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bstract

Currently Pt-based metals are the best catalytic electrodes for fuel cells at operating temperatures below 500 ◦C. Pure platinum electrodes
uffer degradation of microstructure over time at elevated temperatures due to Ostwald ripening. In this paper, better thermal stability of Pt–Ni
anoporous thin films relative to pure Pt is reported. Based on ab initio calculations, it was found that both the surface energy of a Pt0.7Ni0.3 cluster
nd the energy change of the Pt–Ni alloy cluster upon ripening on yttria stabilized zirconia (YSZ) solid electrolyte were lower than pure Pt. This
uggested a better thermal stability of Pt0.7Ni0.3 than Pt. In addition, annealing impacts on microstructures and properties of nanoporous Pt and

t–Ni alloy thin films were examined experimentally. SEM images show dramatic porosity reduction for pure Pt after annealing at temperatures of
00–600 ◦C but insignificant microstructure change for Pt–Ni nanoporous thin films. As a result, in solid oxide fuel cells using nanoporous Pt–Ni
athodic catalysts instead of pure Pt, better stability, lower electrode impedances, and higher power densities were achieved at elevated operating
emperatures (350–500 ◦C).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are attractive because of their potential high
fficiency and environmental friendliness. Currently, poly-
er electrolyte membrane fuel cells (PEMFCs) and solid

xide fuel cells (SOFCs) are the subject of extensive stud-
es [1]. PEMFCs must be operated below 100 ◦C in order

o avoid dry-out of water in the polymeric electrolyte [2],
hile SOFCs must be operated above 700 ◦C due to the

imited ionic conductivity in ceramic electrolyte [3]. The oper-
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ting temperature constraints limit wide applications of fuel
ells. Reduction of SOFCs’ operating temperatures is under
ctive investigation [3–6]. Typical ceramic cathodic materi-
ls for SOFCs include strontium-doped lanthanum manganite
LSM) and lanthanum strontium cobaltite ferrite (LSCF). At
ntermediate temperature (500–700 ◦C) significant increase in
athode polarization was reported in SOFCs with such cath-
des as a result of high activation energy (1.5–2.0 eV) [7,8].
onsequently, these oxide cathodes are no longer suitable

or SOFCs upon further decreasing temperatures well below
00 ◦C. Presently, Pt-based metals are still the best catalysts
or LT-SOFCs [9]. Huang et al. [10] recently has successfully
emonstrated Ultra-Thin SOFCs (UTSOFC) and achieved a
eak power density of 130 mW cm−2 at 350 ◦C. The UT-SOFC

rchitecture was made of 50 nm thick dense yttria stabilized zir-
onia (YSZ) electrolyte membrane sandwiched between 80 nm
hick nanoporous Pt used as cathode and anode. In con-
rast, an UTSOFC consisting of 100 nm thick LSCF cathode

mailto:hong.huang@wright.edu
dx.doi.org/10.1016/j.jpowsour.2007.09.066
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ig. 1. (a) Pt38 cluster after relaxation in vacuum. Termination is by low energy
emoved from the top corner of the cluster and placed between neighboring clust
f the references to color in this figure legend, the reader is referred to the web

xhibited much larger cathode polarization leading to several
rders of magnitude lower in terms of peak power density
11].

However, pure platinum electrode suffers degradation of
icrostructure over time resulting from Ostwald ripening or
o-called coarsening. In PEMFCs it is often reported that perfor-
ance gradually degrades as a result of coarsening of nano-Pt

rains supported on carbon, which is commonly used as cat-
lytic cathode [12,13]. The coarsening impact becomes more

able 1
eposition rate and composition of Pt–Ni via co-sputtering

he number of Ni
ieces on the Pt target

Deposition
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Pt composition in
Pt–Ni alloys (%)
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1) and (1 0 0) planes; (b) three supercells of Pt38/YSZ after a Pt atom has been
t atoms shown in grey, Zr in brown, O in red, and Y in green. (For interpretation
n of the article.)

