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Electrochemical Synthesis of Mesoporous Architectured
Ru Films Using Supramolecular Templates

Kenya Kani, Joel Henzie, Omer Dag, Kathleen Wood, Muhammad Igbal, Hyunsoo Lim,
Bo Jiang, Carlos Salomon, Alan E. Rowan, Md. Shahriar A. Hossain, Jongbeom Na,*

and Yusuke Yamauchi*

The electrochemical synthesis of mesoporous ruthenium (Ru) films using
sacrificial self-assembled block polymer micelles templates, and its electro-
chemical surface oxidation to RuO, is described. Unlike standard methods
such as thermal oxidation, the electrochemical oxidation method described
here retains the mesoporous structure. Ru oxide materials serve as high-per-
formance supercapacitor electrodes due to their excellent pseudocapacitive
behavior. The mesoporous architectured film shows superior specific capaci-
tance (467 F g7 ;) versus a nonporous Ru/RuO, electrode (28 F g' ,) that
is prepared via the same method but omitting the pore-directing polymer.
Ultrahigh surface area materials will play an essential role in increasing the
capacitance of this class of energy storage devices because the pseudocapaci-

tive redox reaction occurs on the surface of electrodes.

1. Introduction

Mesoporous metal nanoarchitectures have attracted a lot of
interest as electrocatalysts due to their excellent electrical

conductivity, an abundance of active cata-
Iytic sites, and good mass transport due to
the porous structure. Additionally, porous
architecture can also provide unique active
sites such as atomic kinks and steps which
can further improve the inherent cata-
Iytic performance toward various electro-
chemical reactions such as fuel cells,2
water-splitting devices,>¥ and sensors.[>
In the past decade, various methods have
been developed to synthesize mesoporous
metals, including hard-templating and
soft-templating methods. While hard-
templates offer a reliable and intuitive
approach to generate mesoporous metals,
the complexity of the technique, the lack
of morphology control, and the use of
harsh chemicals have limited their impact in broader applica-
tions.""! Soft-templating methods using molecular templates
such as lyotropic liquid crystals (LLCs) and micelle assem-
blies were developed to solve some of the limitations of hard
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templates for the development of mesoporous metals.l'>] In

particular, soft-templating methods that use surfactants and
low-molecular-weight block copolymers have proven to be a
versatile route to mesoporous/dendritic metals with small
pore diameters (<10 nm).1%181 However, it is desirable to gen-
erate mesoporous metals with even larger pores to enable
better mass transport properties and enhance the accessibility
of active catalytic sites. Our previous work described the utili-
zation of high-molecular-weight block copolymer micelles as
pore-directing agents to fabricate metallic films perforated with
mesopores, as well as mesoporous nanoparticles with tunable
pore sizes. These porous network materials supported high
(electro)catalytic activities in various reactions.[736:19-23]

Ruthenium oxide (RuO,)-based materials support high spe-
cific capacitances in aqueous supercapacitor (pseudocapacitor)
devices ranging from several hundreds to =1000 F g™1.126! They
function via fast, highly reversible surface redox reactions.
Thus, control of crystallinity, hydration, and surface area are
critical variables in improving charge storage.”’”?’l High-
capacitance RuO, materials have been traditionally synthe-
sized either by hydrothermal synthesis in one step or by sol-gel
synthesis followed by thermal annealing.?®30-32l Controlling
the latter annealing process is challenging because water may
be driven from the structure during material transformation,
resulting in a loss of capacitance. For example, it was reported
that RuO, annealed at 400 °C generated RuO,-0.03H,0 with a
specific capacitance of only 29 F g7}, whereas RuO, annealed
at 150 °C generated RuO,-0.5H,0 with a specific capacitance
of =900 F g 1133 High temperatures also tend to collapse the
mesoporous network which limits capacitance. Therefore,
we have been searching for a variation on the soft-templating
approach using electrodeposition to generate robust porous
networked films, while maintaining a relatively high concentra-
tion of water in the final structure.

