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a b s t r a c t

A main advantage of solid oxide fuel cells (SOFCs) operating at a high temperature (4650 °C) is the
flexibility of the fuel they use, specifically as they offer the possibility to utilize methane (natural gas).
Unfortunately, however, the state-of-the-art SOFC anodes, composed of a nickel and an anionically
conducting oxide such as yttria-stabilized zirconia (YSZ), are associated with Ni-catalyzed carbon de-
position and the ensuing degradation of the anode performance. Here, we address these issues through
the application of a simple, scalable, cost-effective ceramic coating method known as cathodic electro-
chemical deposition (CELD). Samaria-doped CeO2 (SDC) was chosen as the coating material due to its
high chemical stability against carbon formation, high electronic and ionic conductivities, and favorable
electrocatalytic activity toward fuel oxidation reaction. Nanostructured SDC layers with a high specific
surface area were successfully coated onto Ni surfaces via CELD. The physical and chemical attributes of
each coating were characterized by a range of analysis tools, in this case SEM, TEM, XRD, EDS, ICP-MS and
Raman spectroscopy. An analysis of the AC impedance spectroscopy (ACIS) of Ni-patterned YSZ sym-
metric cells (anode|electrolyte|anode) with SDC coatings revealed significantly enhanced electrode ac-
tivity toward fuel oxidation and coking stability under dry or wet methane fuel at 650 °C. These results
suggest that the Ni-surface modification via CELD can be a feasible solution for the direct use of hy-
drocarbon fuels in SOFCs.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel cells are electrochemical devices that convert the chemical
energy of fuels directly into electricity with high efficiency, over-
coming combustion efficiency limitations (e.g. the Carnot cycle)
[1]. Although most fuel cells require hydrogen as a fuel, operation
on hydrocarbon fuels, and methane in particular, would enable
near-term realization of the efficiency advantages even in the
absence of a hydrogen delivery infrastructure. Solid oxide fuel cells
(SOFCs) hold promise in this regards, in part because of their re-
latively high temperature of operation (600–900 °C) [2]. However,
the state-of-the-art SOFC anodes, typically cermets composed of
nickel and yttria-stabilized zirconia (YSZ), where the former serves
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as an electronically conducting electrocatalyst and the latter pro-
vides the oxygen ion transport pathway, are unsuitable for hy-
drocarbon electrooxidation because the Ni catalyzes the deposi-
tion of graphitic carbon (or “coke”). The deposits not only block
access to reaction sites, but also quickly induce mechanical disin-
tegration of the anode [3].

Two key materials strategies have emerged to address the
challenge of creating coking resistant SOFC anodes. The first is to
replace the Ni with a metal that is catalytically inactive for carbon
deposition [4–7], and the second is to replace the entire cermet
with a single, mixed ion and electron conducting oxide [8–11].
While both strategies have yielded important successes, neither
approach has, as documented in a recent comprehensive review
by Ge et al., yielded an SOFC anode with the requisite combination
of coking resistance, electrochemical activity and electronic con-
ductivity, to render direct hydrocarbon utilization a technologi-
cally attractive proposition [12]. Thus, the field continues to draw
considerable attention.

Significantly, the developments to-date hint at future strategies
which may bear fruit. In particular, essentially all of the successful
demonstrations in the literature of direct hydrocarbon utilization
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Table 1
Two types of samples were prepared in this work. One for CELD optimization and
physical characterization (Type 1, Ni|Si substrate) and the other for electrochemical
characterization (Type 2, patterned Ni|YSZ substrate|patterned Ni).

Type Substrate Name Ni width Ni–Ni distance 3PB length 2PB area
[μm] [μm] [cm/cm2] [cm2/cm2]

