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ABSTRACT: Heterogeneous Pt−Ru catalysts are synthesized
by atomic layer deposition (ALD) of Ru onto a porous Pt
mesh and employed as the anode in direct methanol solid
oxide fuel cells (DMSOFCs). The degree of Ru coverage is
controlled by the number of deposition cycles employed in
catalyst preparation; samples are prepared using 50, 100, 200,
300, and 400 cycles. The dispersed nature of the ALD Ru
coating is confirmed by auger electron spectroscopy and high-
resolution transmission electron microscopy. DMSOFC
performance is measured at several temperatures between
300 and 450 °C. Optimal ALD Ru coverage results in
DMSOFC power and electrode impedance values close to ones from SOFCs with Pt electrodes running on hydrogen. Thermal
stability is also improved significantly, preventing agglomeration of the Pt mesh. X-ray photoelectron spectroscopy is used to
analyze the chemical properties of the surface and confirms that increased ALD Ru coverage results in a dramatic reduction in the
amount of surface-bound carbon monoxide (CO) present after cell operation. This suggests that improved anode kinetics
resulted from the reduction of the CO-passivated Pt layer.
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1. INTRODUCTION

Methanol has attracted considerable attention in the fuel cell
industry as an alternative to hydrogen for several reasons.1−5

First, methanol is a stable liquid, making it easy to transport and
store. In addition, methanol has a relatively high volumetric
energy density compared to other liquid hydrocarbon fuels.
Finally, methanol can be injected directly into fuel cell stacks
without the need for a fuel reformer or sulfur removal, which
are generally both necessary for hydrogen-based fuel cells.
High-performance methanol fuel cells require high-performance

anodic catalysts to effect methanol oxidation.5,6 Currently,
Pt/Ru bimetallic catalysts are the most promising because of
the rapid oxidation of methanol on the Pt surface combined
with the Ru-catalyzed oxidation of carbon monoxide (CO) to
carbon dioxide (CO2).

7−11 A variety of methods have been
investigated for the preparation of these catalysts, including
impregnation and techniques relying on colloidal dispersions
and microemulsions.11−16 In addition, atomic layer deposition
(ALD) has recently attracted attention as an alternative method.
ALD, a modified chemical vapor deposition technique, uses
gaseous precursors as material sources for film synthesis. In this
process, films grow via a self-limiting thermal reaction between
the evaporated source chemicals and the heated substrate; as
long as sufficient material is present on the substrate surface, the

growth rate is independent of gas concentration and flow
direction.17−20 For this reason, ALD films can grow uniformly
along uneven substrate surfaces, enabling catalytic materials to be
evenly dispersed over materials with high surface areas, such as
nanoscale spheres, trenches, and rods, as well as the inner
surfaces of nanoporous materials.21−30

ALD has been repeatedly employed to develop metallic cata-
lysts for methanol oxidation.25−27 Christensen and co-workers
demonstrated that aluminum oxide nanoparticles coated with
Pt and Ru by ALD outperform a mixture of the corresponding
pure metallic particles.25 In addition, highly dispersed Pd
particles uniformly deposited by ALD along the inner surfaces
of porous silica showed effective methanol oxidation.26,27

However, although the authors emphasized that the main
application of their findings would be in the development of
catalysts for direct methanol fuel cells (DMFCs), none of these
studies integrated these materials into working fuel cells.
Although ALD Pt catalysts have been shown to be effective
catalysts in this regard,23,24,30−32 there are no reports on ALD
Ru catalysts.
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In this study, we prepared Pt mesh coated with Ru shell by
ALD and tested the potential of this material as an anodic
catalyst in a direct methanol solid oxide fuel cell (DMSOFC)
utilizing a ceramic electrolyte fabricated from gadolinium-
doped ceria (GDC). In the search for optimal content of Ru in
terms of electrochemical performance, the ALD Ru was
introduced to the Pt surface over 50, 100, 200, 300, and 400
cycles; these samples are referred to as Pt/Ru ALD 50, Pt/Ru
ALD 100, Pt/Ru ALD 200, Pt/Ru ALD 300, and Pt/Ru ALD
400, respectively, whereas samples that were not coated with
Ru are simply referred to as Pt. A schematic of our work is
shown in Figure 1. Previous work has described the ALD Ru