Here, we report the first example of an electrochemical pro-
cess to generate extended mesoporous Ru films (MRFs) with
large pores and uniform overlapping networks of channels for
good mass transport in electrochemical reactions. We used
block copolymer micelle templates as pore-directing agents
and sacrificial templates to generate the mesoporous metal. By
tuning the applied potentials, it is possible to control electro-
deposition of the Ru metal on the conductive substrate, ena-
bling the electrodes to be used immediately as electrodes. The
Ru metal is subsequently oxidized electrochemically to RuO,
for use as a supercapacitor electrode. Unlike other porous RuO,
generated by either thermal oxidation or hydrothermal syn-
thesis, electrochemical oxidation is gentler and does not destroy
the porous network because only the top surface on the pore
walls is oxidized.

2. Result and Discussion

As described in the Experimental Section, MRFs are produced
via electrochemical deposition using self-assembled polymeric
micelles as soft templates (Figure S1, Supporting Information).
The scanning electron microscopy (SEM) images (Figure 1a,b)
of as-prepared MRF show the presence of numerous pores on
the top surface. The pores were uniform across a large area
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50 nm

Figure 1. a,b) The top-surface SEM images with different magnifications,
c) cross-sectional TEM, and d) HAADF-STEM images of MRF deposited
at —0.6 V for 1200 s.

of the film without significant defects. The SEM images were
used to measure the diameters of >200 pores and pore walls,
giving an average pore diameter of 13.2 nm and wall thickness
of 11.4 nm (Figure S2, Supporting Information). The MRF was
=100 nm thick after 1200 s deposition, indicating an average
growth rate of 0.08 nm s71. Deposition experiments performed
at various applied deposition times show the orthogonal growth
of the film is linear; thus film thickness can be controlled by
simply modifying the deposition time (Figure S3, Supporting
Information). Transmission electron microscopy (TEM) obser-
vations (Figure 1c) indicate that there are numerous pores
dispersed throughout the film, and the presence of porous
structure is more apparent in the high-angle annular dark-
field scanning TEM (HAADEF-STEM) image (Figure 1d). On
the other hand, nonporous Ru film (NRF) prepared in the
absence of polymeric micelles does not possess such a uniform
mesoporous structure, proving that the micelles act as a pore-
directing agent (Figure S4, Supporting Information).

Micelle formation in the solution can be visualized using
the Tyndall effect (Figure S1, Supporting Information), but
the presence of micelles was further confirmed by staining
them with a 1% phosphotungstic acid (PTA) solution where
pH was adjusted to 7 with sodium hydroxide (NaOH) solution
(Figure 2a,b). The white areas in the TEM images correspond
to the core of micelles (poly(methyl methacrylate) (PMMA))
since PTA primarily localizes in the hydrophilic poly(ethylene
oxide) (PEO) shell. The average diameter of micelle prepared
in the absence of Ru precursors was 15.2 nm, which is slightly
smaller than micelles decorated with Ru precursors (174 nm)
(Figure S5, Supporting Information). The micelles were round
in both experiments, demonstrating that the micelles are not
affected by the Ru precursors. Furthermore, small-angle neu-
tron scattering (SANS) measurements were performed using
the Bilby instrument® to investigate the micelles in solution
(Figure 2¢,d) and data reduced using standard procedures.”)
The radii of gyration of the scattering particles were extracted
from the linear Guinier region at low g (Figure 2c) using
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Figure 2. TEM observations of polymeric micelles prepared by mixing a) PEO-b-PMMA, THF, and water, b) PEO-b-PMMA, THF, RuCl3,q), and water.
) SANS patterns and d) radial probability distribution function extracted from SANS data of the corresponding samples.

Primus and found to be 11.4 and 11.5 nm for the solutions
without and with Ru precursors, respectively. These values
are in good agreement with the real space radii of gyration
obtained from probability distribution functions (11.4 and
11.6 nm, respectively) in Figure 2d. Unlike the TEM observa-
tion, the SANS patterns contain information on the scattering
properties of the whole micelle, including both PEO and
PMMA units. Therefore, the micelle diameters obtained from
SANS measurement (=23 nm) are larger than the values found
in the TEM observations, since vacuum condition in TEM also
can cause micelle shrinkage. Considering the TEM and SANS
data, the micelles are spherical and appear to be stable enough
to transfer this shape into the porous metal electrode.

