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ABSTRACT We present a method for forming ordered rhodium nanostructures hydrogen electrooxidation impedance
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of rhodium nanoparticles of uniform size and interparticle spacing. The nano- Re (2) (@ cm?)
structures were characterized by scanning electron microscopy, X-ray photoelec-

tron spectroscopy, and atomic force microscopy. The electrocatalytic performance of the nanoparticles was investigated with AC impedance spectroscopy.
We observed that the addition of the particles to a model solid oxide fuel cell anode provided up to a 14-fold improvement in the anode activity as

evidenced by a decrease in the ACimpedance resistance. Examination of the anode after electrochemical measurement revealed that the basic morphology

and distribution of the particles were preserved.
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grand challenge for solid oxide fuel

cells (SOFCs) is to become cost-

competitive with entrenched meth-
ods of large-scale, stationary power genera-
tion, e.g., coal-fired power. In contrast to
combustion, SOFCs can provide electrical
power with zero carbon emissions and the
highest known fuel-to-power conversion
efficiencies." However, by the metric of cost
per watt, SOFCs are nearly a factor of 10
more expensive. Improved performance
could change this, and although efficiencies
of working devices are high, it is believed
that significant gains in overall performance
are possible with combined advances in key
device components.>?

One area of potential improvement is the
anode. An SOFC is an electrochemical de-
vice comprised of a solid oxide electrolyte
placed between an anode and a cathode. At
the anode, the fuel, e.g., hydrogen, is elec-
trochemically oxidized by oxide ions arriv-
ing from the electrolyte, and the resulting
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flow of electrons (current) is sent to an
external circuit. A conventional anode is a
porous composite formed of metal, typically
Ni, and the ceramic electrolyte, typically
yttria-stabilized zirconia, components with
percolating ionic, electronic and gas transport
pathways. The performance of such a cermet
(ceramic-metal) anode is, in large part, deter-
mined by its electrocatalytic activity, moti-
vating designs that attempt to maximize
the number of the gas-metal-ceramic con-
tact points, as these triple-phase-boundaries
(TPBs) serve as the reaction sites, while main-
taining favorable transport characteristics.* ¢

Several studies have indicated it is possi-
ble to increase electrochemical activity of
cermet SOFC anodes through the introduc-
tion of metal nanoparticles. Zhu et al. de-
monstrated that a composite anode with
Ni nanoparticles dispersed by impregnation
has a power density more than double
its untreated counterpart.” Kobsiriphat
et al. showed that Ni and Ru nanoparticles
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introduced by way of thermally driven diffusion and
clustering also enhance power density.® Similarly,
Gross et al. observed a sharp increase in anode activity
upon impregnation of Pd, Ni and even Cu nanoparti-
cles into SOFC anodes.’ Whereas Kim et al. have shown
the particular utility of palladium-ceria core—shell
nanoparticles for such applications.'® These results
demonstrate the potential benefits of metal nanopar-
ticles in SOFCs, and they motivate efforts to develop
fabrication methods for the precise control of nano-
particle size and number density for ultimate maximi-
zation of fuel cell power output.

Block copolymer lithography (BCPL) has emerged as
a versatile, solution-based technique for engineer-
ing nanoscale structures. Applied to the formation
of nanoparticles on a surface (aka reverse micelle
encapsulation), it can provide a high degree of control
over particle size and interparticle spacing, e.g., quasi-
ordered arrays of uniformly sized nanoparticles."’
Control is based on the choice of polymer, metal
salt loading, and processing conditions.'? Particle sizes
can be as small as a few nanometers; for example,
Kumar and Zhou produced arrays of (3.1 + 0.5) nm Au
nanoparticles with an interparticle spacing of (28.3 +
3.7) nm."® Additionally, processing costs of BCPL are
considerably lower than alternative methods offering
similar levels of control, e.g., electron beam lithogra-
phy. Finally, BCPL is applicable to large areas, and it is
not limited to planar surfaces, allowing rough surfaces
and even powders to be coated.' Together, these
features make BCPL a promising route for incorporat-
ing nanoparticles into SOFC anodes.

In principle, virtually any metal of interest as a
catalyst, including those relevant to SOFCs, can be
produced by BCPL to generate monodisperse, uni-
formly distributed nanoparticles.>~'” Bimetallic parti-
cles are also possible.'® The present study employs Rh
as an example of the effectiveness of the BCPL approach.
Rhodium-based catalysts have a number of important
applications including controlling automobile exhaust
emissions and reforming fuels such as biogas and
diesel.’?° The high activity, thermal stability and resis-
tance to carbon deposition of Rh render it particularly
effective in SOFC anodes." Even at ambient temperatures,
Rh nanoparticles have shown promising electrocatalytic
activity for formic acid oxidation.?' Despite the flexibility
of the BCPL approach and the importance of Rh as a
catalyst, there is limited work on BCPL of rhodium.??