reaction mechanism, which proceeds via the complete oxidation
of the metallic Ru precursor adsorbed on either Pt or Ru. This
process can be represented by the following reactions, represent-
ing a single pulse cycle in the process; bis(ethylcyclopentadienyl)
ruthenium(II) (Ru(EtCp)2) is used as the Ru precursor.33

Ru precursor pulse cycle:

+ → + +Ru(C H C H ) 37O Ru 14CO 9H O5 4 2 5 2(g) (ads) (s) 2(g) 2 (g)

(1)

Oxygen pulse cycle:

→18.5O 37O2(g) (ads) (2)

A structure consisting of a Pt core with a Ru shell has been
reported as the most effective in terms of both catalytic
performance and stability.34,35 The performance of the
developed electrodes was then evaluated with respect to
surface kinetic impedance and fuel cell power output. In
addition, the thermal and chemical stability of the catalyst was
investigated by studying the morphology and chemical
composition of the material both before and after cell
operation.

2. EXPERIMENTAL SECTION
2.1. Preparation of GDC Electrolyte Support. GDC

pellets were synthesized by uniaxial pressing of commercial
GDC powder (Rhodia) at approximately 1600 kgf cm−2,

followed by sintering at 1450 °C for 10 h in air. The thickness
of the pellets after polishing was about 350 μm, and the
diameter was 1 cm. The uniform density of the synthesized
pellets was confirmed by field emission scanning electron
microscopy (FESEM, S-4800, Hitachi, Korea University) and
compaction curve analysis. The polycrystalline nature of the
samples was confirmed by X-ray diffraction (XRD, D/MAX-
2500 V/PC, Rigaku, Korea University), as shown in Figure S1a.
Impedance measurements with porous Pt electrodes in fuel cell
operation with methanol confirmed that the ionic conductivity
of the samples was in agreement with published reference
values, as shown in Figure S1b.36,37

2.2. Sputtering of Pt Electrodes. The porous Pt
electrodes were prepared by DC sputter deposition, applied
to both sides of the GDC pellet. The cathode was deposited
using a sputter mask with a diameter of 0.35 cm. The procedure
was conducted at 100 W in a 90 mTorr Ar atmosphere, which
was set after an initial evacuation to 10−3 mTorr. Sputtering for
10 min gave a porous Pt mesh with a thickness of 150 nm.

2.3. ALD of Ru. Ru ALD was achieved using Ru(EtCp)2
(UP Chemical) and pure oxygen (99.9%) as the precursor and
oxidant, respectively, whereas a thermal ALD chamber (ICOT
Company Inc.) was employed for the procedure; structural
details of the ALD system are given in previous publica-
tions,38,39 and optimal conditions for metallic Ru fabrication are
summarized in the literature.33,40,41 The substrate temperature
was set to 320 °C, while the precursor and oxidant were
supplied in 5 s pulses using pure nitrogen (99.99%) as a carrier
gas, set to a flow rate of 1 sccm. The reaction chamber was
purged with nitrogen between the precursor and oxidant pulses
at the same flow rate. To confirm the growth rate of ALD Ru,
we have put 1 cm by 1 cm Si (100) pieces beside the fuel cell
sample and have measured the cross-sectional film thickness
using FESEM, as shown in Figure S2a. As a result, we have
confirmed that the Ru films grow in the ALD mode where
thickness of the film grown per one precursor pulsing cycle satu-
rates regardless of varied pulsing time as shown in Figure S2b.
The resulting growth rate was found to be 0.4−0.5 Å cycle−1,
which is in good agreement with reference values.33,40,41 The
dispersion pattern of the deposited Ru was identified by auger
electron spectroscopy (AES, PHI 700Xi, ULVAC-PHI, Hanyang
University). High-resolution transmission electron microscopy
(HRTEM, JEM-2100F, JEOL, Hanyang University) with the
energy-dispersive X-ray spectroscopy (EDS) composition
analysis was used to probe the Ru nanomorphology. The
chemical composition of the surfaces was analyzed by X-ray
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe,
ULVAC-PHI, Korea Institute of Science and Technology).