1 Si (100) No patterns
2 YSZ (100) 10–10 10 10 644.8 0.32

20–20 20 20 324.8 0.32
40–40 40 40 164.8 0.32
80–80 80 80 84.8 0.32
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in SOFCs, where success is defined here as a peak power density
exceeding 100 mW cm�2 at 700 °C, involve cermet anodes in
which ceria, either doped or undoped, is included as a component
[4,5,7,9,13–15]. While ceria is typically not considered in the
context of the growing discussion of ceramic anodes, several re-
cent observations suggest that it may be the critical component in
high activity, coking-resistant systems. First, under the reducing
conditions of an SOFC anode, the electronic conductivity of ceria
can easily exceed its already high ionic conductivity [16–18]. Sec-
ond, samaria-doped ceria (SDC) in particular has a high inherent
activity for hydrogen electro-oxidation, such that the reaction
pathway is dominated by electrocatalysis on the oxide surface
with minimal contributions from the oxide-metal-gas triple-phase
boundaries (TPBs), even for structures with reaction site densities
approaching those of commercial SOFCs [19]. Moreover, by creat-
ing nanostructured ceria with high specific surface area, the ac-
tivity was enhanced by an order of magnitude, again, in the ab-
sence of any contribution from catalytically active metals [20].
Third, beyond electrocatalysis, ceria offers tremendous benefits in
terms of high temperature stability (with a melt temperature of
2477 °C) and resistance to carbon deposition (oxidation of reduced
ceria by CO2 yields only CO even at conditions in which carbon is
the thermodynamically preferred product) [21–23]. Given these
attractive features of ceria (and its doped analogs) it is perhaps not
surprising that impregnation of metal/YSZ cermet anodes with
ceria has shown promise as a route towards effective direct hy-
drocarbon SOFCs [24–26]. However, the fabrication methods em-
ployed to date, to quote Ge, “appear tedious and costly [12]”. For
example, Yun et al., had to repeat five series of a 24 h dip-coating
and 800 °C calcination step to completely cover a Ni/YSZ electrode
with SDC [26]. Moreover, little effort appears to have been directed
towards the creation of ceria deposits that display high specific
surface area so as to take full advantage of the high electrocatalytic
activity of the oxide surface [20,27].

Here, we address these issues through the application of a
simple, scalable and cost-effective oxide coating method – catho-
dic electrochemical deposition (CELD). Electrochemical deposition
offers many advantages over other oxide deposition methods such
as sputtering, chemical vapor deposition, and pulsed laser de-
position because it is performed at ambient temperatures and
pressures, achieves high growth rates, requires minimal energy
input, and is typically carried out in an environmentally benign
aqueous solution using relatively simple salt precursors. Further-
more, there are essentially no limits to the area over which ma-
terial can be deposited, and film morphology can be varied from
extremely smooth to extremely rough through control of the wide
range of accessible process parameters, with faster growth rates
(obtained at high bias or current density) generally leading to
rougher films. These features, along with its long history of in-
dustrial application, render it a highly cost-effective and tunable
technique. In fact, there have been previous studies using CELD to
make dense films of ZrO2, CeO2, and doped CeO2, which may be
used as an electrolyte material for SOFC [28–31]. Beyond these
generic attributes, the distinct mechanism of CELD suggests ad-
ditional benefits in the context of SOFC electrodes. In contrast to
metal electrodeposition, in which a cationic species is reduced to
an insoluble metallic form directly on a growing film, oxide pre-
cipitation in CELD occurs as a result of electrogeneration of base, a
mechanism described in greater detail below. As a consequence, in
addition to supporting film growth, the process can generate na-
noparticle precipitates within the solution phase. Freedom from
the limitation of growth on conductive substrates opens up the
intriguing possibility that CELD can be used to coat the surfaces of
composite anode structures in which both electronically insulating
and electronically conductive phases are present. Indeed, our
preliminary studies provide support for this possibility [32], and
the present work takes advantage of those initial findings.
To avoid the morphological complexities associated with con-

ventional cermet structures, we employ in the present study
model composites comprised of patterned Ni thin-films on YSZ
single crystal substrates. After an exploration of deposition con-
ditions, in which deposited materials are examined using a broad
range of analytical tools, the electrochemical behavior of the most
promising films are evaluated by AC impedance spectroscopy
(ACIS). We show that just 1 min of CELD treatment creates an
oxide coating that enhances activity for hydrogen electrooxidation
relative to the uncoated substrate by a factor of 44, and by almost
an order of magnitude in the case of methane. We further show
that the CELD coated anode has exceptional resistance to carbon
deposition.
2. Material and methods