In this study, we present a robust method for syn-
thesizing arrays of rhodium nanoparticles by BCPL. The
particles were applied to a model SOFC anode, and
the electrochemical activity for hydrogen oxidation
was compared to that of an identical one without Rh
nanoparticles. The model anode configuration consists
of Pt current collectors applied to an oxide ion electro-
lyte and embedded beneath dense, mixed-conducting
ceria. In contrast to conventional cermet anodes, the
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Figure 1. The low-frequency electrochemical reaction im-
pedance response of SDC thin film cells measured at 650 °C,
5% H, with and without Rh nanoparticles as extracted from
the measured full spectra (Figure SI-5 normalized by elec-
trode area for each electrode. (~2.5% H,0, balance Ar). The
‘final' measurements are data sets collected 40 min after the
initial measurements. Changes in electrochemical activity
for the Rh decorated anode are negligible.

electrochemical oxidation of hydrogen occurs on the
surface of the exposed oxide, permitting a direct and
quantitative assessment of the role of the Rh nano-
particles in the electrocatalysis.?® Advantages of the BCPL
synthesis technique and future directions are discussed.

RESULTS/DISCUSSION

Shown in Figure 1 are example impedance spectra
collected at 650 °C under 5% H,, ~2.5% H,O and
balance Ar (total pressure of 1 atm), for anodes with
and without Rh. For ease of comparison, only the
impedance contribution of the electrochemical reaction
is shown, and the response is normalized with respect to
the area of the ceria electrode, irrespective of the pre-
sence of Rh particles (Figure SI-5). Most striking from
these data is the significant decrease in the electrode
impedance, represented by the diameters of the arcs in
the spectra, upon application of the Rh. For this particular
set of conditions, the difference amounts to a factor of §;
in some cases, the difference was as much as a factor
of 14 (Table SI-1, Figure SI-6). The dramatic influence of
Rh, on the one hand, confirms that the rate limiting
step is the hydrogen electro-oxidation at the exposed
anode surface (rather than electron transport through
the mixed conducting ceria), and, on the other, demon-
strates the exceptional activity of nanoparticulate Rh for
enhancing this reaction rate.

Given the unconventional electrochemical reaction
pathway in ceria-based anodes (reaction sites are not
limited to triple-phase boundaries®*?%), it is unclear
whether triple-phase boundary density is a valuable
metric in describing anodes incorporating ceria. In light
of the predominant role of TPBs in standard SOFC
anodes, however, it is of value to compare the TPB
density generated in the present configuration to that
of commercial cells.
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Using the measured values for the particle density
and particle diameters, we find the TBP areal density
after heat treatment in hydrogen (but prior to electro-
chemical evaluation) to be (9.2 & 2.0) x 10°> m/cm?,
Figure 2. A recent study reports a typical cermet anode
to be fabricated with a volumetric density of triple
phase boundaries of 4.3 x 10° m/cm>.%® We convert
from this volumetric value to an areal value by noting
that the volume specific surface area of yttria stabilized
zirconia (YSZ) in the same study is reported as
3.0 um™". Together, these imply an areal TPB density
within the cermet anode of ~1.4 x 10> m/cm?, almost
2 orders of magnitude lower than what has been
achieved here by the BPCL technique.