The interaction between the micelles and Ru precursors can
be studied qualitatively using ultraviolet—visible spectroscopy
(UV-vis) (Figure 3). We examined four different solutions:
(A) the typical reaction solution (B) without water, (C) without
polymer, and (D) without Ru(III) chloride (RuCls). Solution D
does not have any absorbance peaks. Thus, the peaks observed
in the other solutions come from the Ru species. RuCl; dissolves
in various media to form several equilibrium species such as
[RuCl,,(H,0)6_]*™*, where n varies from 6 to 0, resulting
in [RuClJ*, [RuCls(H,0)]*, [RuCl,(H,0);~, [RuCly(H,0);],
[RuCl,(H,0)4]*, [RuCl(H,0)s]?", and [Ru(H,0)]** species in our
reaction solution. Since our reaction solution is aqueous, the
water coordinated species (i.e., [RuCl3(H,0);3], [RuCly(H,0),]",
[RuCl(H,0)5}**, and [Ru(H,0)¢]**) dominate. Whereas
acidic aqueous solutions tend to generate [RuCl,(H,0),",
[RuCl(H,0)s]**, and [Ru(H,0)¢]*" ion species.’”3¥! Increasing
the number of water in the coordination sphere of Ru blueshifts
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the d-d transitions of Ru(Ill) in the UV-vis spectra. The fea-
tures with high extinction coefficients (11 300-15 000 cm™ M7
at =300 and 400 nm in A, B, and C are caused by ligand-to-
metal charge transfer (LMCT). In solution B these bands are
redshifted, indicating that the Cl~ coordination is favored in
tetrahydrofuran (THF), resulting in negatively charged com-
plexes. Positively charged aqua complexes are favored in water.
Comparing spectra A and C, the addition of polymer to the
solution does not alter the chemical nature of the complexes
as expected. As shown in spectrum B, all the peaks derived
from d-d and LMCT transitions are redshifted, suggesting the
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Figure 3. UV-vis absorption spectra of various solutions described in
the figure legend.
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presence of Cl rich coordination around Ru(III) without water.
Additional peaks (e.g., shoulder tailing from 500 to 600 nm
in aqueous media and around 720 nm in THF) may be due
to d-d transitions (*T,, ground state to 2A,,/?Ty, or *E, excited
states). The blueshift from 720 to 550 nm is consistent with the
above interpretation, since chloride is a 7~donor ligand. Overall,
these results suggest that water media favors the positively
charged water-rich complexes. The PEO interacts with water
via hydrogen bonding, which helps concentrate Ru(III) species
around the PEO micelle shells.3 The Ru complexes impart a
collective positive charge on the micelles and enable the supra-
molecular template to be electrodeposited on the surface of the
cathode and subsequently reduced from Ru(III) to Ru(0) metal
to generate the MRF.

Wide-angle X-ray diffraction (XRD) was used to study the
crystallinity and metallic nature of the MRF (Figure S6a, Sup-
porting Information). The pattern matches with the hexagonal
closest packed (hcp) structure of Ru, with six distinct peaks at
38.4° (100), 44.0° (101), 58.3° (102), 69.4° (110), 78.4° (103), and
84.7° (112), corresponding to 26 (Miller indices). The electron
diffraction pattern illustrates the polycrystalline feature with
the concentric rings of spots, and that match the Ru hcp crystal
structure (Figure S6b, Supporting Information). Using the (101)
peak in XRD, the average domain size was 3.9 nm, according
to the Scherrer equation (shape factor = 0.9). It is smaller than
the thickness of the pore walls, indicating that the pore walls
are constructed of tiny nanoparticles, which matches our high-
resolution TEM (HRTEM) images (Figure S6c, Supporting
Information). The combination of the mesopores and the
interparticle space created from these small nanoparticles may
maximize the surface area of the electrode and enhance the dif-
fusion of reactants. We examined the top edge of the MRF with
HRTEM and observed the Ru lattice in addition to unsaturated
Ru atoms at kinks and steps on the surface of the electrode
(Figure S6d, Supporting Information).