2.1. Cell preparation

Two types of samples were prepared (see Table 1). In the first
type, used for CELD optimization and physical characterization,
300 nm-thick Ni films were deposited on (100) single-crystal Si
wafers (10�10�0.5 mm, Siltron) by DC magnetron sputtering
(with a DC power of 100 W, a working pressure of 10 mTorr under
a flow rate of 30 sccm Ar, and a deposition rate of 60 nm min�1).
The second type of sample was used for electrochemical char-
acterization. Ni electrodes were applied in a symmetric arrange-
ment on both sides of a (100) single crystal YSZ (8 mol%,
10�10�0.5 mm, MTI Corp.) substrate, which serves as an oxy-
gen-ion conductive electrolyte. The YSZ electrolyte was partially
exposed by patterning the 300 nm thick Ni into connected strips
in which the Ni width and exposed YSZ width were equal (Table 1
and Fig. S1). Ni patterning was achieved using a photolithographic
lift-off process. A positive photoresist (AZ4562) was spin-coated
onto the YSZ substrate at 4000 rpm. Next, the samples were
aligned by a photomask in a contact aligner and exposed to UV
light for 55 s. The Ni layer was sputtered by DC magnetron sput-
tering with deposition conditions identical to those above. Metal
lift-off was achieved by immersing the samples in acetone at room
temperature and subjecting them to ultrasonification. Electro-
chemical measurements were performed using Ni strip widths of
10, 20, 40 and 80 μm, corresponding to triple-phase boundary
densities ranging from 85 to 645 cm cm�2. A few additional pat-
terns (of slightly differing geometries) were examined to explore
ceria deposition behavior.

2.2. Electrochemical deposition

For both types of samples, SDC layers were applied by CELD
using a standard three-electrode system (Fig. 1(a)) comprised of
the deposition substrate as the working electrode (held in place
using tailor-made aluminum clips), a counter electrode (carbon



Fig. 1. (a) Schematics of a standard three-electrode system for CELD and SDC growth processes. (b) Pourbaix diagram for Ce–H2O. (Modified for SCE (þ0.24 V vs. standard
hydrogen electrode, SHE) from Ref [34]). Highlighted point (blue star) is a starting status of the prepared solution whose pH¼4.870.2 without the applied potential. The
numbers with arrows indicate the serial SDC growth processes.
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rod) and a reference electrode (saturated calomel electrode
(SCE,þ0.24 V vs. SHE), Koslow), all immersed in a solution of
0.05 M Ce(NO3)3 �6H2OþSm(NO3)3 �6H2O (Alfa Aesar, 99.99%) in
60 ml of D.I. water (18.2 MΩ cm, 25 °C). While CELD of ceria has
been achieved using chloride salts, residual Cl has been detected in
the product oxide [33], motivating the use here of nitrate pre-
cursors. Each electrode was carefully positioned while maintaining
a constant distance between the other electrodes and a constant
depth in the solution.

Electrochemical deposition was conducted in the potentiostat
mode, in which the electric potential between the working elec-
trode and reference electrode is controlled while the current re-
sponse from the counter electrode to the working electrode is
measured. Based on a preliminary study [32], several parameters
were systematically varied to explore the influence on film mor-
phology, specifically, cathodic potential (primarily in the rage �0.6
to �0.8 V vs. SCE), deposition time (1–60 min), and Sm con-
centration ([Sm3þ]/[Sm3þþCe3þ]¼0.05, 0.1, 0.15). To ensure re-
producibility in the dissolved oxygen content, each solution was
stirred for 30 min prior to use in deposition.

2.3. Physical characterization

Film microstructure and thickness were examined by scan-
ning electron microscopy (SEM, Nova 230) and transmission
electron microscopy (TEM, 300 kV-Tecnai G2 F30 S-Twin). The
chemical composition of the deposits was analyzed using energy
dispersive spectrometry (EDS) and inductively coupled plasma
mass spectrometry (ICP-MS, Agilent IPC-MS 7700S). For the ICP-
MS measurement a mixture of nitric and hydrochloric acid (7:3)
was used to dissolve the SDC coating layers at 200 °C for 30 min
by microwave digestion to create an analytical reagent. BET
measurements (Autosorb-iQ 2ST/MP (Quantachrom Corp.), Kr at
77.3 K) were conducted to evaluate specific surface area. To as-
sure the sensitivity of the technique, identical 5 samples (type 1)
with SDC coating layers were prepared. X-ray diffraction (XRD,
Rigaku Ultima IV) using Kα(Cu) radiation (40 kV, 40 mA) and
Raman spectroscopy (Ar ion CW 514 nm laser, Aramis-Horiba)
were conducted to confirm phase formation. In addition, 2-D
Raman mapping was performed (ARAMIS, Ar ion CW laser
514.5 nm) to detect possible carbon deposits subsequent to pro-
longed exposure to CH4.
2.4. AC impedance spectroscopy