evere upon increasing operating temperature, as observed in
he automobile three-way catalysts [14] and UTSOFCs operated
t temperatures of 250–450 ◦C. In order to prevent the Ost-
ald ripening and hence improve electrode stability extensive

esearch proceeded towards developing Pt-based alloy elec-
rode in PEMFCs. Additionally, improved catalytic activity for
xygen reduction was observed by using Pt–M (M = Ni, Co,
n, Fe, V, Cr, Ir) [12,15–17]. From these points of views we
nvestigated thermal stability as well as catalytic activity of
t–M compared with pure Pt aiming to improve LT-SOFC per-
ormance. Based on quantum simulation surface energy and
nergy change of Pt0.7Ni0.3 cluster on yttria stabilized zirco-

able 2
urface energies and energy changes as a result of “ripening” for the different
lusters considered

Pt38 Pt0.7Ni0.3

(eV atom−1) 2.2 2.2
E (eV) −0.72 −0.65
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ig. 2. SEM images of 80 nm thick Pt films deposited on Si substrate before an
00 ◦C; (d) 500 ◦C, and (e) 600 ◦C.
ia (YSZ) solid electrolyte upon coarsening were computed
nd compared with pure Pt. Experimentally, we monitored
orphology changes of pure Pt and Pt–Ni nanoporous thin
lms as a function of annealing temperature. Furthermore,

c
p
r
p

er annealing at elevated temperatures for 2 h. (a) As-deposited; (b) 350 ◦C; (c)
urrent–voltage characteristics of SOFCs and the electrode
olarization resistances were evaluated in the temperature
ange of 350–550 ◦C. These results will be presented in this
aper.
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Fig. 3. SEM images of 80 nm thick Pt0.84Ni0.16 films deposited on Si substrate before anneal and after annealing at elevated temperatures for 2 h. (a) As-deposited;
(
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b) 350 ◦C, and (c) 600 ◦C.

. Quantum simulation

The ab initio code VASP was used for all the following
alculations [18]. Electronic states were expanded in plane
aves with energy cutoffs of 300 eV. A Monkhorst-Pack

19] 2 × 2 × 1 k-point sampling scheme was used; conver-
ence with regard to the number of k-points was tested and
ound to be adequate for the relatively large supercell used
n the calculations. Ultrasoft pseudopotentials in the GGA
cheme were used with the Perdew-Wang 91 exchange cor-
elation functional [20]. Methfessel-Paxton order 1 smearing
as used with a smearing width of 0.2 eV. A Pt38 clus-

er, shown in Fig. 1(a), terminated by low energy (1 1 1)
nd (1 0 0) planes was constructed as a model for nanopar-
icle catalysts. The same size of a Pt–Ni alloy cluster with
composition of Pt0.7Ni0.3 was formed by randomly sub-
tituting a given number of Ni atoms for the host Pt
toms. The “apparent” surface energy (γ , eV atom−1) of
he nanoparticle was calculated based on the following

d
t
t
T

ormula:

= EPt-Ni,alloy − eNi,bulk × NNi − ePt,bulk × NPt

NNi + NPt

Pt–Ni,alloy is the total energy of the alloyed nanoparticle after
elaxation in vacuum. NNi and NPt are the numbers of Ni dopant
nd Pt host atoms, respectively, and eNi(Pt),bulk is the energy
er atom of the dopant (host) bulk crystal at the lattice con-
tant which minimizes the energy of the system. Note that in
he case of Pt, γ is a true surface energy, while in the case
f Pt–Ni alloys γ includes a contribution from the enthalpy of
ixing.
A model for ripening was constructed by placing the above

anoclusters on a slab of YSZ, a common electrolyte in SOFCs,
s shown in Fig. 1(b). The YSZ slab was constructed by ran-

omly substituting four Y atoms in Zr cation sites and removing
wo O atoms to create vacancies at the same time to preserve elec-
roneutrality of the system. Relaxation of the atoms was allowed.
o simulate the ripening process, a Pt atom was removed
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ig. 4. Morphology of 80 nm Pt after annealed at 500 ◦C for 2 h. (a) Contrast-ad
a).

rom the top of the cluster and placed between neighboring
lusters, the energy difference between the two configurations
as considered to be the thermodynamic driving force for

ipening.