Linear sweep voltammetry (LSV) was used to investigate the
effect of applied potential on Ru deposition in order to discover
the optimal conditions for MRF formation. The measurements
were performed in the reaction solution using an applied
potential between —0.2 to 1.0 V (vs Ag/AgCl) with a scan rate
of 50 mV s7! (Figure S7a, Supporting Information). According
to the obtained curve, the deposition of Ru (Ru** + 3e~ — Ru)
begins at around —0.5 V. To examine the influence of potential,
we performed deposition experiments at five different poten-
tials spanning —0.5 to 0.9 V using a constant deposition time
(t=1200 s). SEM images show that more negative potentials do
not produce a uniform porous structure, due to a combination
of hydrogen generation and reaction kinetic that is too fast to
incorporate the micelles in the film (Figure S7b—f, Supporting
Information). Although the MRFs prepared at —0.5 and —0.6 V
possess similar structure, the growth rate is slower at 0.5 V
and the thickness is not enough to cover the substrate (inset
images in Figure S7b,c, Supporting Information) Therefore, we
employed —0.6 V as the optimal deposition potential, and all the
samples are prepared at this potential for further electrochem-
ical measurements. The detailed discussion on the current effi-
ciency is shown in Figure S8 (Supporting Information).

Electrochemically active surface areas (ECSAs) were meas-
ured via copper underpotential deposition (Cu upd) stripping
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as described in the Experimental Section. (More details about
polarization potential and time are discussed in Figure S9 (Sup-
porting Information).) According to the integrated areas of Cu
upd stripping peaks (Figure S10a,b, Supporting Information),
ECSA of the MRF prepared at —0.6 V for 1200 s was 48.5 m? g,
which is much higher than the NRF (9.8 m? g™!) sample pre-
pared without micelles. Moreover, the ECSA increased propor-
tionally against the film thickness (i.e., deposition time). This is
a significant trend, suggesting that all pores found in our MRF
are accessible and electrochemically active even when the film
becomes thicker (Figure S10c, Supporting Information). When
ECSAs are normalized by volume, relatively constant values are
found over different deposition times (Figure S10d, Supporting
Information), which also indicates the homogeneous pore dis-
tribution even for thicker films.

For the application as a supercapacitor electrode, the as-
prepared MRF was modified to mesoporous Ru/RuO, (Meso-Ru/
RuO,), where RuO, is the surface oxidized by an electrochem-
ical oxidation process. Compared to other noble metals such as
platinum (Pt), thodium (Rh), palladium (Pd), and gold (Au),
Ru electrode has much more hysteresis between the anodic
and cathodic polarization in the typical cyclic voltammetry (CV)
range. This is because the reduction of surface oxide is much
slower than its formation in the anodic scan and never recovers
to the original metallic surface, especially when the potential is
swept to >0.8 V (vs reversible hydrogen electrode (RHE)).[04l
Hence, by intentionally running many CVs at higher potentials,
the surface of Ru electrodes is gradually covered by an oxide
layer. In our experiment, we perform 500 cycles CV from 0.2 to
1.2 'V (vs RHE) at the scan rate of 50 mV s7! in 0.5 m sulfuric
acid (H,SO,) solution (Figure 4a). The fast scan rate and cutting
the hydrogen region (0-0.2 V vs RHE) can minimize the time
for the oxide layer to be formed, leading to an efficient surface
oxidation process. The oxide formation peak at =1.2 V vanishes
with repeating the potential sweeps, indicating that there are no
metallic Ru sites to be oxidized on the surface after 500 cycles
(i-e., all surfaces are covered by oxide layer). In addition, new
reversible redox feature emerges at =0.7 V, which matches the
conversion between Ru(IV) and Ru(III). As shown in Figure 4b,
the Cu upd behavior is not observed on the as-processed Meso-
Ru/RuO, electrode, while the apparent Cu upd stripping peak
can be found on the MRF before oxidation (Figure S10a, Sup-
porting Information). This is also good evidence of the forma-
tion of surface oxide since the Cu does not deposit on the oxide
surface.! To further prove the presence of the surface oxide
layer, X-ray photoelectron spectroscopy (XPS) spectra were ana-
lyzed for the MRF and NRF (Figure 4c,d). Before oxidation, the
binding energies (BEs) of the Ru 3p;,, peaks are located at 461.3
(MRF) and 461.5 eV (NRF), matching the reported values for a
metallic Ru® surface that is partially oxidized in air. Upon elec-
trochemical oxidation, the BEs of Ru 3p;, peaks shift to 462.8
(Meso-Ru/RuO,) and 462.5 eV (nonporous Ru/RuO,; NP-Ru/
RuO,), respectively, and they match Ru* electronic state,
proving that the surface is completely oxidized. The slightly
higher BE peak of Meso-Ru/RuO, may indicate the formation
of hydrated species.[*”) Interestingly, wide-angle XRD patterns
(Figure S11, Supporting Information) of Meso-Ru/RuO, and
NP-Ru/RuO, samples indicate that the bulk of the film is not
changed significantly by electrochemical oxidation, suggesting