Electrochemical analyses of symmetric cells (Ni|YSZ|Ni) with or
without the SDC coating layers were carried out by ACIS (VSP-300,
Biologic) under various gas compositions, including hydrogen or
methane, over the temperature range of 600–700 °C. AC amplitude
of 10 mV was used throughout, after tests had shown that this
voltage lies within the linear regime of the sample's current–vol-
tage response. The measurement frequency range was from
0.05 Hz to 7 MHz. The cells were placed inside an alumina tube
into which the mixtures of gases (H2–H2O–N2 or CH4–H2O) were
delivered via digital mass flow controllers (MFCs). Contact to the
cells was made using a Pt-Ir clip that firmly held the sample in
place and avoided the use of pastes. A pseudo-four-probe config-
uration was employed to minimize inductance effects from the
wiring. The humidity of the gases was controlled by passing them
through a D.I. water bubbler immersed in an isothermal bath, the
temperature of which was fixed at 10 °C so as to avoid possible
water condensation during the measurement. The total gas flow
rate was kept fixed at 100 sccm for H2, implying a gas velocity of
19.7 cm min�1 (50 sccm for CH4, implying a gas velocity of
9.87 cm min�1) throughout the measurements. The real-time
humidity was monitored using a humidity sensor (Rotronic
Hygroflex).
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3. Results and discussion

3.1. Physical and chemical characterization of CELD films

SEM micrographs of the layers grown by CELD on Ni|Si sub-
strates are presented in Fig. 2 showing the influence of applied
potential, deposition time, and Sm concentration. The micro-
structure is formed of a high density collection of upright, inter-
penetrating nanoscale ‘petals’, 10–50 nm in thickness, with ran-
dom in-plane orientation. This morphology has been reported in a
handful of previous studies [31,32,34], and appears preferentially at
high deposition rate, which, in turn, occurs at large cathodic po-
tential, �0.8 to �0.65 V (Fig. 2(a)–(c)). At �0.6 V, no deposition
was observed, a result that may reflect the relatively short deposi-
tion time. Elsewhere, dense, planar and very thin ceria films have
been obtained under similar potential but longer deposition time
[32]. With increasing deposition time at �0.8 V, the film thickness
increases (Fig. S3), indicating that despite the insulating nature of
the oxide deposit at room temperature, the electrochemical reac-
tion continues. At a film thickness greater than 1 μm, cracks
appear (Fig. 2(d)–(f)). Although it is possible that these cracks form
directly during film growth, it is more likely that they result from
the volume change in transforming from a hydrated cerium
Fig. 2. (a)–(c) SEM images of undoped ceria layers on Ni (on Si), with applied potential
time¼100 s). (d)–(f) SEM images of undoped ceria layers on Ni (on Si), with deposition
(i) SEM images of doped ceria layers on Ni (on Si) with Sm molar concentration in the ini
dep. time¼100 s).
oxy-hydroxide to CeO2 [32,35]. Increasing the Sm dopant con-
centration in the solution causes the films to become smoother
and lose their nanostructured features (Fig. 2(g)–(i)). This observa-
tion is in accordance with previous works, which reported the
compact “glass-like” morphologies of Gd or Sm doped ceria films
[34,36].