2.4. Electrochemical Characterization and Fuel Cell
Measurement. Cell performance was measured by current−
voltage (I−V) analysis and AC impedance spectroscopy at four
specific temperatures between 300−450 °C. Electrochemical
impedance spectroscopy (EIS) was measured with a potentio-
stat (Reference 3000, Gamry Instruments) and was conducted
over a frequency range of 106−1 Hz and with a voltage
amplitude of 10 mV. The anode side of the fuel cell was sealed
to a small chamber by means of a gold gasket, while the
nitrogen carrier gas was bubbled through pure liquid methanol
(99.9%) at a flow rate of 20 sccm at room temperature. The
cathode side was exposed to atmosphere. The details of cus-
tomized fuel cell measurement setup are shown in Figure S3. As
shown in Figure S3a, reactants such as the methanol/nitrogen
mixture fuel were introduced into anode chamber side, and

Figure 1. Schematic of a GDC-based SOFC with porous Pt/Ru ALD
anodes.
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products such as H2O, CO2, and other intermediates were
emitted to a ventilating opening. As shown in Figure S3b, we
can precisely control inlet gas flow rate from 0 to 200 sccm by
using the mass flow rate controller, and we can control the
chamber temperature from room temperature to 1000 °C by
using the temperature controller. For a fuel cell measurement,
the probe tip contact method was used as shown in Figure S3c.
Our customized fuel cell chamber was installed on the button
cell heater linked with the temperature controller. The Pt probe
tip was used as the working electrode, and the counter
electrode was connected to anode chamber side. Pure nitrogen
gas was used as carrier gas to bubble pure methanol, as shown
in Figure S3d.

3. RESULTS AND DISCUSSION
3.1. Morphological and Compositional Analysis of

Pt/Ru ALD Surface. Figure 2 shows the AES images of the
catalyst samples; green points represent ALD Ru. Overall, ALD
Ru did not fully cover the entire Pt surface, even after 400
cycles; the total Ru surface coverage peaked at 20.7% at this
point, with Ru accumulating inconsistently in concentrated
pockets. This pattern was also observed with HRTEM, as
shown in Figure 3. The HRTEM cross-sectional images further
reveal that the ALD Ru film formed as islands along the surface
of the Pt columns. To further investigate the growth mode of
the ALD Ru, we have prepared another set of samples with
ALD Ru (50−400 cycles) deposited on a mesh grid coated with
porous Pt sputtered through the same process with one for our
fuel cell samples. HRTEM images of the ALD Ru on the mesh

also confirmed the island nucleation of Ru on Pt, as shown in
Figure S5. The details of the grid-ALD Ru experiment are
described in the Supporting Information. This island growth of
the ALD Ru can be explained by the lack of appropriate surface
functional groups on the Pt substrate, which are essential to Ru
chemisorption and, consequently, film growth.42−44 Ru also has
a much higher surface energy of 3.9 J m−2, compared to 2.7 J m−2

for Pt; the potential decrease in surface energy would favor
decreased Ru surface area through the formation of Ru
clusters.42,45 This growth pattern has been heavily reported for
the deposition of materials with low surface energy on surfaces
lacking suitable functional groups,46−48 and has been
adequately rationalized by the Markov nucleation model.49,50