A typical concern with the use of nanoparticles
at high temperatures is the potential for coarsening
(i.e., coalescence of particles) and hence loss of nano-
scale features, particularly when exposed to electro-
chemical perturbation. To assess the extent to which
such coarsening may occur, the Rh nanoparticles were
imaged, by atomic force microscopy (AFM) techniques,
both after exposure to high-temperature reducing
conditions and additional exposure to electrochemical
perturbation, Figure 2, panels a and b, respectively. We
find that the basic particle morphology is preserved in
both cases. In particular, the morphology of the ther-
mally treated particles on YSZ, Figure 2a, is almost
identical to that of the as-synthesized particles on Si,
Figure 3a; the values of particle height and diameter
are within statistical error of one another (specifically,
the heights are (6.0 £ 1.8) and (5.5 & 1.7) nm, respec-
tively, whereas the particle diameters are (23 £ 5) and
(21 + 6) nm, respectively). The additional high tem-
perature exposure and electrical perturbation induces
slight, but non-negligible morphological changes. The
particle height decreases slightly to (5.4 + 1.2) nm and
the diameter increases to (33 £ 5) nm. Relative to heat
treatment alone, these values imply a doubling of
the average particle projected area and an increase
in the volume per particle by a factor of 1.8. Further-
more, the particle areal density decreases by a factor
of 2.6 from (1.28 & 0.05) x 10'" to (5.0 + 0.8) x 10'°
particles/cm?. Geometrically this is approximately
equivalent to the dimensional changes that would
result from the merging of two particles into one
during the electrochemical evaluation. Mechanisti-
cally, however, Ostwald ripening, in which large par-
ticles grow at the expense of smaller ones, is con-
sidered more likely based on the observed changes in
particle size distribution, Figure SI-3. In terms of TPB
density, the morphological changes correspond to a
decrease from the initial (postheat treatment) value of
(92 £ 2.0) x 10° to (5.2 + 1.1) x 10° m/cm?. That
the extent of coarsening is rather limited may be the
result of the high melt temperature of Rh (1966 °C);
remarkable thermal stability has been reported pre-
viously for this metal.*®

Figure 2. AFM images of Rh nanoparticles on a thin film of
SDC on YSZ (a) after annealing under flowing hydrogen for
2 h at 600 °C and (b) after annealing in 0.1% H,, 2.5% H,0,
balance Ar at 650 °C and subsequent exposure to electro-
chemical measurement conditions amounting to a total
time of 24 h at temperatures of 500—650 °C under a range
of reducing conditions (SI-E).
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Figure 3. (a) SEM image of Rh nanoparticles cast on a Si
support by BCPL with the triblock copolymer poly(styrene-
b-2-vinyl pyridine-b-ethylene oxide) dissolved in toluene.
(b) Histogram of particle diameters. The average diameter is
(21 £ 6) nm. The average interparticle spacing is (6 &= 4) nm.
(c) XPS spectrum of Rh nanoparticles on Si after annealing in
hydrogen at 650 °C. (d) (top) Schematic of the symmetric
cell used to measure the electrocatalytic activity of the Rh
nanoparticles (side view). (The thickness of the layers is not
in proportion to the actual physical dimensions.) The thick-
ness of the YSZ layer is 0.5 mm and the thickness of each of
the SDC films is about 1 um. (d) (bottom) Image of the
symmetric cell anode. The external dimensions of the cell
are (1 x 1) cm, and the SDC thin film region (the bright square
in the middle), which is over the Pt pattern, is (8 x 8) mm.

An immediate question that arises is that of the role
of such morphological changes on electrochemical
activity. Overall, we did observe an increase in the
electrode impedance over the course of the electro-
chemical characterization experiments. However, the
contribution of particle coarsening to this behavior is
unknown. It has been observed that thin-film ceria
based anodes degrade when examined under condi-
tions of high relative humidity, most likely due to
induced Si segregation to the surface.?’ In the present
study, the electrodes with and without Rh generally
degraded at the same rate, with the exception of
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greatly diminished degradation rates for the Rh nano-
particle decorated sample at conditions of high tem-
perature (650 °C) and low hydrogen partial pressure
(5 and 20% H,). Thus, Rh nanoparticle coarsening over
the time scale observed here plays at most a minor
role in inducing changes in electrochemical behavior.
Rh can diminish degradation rates under some condi-
tions, and, ultimately, the Rh-decorated electrodes
retain, under all conditions, much higher activities than
those without Rh, irrespective of degradation behavior.
In sum, while changes in impedance response over
time have complicated the analysis of the role of Rh in
enhancing electrochemical activity, it is apparent that
nanoparticles of this metal are tremendously beneficial
for improving fuel cell performance.

CONCLUSION

From this work, we can conclude that the method
described here is capable of forming metallic Rh
nanoparticles that are (1) well ordered, (2) of uniform
size, (3) robust, and (4) electrochemically active. The
synthesis is scalable and inexpensive, making it attractive
for applications in which fabrication cost is a driving
consideration. Rhodium is normally employed as a re-
forming catalyst in SOFCs, and here, we show that it can,
when deposited on mixed-conducting doped ceria, be

METHODS

The nanoparticle arrays were prepared in the following
manner: 249 mg of the triblock copolymer poly(styrene-b-
2-vinyl pyridine-b-ethylene oxide, (PS(32000-P2VP(1300)-EO-
(3000))) (P4866-S2VPEO, Polymer Source, Inc.) was dissolved
in 5 mL of toluene (Omnisolv, EMD Chemicals). The solution was
stirred vigorously for several days before adding 11.1 mg of
rhodium(lll) chloride hydrate (450286, Sigma-Aldrich) in a dry
environment. Stirring was continued for several more days. The
solution was spun-cast onto the sample substrates at 2000 rpm
for 60 s and allowed to dry in room air. The sample was then
placed in an oxygen plasma (Technics PlanarEtch Il model 750)
for 25 min at 85 W and 250 mTorr to remove the polymer. The
samples were removed from the plasma cleaner and then
baked at 650 °C under flowing hydrogen for 5 h. Other
copolymers and solvents were explored, and these results are
presented in the Supporting Information (SI-A).

