected, and charge-discharge curves for
ALD RuO,-CNT electrodes show greater non-linearity and higher resistance drop
compared to planar electrodes (Figure S20c, d). Similar non-linearities are observed for
uncoated CNTs (Figure S20e), suggesting side reactions arising from impurities present
in the CNT electrodes rather than the ALD RuO, coating. The relatively large IR drop
observed for uncoated CNTs could be due to high resistance at the CNT-Mo contact.

CV scan rate tests have been conducted to characterize supercapacitor
performances at different charging speeds (Figure 4c, d). Planar, as-deposited ALD RuO,
electrodes exhibit exceptional capacitance retention at high scan rates, maintaining the
same specific capacitance at 10 mV/s and 20 V/s — one of the fastest scan rates reported
(Figure S21). Electrochemical oxidation of as-deposited ALD RuO, films generally
improves capacitance retention at high scan rates. As shown in Figure 4d, increasing the
oxidation time of ALD RuO,-CNT electrodes from 18 min to 120 min enables the
supercapacitors to maintain an additional 22% of their 10 mV/s specific capacitance
value at a scan rate of 500 mV/s. We attribute this enhanced performance at higher scan
rates to improved proton conductivity and hence faster redox reactions in the
electrochemically oxidized ALD RuO, films. Life cycle testing of electrochemically
oxidized ALD RuO,-CNTs tested over repeated charge-discharge cycles show a 19%
decrease in specific capacitance after 1500 cycles (Figure S22), possibly the result of
irreversible side-reactions arising from impurities in the CNT electrodes.

10
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Figure 4. Power and energy density, as well as high scan rate performance testing of ALD RuO,
supercapacitor electrodes. (a) Constant current charge-discharge measurements of
electrochemically oxidized planar ALD RuO, (9 min oxidation time) show excellent linearity and
low resistance drop. (b) Ragone plot comparing power and energy densities of planar and CNT-
based ALD RuO, supercapacitor electrodes (as-deposited and electrochemically oxidized), as
well as uncoated CNTs. (c¢) Capacitance of uncoated CNT, as-deposited ALD RuO,-CNT, and
electrochemically oxidized ALD RuO,-CNT electrodes at scan rates of 10 mV/s to 500 mV/s. (d)
Increased capacitance retention of ALD RuO,-CNT electrodes at high scan rates with increasing
electrochemical oxidation time (18 min and 120 min electrochemical oxidation times compared).

Conclusions

In conclusion, we demonstrate the use of ALD to fabricate high-performance RuO,
supercapacitors, achieving conformal coating of high surface area electrodes and nanoscale
control of film thickness. The as-deposited ALD RuO, electrodes are mixed Ru/RuQ,, with some
hydration at lower ALD reaction temperatures. Post-ALD electrochemical oxidation improves the
specific capacitance, power density, energy density, and high scan rate performance of the ALD
RuO, supercapacitor electrodes by creating a hydrated, amorphous oxide with enhanced proton
conductivity. The pseudocapacitive properties of the ALD RuO, films include: excellent
linearity; fast, reversible redox reactions; and exceptional life cycle performance. Results of this
study are generally applicable to other pseudocapacitive metal oxides - such as manganese oxide,
vanadium oxide, and mixed cobalt-nickel oxides - in which charge storage efficiency depends on
achieving highly uniform, conformal electrode coatings with enhanced proton conductivity.
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Graphical Abstract

Highly active ruthenium oxide coating via ALD and electrochemical

activation in supercapacitor applications

Roseanne Warren, Firas Sammoura, Fares Tounsi, Mohan Sanghadasa and Liwei Lin

Vertically aligned CNTs exhibit 100x and 170x higher capacitance when coated with
ALD RuOy and after further electrochemical oxidation, respectively.
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