While a detailed mechanistic investigation of the CELD process
is not the goal of the present work, it is instructive to consider
what is known about the mechanism to understand the mor-
phological characteristics of the coatings obtained [37]. A Ce–H2O
Pourbaix diagram representing the thermodynamically stable
phases in the potential-pH space is shown in Figure 1(b) [38]. The
initial solution pH is 4.870.2, placing the system in the region of
phase space in which Ce3þ occurs as a soluble species. Upon ap-
plication of cathodic potential, reduction of species such as H2O,
O2, Hþ or −NO3 at the working electrode results in an increase in
the concentration of hydroxyl ions and hence an easily detected
increase in pH [39,40]. The increase in pH drives the system into
the region of phase space in which Ce(OH)3 precipitation is ex-
pected, and a solid product presumably results. The precise point
in the process in which Ce3þ is oxidized to Ce4þ is unknown. As
suggested in the literature, either in solution, particularly when
the solution is highly aerated, or during subsequent exposure to
(vs. SCE) varying from (a) �0.65 V, (b) �0.7 V to (c) �0.8 V. (Ni|Si substrate/dep.
time varying from (d) 30 s, (e) 60 s to (f) 180 s. (Ni|Si substrate/�0.8 V vs. SCE) (g)–
tial solutions varying from (g) 5%, (h) 10%, to (i) 15%. (Ni|Si substrate/�0.8 V vs. SCE/
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air, are plausible. The as-deposited material contains substantial
concentrations of water and nitrate species [32], which are readily
removed in a drying or annealing step, yielding CeO2 as the final
product, as established by X-ray diffraction studies (Fig. 6(a)), and
Raman spectroscopy (Fig. S2).

The strong influence of the applied potential on the morphol-
ogy of the layers grown by CELD, with increasing magnitude in
applied potential resulting in a decrease in feature size (Fig. 2(a)–
(c)), is likely to be a consequence of diffusion-limited growth ki-
netics. As the applied potential is made increasingly negative, the
current density increases (Fig. S4), implying an increase in film
growth rate. At the lowest (least negative) potentials examined,
and hence lowest growth rates, the films are relatively smooth and
featureless. At high growth rates, encompassing most of the range
of voltages examined, metal ions are likely depleted in the vicinity
of the surface, and the crystal protrudes towards regions with
higher nutrient concentration, ultimately generating the random,
porous structures observed [41]. In the case of very negative ap-
plied potentials (o�0.8 V, films not shown), hydrogen evolution
Fig. 4. (a) SEM image of SDC deposited over a representative 10 μm Ni pattern on YSZ u
image near the edge of the patterned Ni. (c) Cross-sectional SEM image of a similar samp
line: outline of patterned Ni).

Fig. 3. The results of composition analyses by ICP-MS (▲ black) and EDS (■ blue).
(Ni|Si substrate/�0.8 V vs. SCE/dep. time¼100 s). Error bars in EDS and ICP-MS
data represent the distribution in values obtained in four different regions of each
sample and three different measurements of each sample, respectively.
was detected, with detrimental impact on film adhesion, and a
high density of cracks was observed. Accordingly, a deposition bias
of �0.8 V, generating the desirable morphology in a short time,
along with good film adhesion and an acceptable crack density,
was selected for film growth.

The deposition time has no apparent impact on the nanoscale
petal morphology. The film thickness increases almost linearly
with time at a rate of 20.1 nm sec�1 (either doped or undoped,
�0.8 V) until approximately 600 s (Fig. S3). Thereafter, the rate of
growth gradually decreases, presumably as a result of the in-
creasing coverage of Ni by the non-conducting SDC. However, the
decline is limited, suggesting Ni coverage is not complete, and
films as thick as 45 μm are obtained after a 1 h deposition. As
stated above, thicker films (41 μm) obtained after longer growths
tend to form large cracks (Fig. 2(d)–(f)), which are likely to be
detrimental to charge transport in the SCD layer when utilized as
an anode. Accordingly, a deposition time of 60 s (producing films
�1 μm in thickness, Fig. S5) was selected for subsequent elec-
trocatalysis studies.

Fig. 3 presents a comparison of the nominal solution con-
centration of Sm (as a mole fraction of the total cation content) to
the measured concentration of Sm in the film, as determined both
by EDS and ICP-MS. Deposition of samaria films by a process si-
milar to that described here for the CELD growth of ceria has been
reported [42], and thus it is not surprising that Sm can be in-
corporated into CELD ceria films. As observed in previous studies,
the Sm concentration in the film is substantially higher than that
in the solution. This behavior may result from that fact that
standard reduction potential of Ce3þ is more negative than that of
Sm3þ [43] or from the fact that Sm(OH)3 has lower solubility than
Ce(OH)3 [44]. In addition, the morphology of the deposited SDC
layer becomes less nanostructured as the Sm content is increased
(Fig. 2(c),(g)–(i)). Hereafter, solutions with 5 mol% Smwere used to
obtain films of stoichiometry Sm0.1Ce0.9O1.95�δ, a widely used solid
electrolyte composition.