. Experimental aspects

Nanoporous Pt and Pt–Ni alloy thin films were DC-sputtered
n two different substrates, a Si wafer with a 500 nm silicon
itride passivation layer and a microcrystalline YSZ electrolyte
late (Ceraflex). The sputtering materials were from Kurt Lesker
o. with a purity of 99.99%. The sputtering conditions for thin
orous Pt electrodes were 10 Pa (chamber pressure) at a power
f 100 W for 80 s. The deposition rate was estimated at 1 nm s−1.
or Pt–Ni alloy thin films, appropriate quantities of nickel pieces
ere homogeneously distributed over the Pt target. The num-
er of nickel pieces correlated with Ni content in the alloy
lms. Since the deposition rate of Pt–Ni slightly decreased upon

ncreasing Ni content, sputtering time was adjusted accordingly
n order to achieve same thickness films at the same chamber
ressure. Compositions and oxidation state of Pt and Pt–Ni sam-
les at the surface and in depth were analyzed by using X-ray
hotoelectron spectroscopic (XPS) techniques. Table 1 lists the
eposition rate of Pt–Ni with different compositions.

Scanning electron microscopy (FEI Strata 235DB dual-beam
IB/SEM) was used to monitor microstructure changes of Pt
nd Pt–Ni nanoporous thin films after annealing at different
emperatures. The as-deposited samples were annealed at tem-
eratures between 350 and 600 ◦C for 2 h in a tube furnace. The
eating rate was set at 10 ◦C min−1 while the cooling rate was
0 ◦C min−1. SEM images were then processed using MATLAB
oftware to quantify the edges of visible pores, which are asso-
iated with the length of gas/electrolyte/electrode three phase
oundaries (TPB). The processing steps include (1) reading the

mage and adjusting its contrast; (2) converting a gray scale
mage to a binary image; (3) identifying the edges in a binary
mage and (4) counting the numbers of pixel in the edges in the
inary image.

c

a
c

SEM image ready for digital processing, and (b) binary image converted from

Characteristics of the fuel cells with Pt and Pt–Ni alloy cath-
des were investigated. The fuel gas was pure hydrogen and the
xidant gas was air. Fuel cells were constructed by using 50 �m
hick microcrystalline YSZ electrolyte (provided by Ceraflex
o.), 80 nm thick nanoporous Pt anode, but different nanoporous
athodes, i.e., Pt, Pt0.84Ni0.16, and Pt0.7Ni0.3, etc. All the cath-
des, sputtered at the previously described conditions, have the
ame thicknesses and initial microstructures. Current–voltage
urves were recorded at temperatures of 400 ◦C on a Solartron
260/1287 in galvanodynamic (scanning current) mode. Fur-
hermore, electrochemical impedance spectroscopy was used
o evaluate electrode polarization resistances. Electrochemical
mpedance spectra (EIS) were recorded at 0.5 V vs. the refer-
nce anodic electrode at 400 ◦C. The AC amplitude was 50 mV
nd the frequency sweeps between 100 mHz and 1 MHz. The
IS results were analyzed by using Z-plot software based on
omplex nonlinear least squares fitting.

. Results and discussion

Table 2 lists the simulated surface energies (γ) of Pt and
t0.7Ni0.3 clusters consisting of 38 atoms. Note that in the case of
t, γPt is a true surface energy, while in the case of Pt–Ni alloys
Pt–Ni includes a contribution from the enthalpy of mixing to

orm the alloy. If this mixing enthalpy was subtracted from the
omputed value, the actual surface energy of Pt–Ni is expected to
e lower than pure Pt. Table 2 also lists the energy changes from
odeling ripening process. A smaller energy difference before

nd after ripening is obtained for Pt–Ni alloy relative to pure
t. Both results suggest that Pt–Ni alloy clusters are relatively
ore stable compared with pure Pt. As consistent trends were

bserved from both methods, the former calculation might be
n effective method for screen candidate catalysts in terms of
hermal stability since the ripening calculation is much more

omputationally demanding.