© 2020 Wiley-VCH GmbH
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Figure 4. a) 500 cycles CV of MRF obtained during electrochemical surface oxidation in 0.5 M H,SO, at the scan rate of 50 mV s™'. b) CV (dash) and
LSV (solid) curves of Meso-Ru/RuO, obtained in 0.1 M H,SO, and 0.1 M H,SO, +2 x 1072 M CuSO,, respectively. c,d) Ru 3psj, XPS spectra of MRF and

NRF before and after the oxidation process.

that only the top few layers of exposed pore walls are oxidized.
The crystal structure as well as porous architecture are not
destroyed (The data are given in the later section.).

Finally, we checked the performance of the Meso-Ru/RuO,
and NP-Ru/RuO, deposited at —0.6 V for 1200 s as supercapacitor
electrodes (Figure 5 and S12, Supporting Information). The
capacitance value of Meso-Ru/RuO, obtained from CV at the
scan rate of 1 mV s7!is calculated to be 467 F g~! ¢,,, and matches
the value obtained with galvanostatic charge/discharge (GCD)
measurements at a current density of 0.5 A g‘1 rRu- Moreover,
the capacitance is retained very well even when a faster charge/
discharge process (i.e., larger current density) is applied, indi-
cating fast ion transport. The CV curves are not rectangular
at higher scan rates, while they show a typical rectangular
shape at lower scan rates. Therefore, we may need to prepare
mesoporous films with larger pores to improve the accessibility
of reactants and achieve more effective performance. Overall, the
Meso-Ru/RuO, has a specific capacitance 17 times higher than the
NP-Ru/RuO,, (467 vs 28 F g1 ), while its ECSA is only five times
larger (Figure 5b). Even when the capacitance is normalized by
ECSA, the Meso-Ru/RuO, (0.96 mF cm™ pcga) has 3.3 times
higher performance than NP-Ru/RuO, (0.29 mF cm™ gcsp)-
These results indicate that the mesoporous architecture not
only enhances the surface area but also imparts other favorable
properties toward specific capacitance. One possible cause
of enhanced performance might be the presence of hydrated
surface species, which are indicated by XPS. And it has been
reported that hydrous regions promote proton permeation
into the structure and allow efficient charge storage along
with the excellent electron conductivity derived from both
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metallic Ru framework and RuO, surface.”’?%) Furthermore,
the fact that NRF has only tiny spaces in the bulk-like struc-
ture (Figure S4, Supporting Information) might contribute to
poor capacitance since these small pores may collapse during
the oxidation process, resulting in a loss of surface area.
Finally, long-term stability tests were conducted by running a
2000 cycles charge/discharge process at the current density of
10 A gt g, (Figure 5e). The as-prepared Meso-Ru/RuO, shows
excellent stability and even activated after several cycles. (Capac-
itance retention ends up with 111% after 2000 cycles.) Further-
more, the SEM observation of used sample confirms that the
porous structure is not affected by both the oxidation process
and the stability test (Figure 5f).