The morphology and the interparticle spacing were exam-
ined by scanning electron microscopy (SEM) and AFM. An SEM
image of the particles cast on a mechanical-grade silicon wafer
is shown in Figure 3a. Image analysis reveals the average
particle diameter to be (21 £ 6) nm, and the particle size
distribution is shown in Figure 3b. The interparticle spacing
was determined to be (6 & 4) nm, implying ~55% coverage of
the surface by Rh. The limit of the spatial resolution between
particles was found to be about 2 nm. The average rhodium
particle height on silicon is (5.5 4= 1.7) nm as measured by AFM
(noncontact mode) (Figure SI-2). The differences in the average
particle heights h and diameters d, i.e., d > h, indicate that the
general shape of the particles is hemispherical cap rather than a
full sphere.'®

X-ray photoelectron spectroscopy (XPS) was used to verify
the metallic state of the rhodium nanoparticles. The XPS bind-
ing energy spectrum of a monolayer of the particles on Si
is shown in Figure 3c. The Rh-3ds,, and Rh-3ds,, binding
energy peaks are present at 308.5 and 313.1 eV, respectively.
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used as a high temperature electrocatalyst as well. The
uniformity in size and spacing of the particles provided
by the BCPL method allowed us to measure the TPB
density and observe the slight changes that occurred
through the course of electrochemical evaluation. The
presence of the particles improved the overall anode
performance indicating that, in our model geometry,
electrocatalysis is not limited by transport of either ions
or electrons through the dense SDC layer, but rather by
the reaction at the SDC/gas interface. While initial studies
indicate minimal changes to particle morphology, further
work will be needed to verify the long-term stability
of such particles under SOFC operating conditions. The
BCPL method presented allows a precise means for
applying a costly material to a surface, and this is useful
for both studying the effect of particle size and spacing as
well as minimizing costs for commercial applications.
A feature of forming the nanostructures by the BCPL
method is that the particles have intimate and well-
defined attachment to the surface,'® and for SOFCs
and other electrochemical or catalytic devices, this allows
the triple phase boundaries to be controlled with the
choice of polymer and processing conditions. Because
BCPL is not limited to planar surfaces, it has the potential
to be incorporated with traditional cermet-based anode
designs. These are subjects for future studies.

The observed binding energy for Rh-3ds,, is higher than that of
bulk rhodium, 307.2 eV. However, for nanoparticles the Rh-3ds,,
value has been observed to vary from 307.0 to 308.5 eV
depending on the substrate.?® Additionally, the measured
spin—orbit coupling of 4.6 eV is consistent with metallic
rhodium, and it has been reported that in Rh thin films this
value would increase if an oxide were present.?’ These XPS
results indicate that the nanoparticles are metallic rhodium
and would be expected to remain so during use in a fuel cell
anode.

The model SOFC anode configuration used for the evaluation
of Rh nanoparticle electrochemical activity consists of micro-
patterned Pt current collectors on either side of single crystal
YSZ, overlain with a dense, thin layer of samaria-doped ceria
(SDC), Figure 3d.” The SDC films are SDC20 (20 % samarium
doped cerium oxide, Smg20Ce08001.90_s)- The electrochemical
oxidation of hydrogen occurs at the exposed ceria surface, and
the significant electronic conductivity of SDC under reducing
atmosphere in combination with the thinness of the SDC film
(1 um) allows electrons to migrate from the reaction sites to
the embedded Pt current collector without measurably adding
to the overall cell resistance.”>***° The situation contrasts that
of conventional SOFC anodes in which the catalytic sites must
be in direct contact with the percolating metal phase.' Such
symmetric cells were evaluated with and without Rh nanopar-
ticles. The characteristics of the Rh nanoparticles (size, size
distribution, spacing) on the ridged SDC substrate (ridged due
to the presence of the underlying Pt) were found to be similar to
those on smooth Si. AC impedance spectra (10 mHz to 10 MHz)
were collected using a four-probe configuration over a range of
temperatures and reducing gas atmospheres (SI-E).
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