3.2. Fuel Cell Performance. Figure 4a shows I−V and
power output data for Pt, Pt/Ru ALD 50, Pt/Ru ALD 100, and
Pt/Ru ALD 200 cells tested at 400 °C, whereas Figure 4b
shows maximum power density. All bimetallic catalysts
outperform pure Pt, confirming that ALD treatment enhances
surface kinetics. Overall, the Pt/Ru ALD 100 cell provided the
highest power output, with an increase in performance of more
than 1 order of magnitude over the pure Pt cell for all measure-
ment temperatures. For comparison, the same cell configuration
was evaluated for pure Pt with dry hydrogen; enhancement of
the maximum power density of the control, when compared to
the Pt/Ru ALD 100 cell, was less than 40% for all temperatures
except 450 °C, where it was 63%, as shown in Figure 4c.
EIS was conducted to investigate impedance of the electrode

processes. Figure 5a shows EIS spectra of a Pt/Ru ALD 100 cell
characterized at 400 °C under different bias conditions; this

Figure 2. AES composition mapping of ALD Ru on sputtered Pt mesh. (a) Pt/Ru ALD 50, (b) Pt/Ru ALD 100, (c) Pt/Ru ALD 200, (d) Pt/Ru
ALD 300, and (e) Pt/Ru ALD 400. Ru deposits are shown in green.

Figure 3. (a)−(c) HRTEM cross-sectional images of a Pt/Ru ALD 400 anode surface showing the presence of sputtered Pt columns. In (c), the
presence of deposited Ru is indicated in yellow. (d) and (e) show the corresponding diffraction patterns for Pt and Ru at the points marked in (c).
(f)−(h) HRTEM cross-sectional image of the Pt/Ru ALD 400 anode surface with the EDS composition analysis.
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technique has been previously applied to distinguish impedance
contributions from charge transport and electrochemical
processes.51,52 Generally, high frequency arcs represent electro-
lyte resistance, whereas low frequency arcs represent electrode
or polarization impedance; the fact that impedance values
obtained from fitting to the arcs appeared at high frequencies
showed no apparent change to applied bias voltage as shown in
Figure 5b, but impedance from the low frequency arc
significantly decreased with increased overpotential, as shown
in Figure 5c, confirms that this is the case for these data.
Given these results, electrolyte and electrode impedances

were compared for the various Pt/Ru ALD DMSOFCs with
respect to area-specific resistance (ASR), using a cell voltage of

0.7 V and a temperature of 400 °C. Overall, electrode imped-
ances were significantly greater than electrolyte impedances,
implying that overall performance is governed by an electrode
process. The electrode ASR of the Pt/Ru ALD 100 cell was
lowest (41 Ω cm2), whereas that of the pure Pt sample was
more than 2 orders of magnitude higher (5330 Ω cm2); this
explains the superior performance of the Pt/Ru ALD 100 cell.

3.3. Thermal Stabilization Effect of ALD Ru. To
investigate the cause of the large electrode impedance measured
in the Pt cell, changes in morphology resulting from cell opera-
tion were analyzed through FESEM. The Pt columns in all
samples were initially separated, as shown in Figure 6. After the
450 °C cell test, severe morphological changes were observed
in the Pt cell, where most of the Pt aggregated into clusters that
contained only small spaces.
The triple-phase boundary (TPB) is the area where the

electrolyte, electrode, and gas phase are in physical contact; it is
here that the majority of charge transfer and methanol
oxidation takes place. Image processing software calculated
the TPB density of the Pt cell to be 0.020 nm−1 initially, which
is consistent with previous reports.53 However, that value
dropped to 0.005 nm−1 after electrochemical testing, which is
consistent with previous reports on thermal aggregation of
sputtered porous Pt, a phenomenon that is especially common
after SOFC testing.53−55 However, ALD Ru surface treat-
ment significantly reduced thermal coarsening, as shown in
Figure 6. The Pt/Ru ALD 100 sample demonstrates this quan-
titatively, with TPB densities of 0.015 nm−1 and 0.012 nm−1