To date, several efforts have been made to prepare
mesoporous RuO, materials by templating methods. How-
ever, in most cases, the resulting porous structure is not uni-
form due to harsh chemical conditions and highly viscous
solutions. Although some of these previous works reported
ordered porous structures, their pore size is limited to <10
nm in diameter. Our method solves many of the challenges
in this work because polymer micelles are quite rugged in
electrochemical deposition processes. Moreover, it is also pos-
sible to fabricate patterned substrates by modifying the surface
conductivity of the substrates.3] Since Ru is a precious metal
and not abundant, the usage should be restricted to small-
area applications such as microdevice supercapacitors, which
is desirable for our modern society demanding various port-
able devices. However, traditional powder-state supercapacitor
materials are quite difficult to be loaded on such microscale
devices, and preparing mesoporous materials on the pattering

© 2020 Wiley-VCH GmbH
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Figure 5. a) CV and c) GCD curves of Meso-Ru/RuQ, obtained at different scan rates and current densities, respectively, in 0.5 m H,SO,. b,d) The
relationship between specific capacitance and scan rate or current density, respectively. e) Stability test showing capacitance retention over 2000 charge/
discharge cycles at a current density of 10 A g™ ... f) Top-surface SEM image of Meso-Ru/RuO, after stability test. The inset is the magnified SEM image.

is much more challenging. Our electrochemical approach has
the capability to overcome this issue and allow the direct syn-
thesis of mesoporous materials for usage in devices. Further-
more, the electrochemical oxidation process described here
does not destroy the ultrahigh surface area porous network,
enabling superior performance compared to other porous RuO,
materials in supercapacitor applications (Table S1, Supporting
Information).

3. Conclusion

Herein, we successfully propose the first example of the electro-
chemical synthesis of MRF with the help of polymeric micelles
as a soft template. In this concept, self-assembled micelles are
coordinated by Ru precursors and they move to Au/silicon
(Si) substrate to be continuously reduced to get the film. This
coordination was studied by UV-vis absorption analysis, and
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the micelle formation was also confirmed by TEM observa-
tion as well as SANS measurement. The applied potential was
selected to obtain the most homogeneous porous structure,
and we determined —0.6 V versus Ag/AgCl was the best condi-
tion. The as-prepared MRF possesses five times higher ECSA
(48.5 m? g!) than NRF (9.8 m? g7}) owing to the porous struc-
ture. The surface of these samples was subsequently modified
to RuO, by electrochemical oxidation process toward superca-
pacitor electrode. Both XPS and Cu upd stripping measure-
ments prove the formation of this surface oxide layer, while
XRD patterns reveal that the crystal structure remains as
metallic hcp Ru. Meso-Ru/RuO,, shows by far higher specific
capacitance (467 F g1 ¢, 0.96 mF cm™2 gcg,) than NP-Ru/RuO,
(28 F g! gy, 0.29 mF cm™ gegyp), and this capacitance as well
as porous structure are retained well even after 2000 charge/
discharge cycles stability test. Our electrochemical route to fab-
ricate mesoporous Ru/RuO, can allow the design of patterned
electrode for the real device by simply modifying the surface

© 2020 Wiley-VCH GmbH
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conductivity of substrate. Such flexible design cannot be
achieved by conventional method generating powder samples,
hence we believe that this simple and well-controlled electro-
chemical synthesis can cast new insight for other researchers
working on Ru oxide-based supercapacitor electrodes.

4. Experimental Section

Chemicals: Poly(ethylene oxide)-b-poly(methyl methacrylate) (PEO 10s00)-
b-PMMA 13000)) Was purchased from Polymer Source. THF and sodium
chloride (NaCl) (BioXtra, >99.5%) were obtained from Sigma-Aldrich.
RuCl; was supplied by TCI. H,SO,4 (98%) was provided by Merck. All the
chemicals were used without further purification.