SEM images of as-deposited Pt electrodes as well as those
nnealed at different temperatures are exhibited in Fig. 2. As
an be seen from Fig. 2(a), the as-deposited Pt thin film by DC
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puttering is nanoporous and uniform. Individual grain size is
round 20 nm in average, and the dimension of each cluster is
n the range of 50–100 nm with a gap (pore) of less than 10 nm.
he Pt clusters are interconnected which ensure good electrical
onnection. As a result of annealing at 350 ◦C for 2 h, Pt clusters
egin to agglomerate (see Fig. 2(b)). After annealing at higher
emperatures (400 ◦C and beyond), Pt clusters grow exponen-
ially. As a consequence, most nano-pores between Pt clusters
isappear, resulting in fewer, larger pores with a dimension of
00–200 nm, as can be seen in Fig. 2(c–e).

For Pt–Ni thin films, different Ni compositions ranging from
to 30 at.% were prepared. According to the phase diagram

21,22], only Pt-based structure exists with Ni doping up to
0 at.%. With higher Ni content there may exist ordered Pt3Ni
hase. Morphologies of the as-deposited and annealed Pt–Ni
lloy films with different Ni content prepared in the same
onditions are almost identical. In contrast to pure Pt, the mor-
hologies of Pt–Ni alloy thin film changed insignificantly even
fter annealing at 600 ◦C. Fig. 3(a–c) presents SEM images of
s-deposited Pt0.84Ni0.16 thin films, annealed at 350 and 600 ◦C,
espectively. The as-deposited as well as annealed Pt–Ni films
re nanoporous and uniform with finer clusters and gaps, similar
o the as-deposited pure Pt.

In order to quantify the changes of TPB length, a crucial factor
or electrode reaction rate in fuel cells [23], SEM images were
rocessed by using MATLAB software. Fig. 4(a and b) shows
typical contrast-adjusted SEM image and a processed binary

mage, respectively. The edges in a binary image correspond to
dges of the pores in SEM image, which are associated with
pparent TPB length. Fig. 5 plots the normalized pixel num-
ers as a function of annealing temperature. As can be seen,
he apparent TPB length in Pt films decreased exponentially
bove 400 ◦C, and approximate 80% active TPBs were lost after
nnealing at 600 ◦C. For Pt–Ni samples, in contrast, the TPB
ength was maintained at the same level even after annealing

◦
t 600 C. Clearly, these results indicate that Pt–Ni alloys have
etter capabilities to resist coarsening and hence maintain their
riginal microstructures under thermal impacts. This result is
onsistent with the quantum simulation prediction.

ig. 5. Normalized pixel numbers associated with TPB length as a function of
nnealing temperature.
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It is well known that smaller clusters tend to grow into larger
lusters. This phenomenon, referred to as ripening, coarsening
r sintering, leads to degradation of microstructures and hence
atalytic properties over long times and at high temperatures.
he basic driving force of ripening is the thermodynamic driv-

ng force to minimize the free energy of a system associated with
he interfaces. At low temperatures nanoparticles are relatively
table, while above the ripening temperature threshold, nanopar-
icles tend to grow exponentially as a function of temperature
24]. As can be seen in Fig. 5, the apparent TPB length of Pt as
function of reciprocal annealing temperature shows a plateau

ollowed by a linear increase, characteristic of ripening. Fitting
he linear region in the plot provided the ripening activation
nergy, estimated to be 0.26 eV. It has been reported that energy
or adatom formation from kinks is around 0.5–0.6 eV and the
datom diffusion barrier is 0.1–0.2 eV in Ag [25]. The corre-
ponding energy barriers for Pt are expected to be higher than
or Ag. According to the ripening activation energy (0.26 eV)
bserved experimentally, the microstructure change as a result
f ripening might be surface diffusion dominant. In quantum
imulated ripening process, the energy change (0.75 eV) is the
esult of moving a Pt atom from the top of the cluster to neigh-
oring clusters, which corroborates with the range of adatom
ormation energy. Moreover, metal particle growth at elevated
emperatures may be more than a physical agglomeration pro-
ess. Evidence indicates metallic particle growth rate is affected
y the substrate and atmosphere. It has been presented previ-
usly that Pt sintering proceeded faster in oxidizing atmosphere
bove 400–500 ◦C [26,27]. Sintering of Pt in air might also be
nvolved in formation and decomposition process of an oxidic
hase such as PtO2.