Fig. 4(a)–(c) shows SEM images of CELD ceria deposited over a
representative 10 μm Ni pattern on YSZ using the optimal condi-
tions selected above. Not surprisingly, the Ni surfaces are uni-
formly covered with SDC of the nanoscale petal morphology. More
significantly, as proposed, SDC deposition occurs on the YSZ sur-
face, despite the electronically insulating nature of the oxide
substrate. The SDC-coated region extends approximately 1–2 μm
from the edge of the Ni. Changing the deposition geometry re-
sulted, in some cases, in SDC deposition over the entirety of the
exposed YSZ (Fig. S6). The atomic scale features of the YSZ|SDC and
sing optimal conditions (�0.8 V vs. SCE/5% Sm/dep. time¼60 s) and (b) magnified
le. The SDC-coated region extends 1–2 μm from the edge of the Ni (— white dashed



Fig. 5. TEM images of (a) the YSZ|SDC and (b) the Ni|SDC interfaces in a re-
presentative sample, showing good contact for easy oxygen ion and electron
transfers, respectively.

Fig. 6. (a) X-ray diffraction results of Ni|Si substrate (gray), doped ceria layer as-
deposited (black), undoped ceria layer after 10 h H2 annealing at 700 °C (red), and
doped ceria layer after 10 h H2 annealing at 700 °C (blue). (inset: expansion about
the peak at �28.5° of undoped and doped ceria layers) Marks (*) correspond to
cubic fluorite structure (Fm3̄m (225)). (b), (c) SEM images of the SDC morphology
(b) before (as-deposited) and (c) after 10 h H2 annealing at 700 °C.
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Ni|SDC interfaces are shown in Fig. 5. The imaged regions indicate
good contact, suggesting easy transport of ionic species between
the two oxides, Fig. 5(a), and ready electron transport between
SDC and Ni, Fig. 5(b). These features are essential for supporting a
global electrochemical reaction mechanism that takes advantage
of the high reactivity at the SDC|gas interface. It needs to be noted
that no interface phase was observed after 85 h of impedance
spectroscopy at 700 °C (Fig. S7).

XRD patterns of the as-deposited and annealed samples are
presented in Fig. 6(a), for both the undoped and Sm-doped com-
positions, along with corresponding SEM images. Some dis-
crepancies exist in the literature with regard to the crystal structure
of the as-deposited material; both Ce(OH)3 and Ce2O3 have been
suggested [32,45]. However, the present XRD results show only a
cubic fluorite structure, indicating that CeO2�δ is the primary phase
under the deposition conditions used in this work. The lattice
constants of the undoped and doped ceria films were calculated as
5.412 Å and 5.425 Å, respectively, which agree well with the re-
ported values of 5.411 Å for pure ceria and 5.423 Å for
Sm0.1Ce0.9O1.95 [46]. No other phases, such as Sm2O3 or Ce(OH)3, are
detected. After annealing in dry H2 for 10 h, the XRD peaks become
sharper, indicative of crystallite growth. The crystallite sizes are
estimated, according to the Scherrer equation [47], to be
4.670.2 nm and 20.170.2 nm, respectively for as-deposited and
annealed ceria films. However, significantly, the film maintains the
high specific surface area of 1975 m2 g�1 upon H2 annealing at
700 °C for 10 h, compared to as-deposited area of 1374 m2 g�1,
measured by BET, and only slight differences are evident between
the pre- and post-annealed SEM images (Fig. 6(b) and (c)). Extreme
morphological stability of ceria has been previously reported [48].
Furthermore, because no high temperature calcination is required
after the CELD step, one can expect such high surface area will be
maintained during fuel cell operation. Raman spectroscopy con-
firms the absence of secondary phases in the as-grown films and
the removal of nitrate ions upon annealing (Fig. S2).