Synthesis of MRFs: MRFs were prepared with an electrochemical
soft-templating method using self-assembled block polymer micelles
as pore-directing agents and sacrificial templates. Initially, 5 mg of
PEO (10500)-b-PMMA 13000) Was completely dissolved as unimers in 0.5 mL
of THF under sonication. 0.5 mL of 4 X 10 m aqueous RuCl; solution
was added to this solution and the volume of the reaction solution was
increased to 5 mL by adding distilled water. Since the hydrophobic PMMA
segments are not soluble in water, successive additions of aqueous pre-
cursor solutions and water induce the micellization of the block copolymer.
The Ru precursors interact with the PEO shell of the micelles and decorate
its surface (Figure S1, Supporting Information). Electrochemical deposi-
tion was performed using a conventional three-electrode system with a Pt
counter electrode, Ag/AgCl (3 M NaCl) reference electrode, and Au-coated
Si substrate as the working electrode. Upon applying —0.6 V for 1200 s,
Ru precursors were codeposited with micelles onto the Au working elec-
trode, where it is reduced continuously to generate a film with a thick-
ness of 100 nm. The deposited area was fixed to 0.18 cm? for all samples.
After the completion of electrodeposition, the samples were taken out
from the reaction bath and washed in 50 °C THF for 1 min to remove
remaining polymers, then rinsed by distilled water (Scheme 1). As a refer-
ence sample, NRF was prepared via the same method in the absence of
block-polymer micelles. (Note: Spherical micelles can be prepared by Plu-
ronic polymers such as P123, F127, when the concentration is over critical
micelle concentration (CMC). However, since these micelles are unstable,
it is hard to prepare mesoporous Ru films.)

Characterizations: The morphologies of prepared MRFs were observed
by SEM (HITACHI SU-8000) at the accelerating voltage of 5 kV.
Furthermore, the internal structure of the pores was investigated with
a TEM (JEOL JEM-2100F; 200 kV). HRTEM, HAADF-STEM, and selected
area electron diffraction (SAED) patterns were also collected with this
instrument. Wide-angle XRD patterns were obtained with a RIGAKU
SmartLab 3kW-BU using Cu Ko radiation (40 kV 30 mA). For the
analyses of surface chemistry, XPS was conducted by Kratos Axis Ultra
XPS using a monochromatic Al Ko (1486.6 eV) X-ray source. While the
mass of deposited Ru can be estimated by the theoretical calculation,

Au/Si
substrate

Micelle assembly
wwww PEO-b-PMMA @ Ru precursor
e WD |
criri T Bg®
W:Ji} L ;
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the actual values were also confirmed by inductively coupled plasma
optical emission spectroscopy (ICP-OES, HITACHI SPS3520UV-DD).
In addition, the interaction between Ru precursors and micelles was
examined via UV-vis (JASCO V-7200).

Determination of ECSAs: Traditionally, the ECSAs of platinum group
metals can be determined either by carbon monoxide (CO) stripping
voltammetry#l or CV in the hydrogen adsorption/desorption
regions.[*% However, the potential of the Ru oxidation peak overlaps
with the hydrogen desorption region, so the latter method cannot
be used. Moreover, the formation of more than one layer as well as
dissolution into metallic Ru may create additional problems. Also, it is
not yet well established whether CO adsorbs to the surface of Ru with a
1:1 ratio.*"*] Due to these issues, Cu upd stripping is a useful alternative
technique to CO stripping because Ru and Cu have similar radii (Ru =
0.134; Cu =0.128 nm) so Cu atoms deposit on Ru surface with 1:1 ratio.!
Hence, all ECSAs reported in this paper use the Cu upd stripping method
described in detail next.