before and after cell testing, respectively. The effect for the Pt/Ru
ALD 200 sample was even more significant, with a change of
only 0.001 nm−1, or 4% overall. Figure 7a summarizes the
calculated TPB densities for all tested samples. We also
compared the fuel cell performance of the Pt/Ru ALD 100
anode, which was the best-performing ALD-treated catalyst,
with that of the bare Pt anode over 3 h of operation at 450 °C.
We observed very severe degradation in the bare Pt anode, with
a performance drop of 2−3 orders of magnitude, and the Pt/Ru
ALD 100 treatment effectively minimized degradation, with a
performance drop of less than 1 order of magnitude, as shown
in Figure 7b.
Bimetallic clusters have been reported to exhibit improved

thermal stability compared to pure metal particles,24,56−59 a
phenomenon that can be explained by the nature of the metal−
metal interaction. During cell operation, the Ru-coated Pt
surface transforms to a Pt/Ru alloy due to increasing bonding
energies between the two metals.58,59 Ru and Pt have melting
points of 2250 and 1772 °C, respectively; therefore, the
resulting alloy is believed to have a higher melting point than
the homogeneous Pt cluster. In addition, Pt and Ru show an
electronegativity difference, with values of 2.28 and 2.2,
respectively; as such, Ru atoms on the Pt surface readily
oxidize, forming a passivated layer and suppressing coarsening
of the Pt clusters.59 Given its unique features, applying ALD to
metal cores has therefore been a particularly viable method for
stabilizing nanoscale metal catalysts utilized in high temperature
applications.24,56,57

3.4. Bimetallic Catalyst Effect of ALD Ru. XPS spectra of
the sample anodes were acquired after cell operation to further
investigate the kinetic effect of ALD Ru coating. No surface
etching was applied in order to better identify adsorbates on the
catalyst surface; in order to better do so, the C 1s spectra were
deconvoluted into CC, CO, and COO peaks by Gaussian
curve fitting. Figure 8 shows the peak fitting results for the Pt,

Figure 4. (a) Fuel cell performance at 400 °C for Pt, Pt/Ru ALD 50,
Pt/Ru ALD 100, and Pt/Ru ALD 200. (b) Maximum power densities
for Pt, Pt/Ru ALD 50, Pt/Ru ALD 100, Pt/Ru ALD 200, Pt/Ru ALD
300, and Pt/Ru ALD 400 running with methanol, alongside a Pt cell
running with dry hydrogen. (c) Comparison of maximum power
densities from the Pt/Ru ALD 100 cell running with methanol and the
Pt cell running with dry hydrogen.
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Pt/Ru ALD 50, Pt/Ru ALD 100, and Pt/Ru ALD 200 samples.
During DMSOFC operation, adsorbed CO groups form either

a linear (−CO) or bridge (CO) bond to Pt, with the former
being preferred for high methanol concentrations and the latter

Figure 5. (a) Nyquist impedance spectra of the Pt/Ru ALD 100 cell at 400 °C under both an open circuit bias voltage (OCV) and a 0.7 V cell bias
voltage. Electrochemical impedance with respect to (b) ohmic and (c) polarization ASR for the Pt/Ru ALD 200 cell, conducted at OCV and 0.5 V,
300−450 °C. (d) ASR for the Pt, Pt/Ru ALD 50, Pt/Ru ALD 100, Pt/Ru ALD 200, Pt/Ru ALD 300, and Pt/Ru ALD 400 cells, at 0.7 V and 400 °C.

Figure 6. FESEM images of (a)−(b) Pt, (c)−(d) Pt/Ru ALD 50, (e)−(f) Pt/Ru ALD 100, (g)−(h) Pt/Ru ALD 200, (i)−(j) Pt/Ru ALD 300, and
(k)−(l) Pt/Ru ALD 400, both before and after cell operation at 450 °C.
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being preferred for low.9,60,61 Figure 9 shows CO anode surface
coverage after use for all tested samples. Overall, CO

concentration decreases as Ru content increases, with CO
accounting for 12.6% of Pt surface composition versus 0.88%
and 0.46% for Pt/Ru ALD 100 and Pt/Ru ALD 200,
respectively. This phenomenon can be rationalized by
considering the superior ability of Ru to catalyze CO
oxidation.9−11,61 The DMSOFC anode process can be
described by the following reaction:

+ → + +− −CH OH 2O CO 2H O 4e3
2

2 (3)

Pt is typically considered the best catalysts for this exothermic
and thermodynamically favorable reaction.9−11 Note that
adsorbed CO passivates the Pt surface and prevents further
methanol oxidation. Removal of these CO groups by oxidation
requires the presence of active hydroxyl groups, as shown in the
following reaction:

+ → + +− + −CO OH CO H 2e2 (4)

Figure 7. (a) TPB densities for all tested samples both before and after
cell operation at 450 °C, based on FESEM images. (b) Comparison of
the maximum power densities measured from cells with Pt and Pt/Ru
ALD 100 over 3 h of operation at an operating temperature of 450 °C.

Figure 8. C 1s XPS spectra of the anode surfaces of the (a) Pt, (b) Pt/Ru ALD 50, (c) Pt/Ru ALD 100, and (d) Pt/Ru ALD 200 samples after cell
operation at 450 °C, with peak fitting for CC, CO, and COO binding spectra.

Figure 9. Calculated CO coverage of the used anodes of the Pt, Pt/Ru
ALD 50, Pt/Ru ALD 100, and Pt/Ru ALD 200 samples, based on the
C 1s XPS spectra.
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Note that the water produced at the anode site can be utilized
as a source of OH− through the following process:

→ +− +H O OH H2 (5)

Dehydrogenation of water has been reported as more
energetically favorable on Ru than on Pt.10 Therefore, added
Ru should promote OH− formation, both facilitating CO
oxidation and making the Pt surface exclusively available for
methanol oxidation. The relatively large anodic overpotential of
the Pt and Pt/Ru ALD 50 cells observed through I−V and EIS
analysis can therefore be explained by the lack of Ru essential
for OH− generation. In contrast, increased Ru concentration
leads to a reduction in the amount of Pt available for methanol
oxidation, explaining why the Pt/Ru ALD 200, Pt/Ru ALD
300, and Pt/Ru ALD 400 cells underperform when compared
to the Pt/Ru ALD 100 cell.
ALD Ru 200 cycle is more appropriate for Pt electrode

stability than ALD Ru 100 cycle. However, ALD Ru 200 cycle
covers more Pt electrode essential for dehydrogenation of
methanol than ALD Ru 100 cycle, implying catalytically
unfavorable for methanol oxidation.

4. CONCLUSIONS
In this study, the DMSOFC electrode performance of Pt
catalysts and bimetallic Pt/Ru catalysts prepared by ALD were
compared. Ru was deposited by ALD on a sputtered Pt mesh,
which was then integrated into a DMSOFC using GDC pellets
as the electrolyte. The formation of highly dispersed
agglomerations of ALD Ru on the Pt surface was confirmed
by HRTEM. Overall, Pt/Ru ALD 100 showed the closest to
optimal coverage of ALD Ru, outperforming pure Pt by more
than 1 order of magnitude in terms of power output. EIS clearly
confirmed that this enhanced cell performance was due to
reduced electrode resistance and further showed that the ASR
of the Pt/Ru ALD cell was 2 orders of magnitude smaller than
that of the pure Pt cell. This technique also helped prevent Pt
thermal agglomeration, preserving TPB density and improving
operational stability.
XPS confirmed a significant reduction in the amount of

postoperational surface-bound CO on the anode, with this
effect being more marked for higher Ru coverage. The presence
of CO passivates the Pt surface and retards dehydrogenation
and methanol oxidation. Therefore, the observed increase in
cell performance likely results from improved CO oxidation by
ALD Ru. However, Pt-catalyzed methanol oxidation is hindered
by excessive Ru coverage, explaining the deterioration in
performance observed for the Pt/Ru ALD 200, Pt/Ru ALD
300, and Pt/Ru ALD 400 samples.
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