3.2. Electrochemical activity

Selected AC impedance results obtained at 650 °C in wet H2

(0.8% H2O–10% H2–N2) and in wet CH4 (2% H2O–98% CH4) atmo-
sphere are presented in Figs. 7 and 8, respectively. For the cells with
bare Ni patterns on YSZ (type 2), the impedance response, plotted
in Nyquist form (Fig. 7(a) and (b)), always consists of a nearly ideal
semicircle, displaced from the origin by a high-frequency offset
resistance (Roff). Similar impedance spectra for Ni|YSZ|Ni symmetric
systems have been reported elsewhere [49]. The high-frequency
offset is attributed to a combination of the ionic resistance of the
YSZ and the sheet resistance of the current collector. The arc reflects
the characteristics of the electrochemical reaction and is modeled
using a RQ subcircuit, where Q is a constant-phase element with
impedance ZQ equal to 1/Q(iω)n, n is a constant, and ω is the fre-
quency. Consistent with the near-ideal shape of this impedance
response, the fitted n value was found to fall within the range 0.89–
0.91. The capacitance of this response, computed according to
C¼(R1�nQ)1/n, ranges from 10.7 to 11.4 μF cm�2 and, within error, is
independent of oxygen partial pressure dependence (Fig. 7(c)). Such
behavior of the bare Ni is consistent with that of typical double-
layer capacitor-type electrodes [50]. Moreover, as shown below, the
resistance is found to depend almost linearly on triple-phase
boundary length (lTPB). These characteristics are indicative of an
electrochemical process occurring at the Ni|YSZ|gas interface.



Fig. 7. Typical impedance spectra of Bare Ni (□ black) and CELD Ni (△ blue) of the
symmetrical 20–20 patterned Ni|YSZ substrate|patterned Ni anodes and their fitting
results (solid lines) (a) under wet H2 (10% H2, 0.8% H2O, N2 balanced) and (b) under
wet CH4 (98% CH4, 2% H2O). (─ Red in the inset indicates two distinct arcs in high
frequency region (HF) and low frequency region (LF), respectively.) (c) Double
logarithmic plots of the capacitance of bare Ni (□) and CELD Ni (▲ LF, △ HF) under
vs. pO2 measured at T¼650 °C and pO2 �5�10�26–5�10�24 atm.
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In the case of the CELD coated patterns, the near-ideal single
arc is replaced with two, highly overlapping arcs (insets in Fig. 7
(a)–(b)) with substantially reduced total resistance, implying that
not only has the overall electrochemical reaction pathway been
modified, but also that the modification is highly favorable for
both hydrogen and methane utilization. In contrast to the elec-
trochemical response, within the range of variations observed in
lead-wire ohmic resistance contributions, the offset resistance is
unchanged between the two types of electrodes.
In light of the features of the observed spectra, the impedance
of the CELD coated patterns was modeled according to an
equivalent circuit composed of an offset resistance in series with
two serially connected (parallel) RQ subcircuits.

The physical origin of these two arcs is not entirely clear. The
large capacitance values associated with the lower frequency arc,
ranging from 0.118 to 0.208 mF cm�2 (normalized relative to the
electrolyte projected area), as well as the oxygen partial pressure
of this capacitance, with a slope of ��¼ in the double logarithmic
plot, Fig. 7(c), indicates this term is dominated by the chemical
capacitance of the deposited ceria [51,52]. Doped ceria behaves as
a mixed conductor under the reducing conditions of the mea-
surement and the chemical capacitance results from changes in
oxygen content in response to the applied electrical potential
perturbation [18]. The surface electrochemical reaction, specifi-
cally, hydrogen electrooxidation, has been shown elsewhere to
occur in parallel with this capacitance [19], suggesting that the
resistance of the low frequency impedance arc corresponds to that
of the electrochemical reaction. The high frequency response may
be due to constriction effects ensuing from the tortuous electron
pathway from surface reaction sites to the embedded metal cur-
rent collectors or the similarly tortuous ion pathway from the
surface reaction sites to the YSZ electrolyte. Such effects have been
observed in related measurement configurations [27,32], but have
not been confirmed for the present case.

The dependence of the resistance terms of both types of elec-
trodes on lTPB, temperature and gas phase composition, as mea-
sured under H2, is summarized in Fig. 8. As already noted in the
context of the raw impedance data, application of the ceria CELD
coating dramatically lowers the electrode resistance, even upon
comparing the sum of the two resistances from the latter films
with the single resistance from the former. The properties of the
bare Ni electrodes are similar to those reported in the literature.
Not only is the impedance approximately linearly dependent on
lTPB, with a power law exponent of �1.47, the absolute value of the
length-specific electrode impedance, 1–2 kΩm at 650 °C is similar
to that reported by Bieberle et al. [50] In addition, the dependence
on hydrogen partial pressure is negligible, with a power-law ex-
ponent of �0.1 (Fig. 8(c)), the dependence on steam partial
pressure is considerable, with a power-law exponent of �0.57
(Fig. 8(d)) and the activation energy at fixed gas composition is
0.98 eV (Fig. 8(b)). Again, such characteristics are typical of Ni
patterned electrodes on YSZ [49].