To investigate the correlations between morphology changes
f Pt and Pt–Ni alloy thin films and electrode properties, fuel
ells were fabricated and tested as outlined above. Since the
lectrolyte and anode were identical for the different samples,
ny differences in I–V characteristics, peak power densities, and
lectrochemical impedance spectra will lie in their different cath-
de materials. Fig. 6(a) plots the evolution of the power densities
btained from I–V curves recorded over time at 400 ◦C. For cells
ith a pure Pt cathode, the power density decreased continuously
ver time leading to a 20% loss after 60 min testing. In con-
rast, cells with a Pt–Ni alloy thin film cathode had no decrease
f the power density over 1 h. Additionally, an absolute higher
ower density was observed from Pt0.84Ni0.16 alloy cathodes
ompared to pure Pt. From the impedance spectra presented in
ig. 6(b) the total electrode impedance was reduced two-fold
y using Pt0.84Ni0.16 alloy cathode. These results suggest that
esides better thermal stability, Pt0.84Ni0.16 alloy might have
igher catalytic activity for oxygen reduction compared with
ure Pt. This has been reported in PEMFCs operated below
00 ◦C [12,16]. Details on the improved catalytic activity of
t–Ni relative to Pt in LT-SOFCs are still under investigation.
or Pt0.7Ni0.3 cathodes, on the one hand, better thermal stability
han Pt was observed. This is the same as Pt0.84Ni0.16 alloy and
onsisted with quantum prediction. On the other hand, lower
ower densities using Pt0.7Ni0.3 than using Pt and Pt0.84Ni0.16
athodes were observed. XPS results indicated emergence of a
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Fig. 6. (a) Evolution of the power densities obtained at 0.4 V over times at
400 ◦C operating temperature in SOFCs consisting of 50 um thick microcrys-
talline YSZ electrolyte and 80 nm thick nanoporous Pt anode but 80 nm thick
d
e
e

s
c
t
c
c

5

m
t
r
n
a
t
6

m
p
t
a
i

A

l
p
F

R

[

[

[

[
[

[
[

[
[
[
[

[

[

[

ifferent nanoporous cathodes, i.e., Pt, Pt0.84Ni0.16, and Pt0.7Ni0.3, etc., and (b)
lectrochemical impedance spectra of the fuel cells at 0.5 V vs. anodic reference
lectrode after a 1 h performance evaluation at 400 ◦C.

mall portion of nickel oxide in this Pt0.7Ni0.3 cathode after fuel
ell testing, which may significantly slow down oxygen reduc-
ion process leading to low power density. Hence, optimal Pt–Ni
omposition is necessary to achieve both thermal stability and
atalytic activity for LT-SOFCs.

. Conclusions

Quantum calculations on Pt and Pt–Ni clusters and experi-
ental observations on nanoporous thin films indicated better

hermal stabilities of Pt–Ni alloys relative to pure Pt. At
oom temperature, morphologies of as-deposited Pt and Pt–Ni

anoporous thin films via DC sputtering were similar. However,
fter annealing at high temperatures, particularly above 400 ◦C,
he morphology of Pt changed significantly. After annealing at
00 ◦C for 2 h approximately 80% of active TPB was lost. The

[
[

[
[
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icrostructure changes resulting from ripening led to fuel cell
erformance degradation. In contrast, Pt–Ni alloy nanoporous
hin films maintained their as-deposited morphologies even after
nnealing at 600 ◦C. As a result, power density changed insignif-
cantly over time at 400 ◦C operating temperature.
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