All electrochemical experiments were implemented by CHI 660E
electrochemical analyzer (CHI Instrument, Inc.) using the same three-
electrode system as the case of preparing samples. To make the data
easy to compare, the measured potentials were converted to RHE values
using the following equation

Erne = Engjagci +E Rg/ngcr +0.059pH U]

where Egyg is the potential versus RHE, Epgaeci is the value measured
against Ag/AgCl reference electrode, and Elsgpgc is the standard
potential of this electrode (EoAg/AgG = 0.195 V vs RHE). Before all
measurements, the mesoporous electrodes cleaned electrochemically
by cycling the voltage 400 times via CV from 0.05 to 0.8 V at a scan
rate of 500 mV s7 in 0.1 m H,SO,. Afterward, one cycle of CV was
collected at a slower scan rate (10 mV s™) to serve as a background
for integrating Cu upd peaks. Next, the electrolyte was changed to
0.1 M H,SO, + 2 X 1072 M CuSO,, and another CV graph was collected
at the same scan rate to investigate the behavior of Cu upd and its
stripping. This technique is discussed in more detail in the Supporting
Information. Finally, the potential was held at 0.4 V for 300 s to form a
monolayer of Cu on the Ru surface, and then LSV was operated from
0.4 to 0.8 V to release this monolayer—completing the so-called Cu upd
stripping step. Assuming that the stripping of Cu upd monolayer is a
two-electron transfer process (Cu upd — Cu?* + 2e7, 420 uC cm2),5051
the ECSAs can be calculated with the following equation

_ o[Av]
v[VsT]x Qo [Cem]x m[g]x 10000

ECSA[m?g™] )

where Q is the integrated Cu upd stripping peak area, v is the scan rate
(10 mV s™), Qq is the charged density (420 uC cm2), and m is the mass
of Ru deposited on the surface.

Performance as a Supercapacitor Electrode: The surface of the
as-prepared Ru electrodes was converted to an oxide layer by performing

Mesoporous Ru film
on Au/Si substrate

Electrochemical deposition

Scheme 1. lllustration of the electrochemical synthesis of MRF.
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500 cycles CV from 0.2 to 1.2 V (vs RHE) at the scan rate of 50 mV s in
0.5 M H,SO,. The original micelles determine the resulting pore shapes
and pore sizes in the reaction solution. The hydrophobic PMMA unit (i.e.,
the core of micelles) and hydrophilic PEO unit (i.e., the shell of micelles)
generate the pores and pore walls, respectively. Hence, the pore sizes
can be controlled by using different molecular weights of PMMA units.
Subsequent oxidation does not significantly change these pore shapes
and sizes. Their applied times and potentials during the electrochemical
oxidation affect only the oxidization degree of the Ru surface.

After the samples were electrochemically oxidized, they were directly
used for the performance test toward supercapacitor electrodes. Both
CV and GCD measurements were conducted in 0.5 m H,SO, to examine
specific capacitance. CVs were collected in the potential range of 0.2-1.0 V
versus RHE at various scan rates (e.g., 1, 2, 3, 4, 5, 10, 15, 20, 30, 40, 50,
100, 150, 200, 300, 400, and 500 mV s7'), and the specific capacitances
were calculated with the following equation

[1dv[AV] ,
2xmg]xv[VsT|xAV[V] (3)

C[F g’1] =

where C is the specific capacitance, [IdV is the integrated area of CV
curve, m is the mass of deposited Ru, v is the scan rate, and the AV
is the potentials window (1.0 V). GCD properties were investigated by
chronopotentiometry (CP) between 0.2 and 1.0 V versus RHE at various
current densities (e.g., 0.5, 1, 2, 4, 6, 8, and 10 A g7), and specific
capacitances were calculated again with the following equation

a1 [A]xAt[s]
clFe]= A VIxmlg] “
where [ is the current density and At is the time consumed to complete
the discharge process. Additionally, the specific capacitances (mF cm™2)
were also obtained by replacing m values with S [cm?] (geometric surface
area: 0.18 cm?) in Equations (2) and (3).

The stability test was performed by running 2000 charge/discharge
cycles at a current density of 10 A g7 and calculating the specific
capacitance for each cycle with Equation (3).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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