Beyond the substantial decrease in electrode resistance upon
application of the SDC coating, a significant feature of the results
in Fig. 8 is the retention of a strong dependence of the resistance
terms on lTPB. Elsewhere we have shown that for patterns on flat
ceria surfaces with fixed fractional area of the oxide|gas interface,
varied lTPB has no impact (within the range of geometries ex-
plored) on the overall electrochemical response [19]. It was further
shown that, as a result of the high reaction rate at the SDC|gas
interface, the electrochemical reaction occurs predominantly via
this double-phase boundary, with negligible contribution from
triple-phase boundaries. At first glance, a dependence on lTPB as
observed here might be considered incompatible with a reaction
that proceeds primarily via the double-phase boundary. However,
in light of the preferential SDC deposition on the Ni pattern and
thus the limited extent to which the YSZ becomes coated, a de-
pendence on lTPB is not surprising. The structure resulting from the
CELD process, Fig. 4, in fact suggests that the SDC in the near vi-
cinity of the YSZ|Ni|SDC triple-phase boundary will be most active.
Thus, even where ceria is the active component, the overall ac-
tivity will scale with the length of the YSZ|Ni|SDC contacts.

That the electrochemical reaction pathway is mechanistically
distinct between the bare Ni and the CELD SDC coated Ni is evi-
dent from the very different pH2O, pH2 and T dependences of the



Fig. 8. (a) Double logarithmic plots of the electrode resistances of bare Ni (□ black) and CELD Ni (▲ LF, △ HF blue) vs. 3PB lengths (10–10/20–20/40–40/80–80) under pH2

¼0.1 atm, pH2O¼(7.571.7)�10�3 atm at T¼650 °C. (b) Temperature dependence of the electrode resistance normalized by l3PB (R*) of bare Ni (□) and CELD Ni (▲ LF, △ HF)
under wet H2 measured at T¼600–700 °C. (c) Double logarithmic plots of the R* of Bare Ni (□) and CELD Ni (▲ LF, △ HF) vs. pH2 measured at T¼650 °C and pH2¼0.02–0.2 atm,
pH2O¼(7.870.6)�10–3 atm. (d) Double logarithmic plots of the R* of bare Ni (□) and CELD Ni (▲ LF, △ HF) under vs. pH2O measured at T¼650 °C and pH2O¼0.005–
0.019 atm, pH2¼0.1 atm.

Fig. 9. (a) Temporal evolution of electrode resistance, R*total (R*HFþR*LF). Bare Ni (□
black) and SDC coated Ni (△ blue) under dry CH4 at 700 °C and SDC coated Ni (○ red)
under wet H2 at 700 °C. (b),(c) Optical images of SDC coated Ni and bare Ni electrodes
after the long-term electrochemical evaluation under dry CH4 at 700 °C of part (a).
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two types of electrodes. In contrast to the behavior of the bare Ni
electrodes, the gas composition has negligible influence on the
high frequency resistance of the latter (Fig. 8(c) and (d)), sup-
porting the proposal that this response is due to a geometric
constriction effect rather than a chemical step in the reaction
pathway. The low frequency resistance, on the other hand, dis-
plays gas composition dependences and activation energy that are
comparable to that observed earlier for porous SDC grown by
pulsed laser deposition [20]. Specifically, in that prior study we
observed a power law exponent for pH2 of �0.09, and an activa-
tion energy of 0.80 eV. For the low frequency resistance of the
CELD films, the respective values are �0.12 and 0.79 eV. From the
totality of these observations we conclude that the low frequency
response (alone) reflects the true electrochemical reaction re-
sistance, that the reaction proceeds via the SDC|gas interface, and
that much of the surface of the CELD SDC may not be utilized
because of the challenge of transporting electronic and ionic cur-
rent through geometrically constricted interfaces. Significantly,
under comparable conditions (T¼650 °C, pH2¼0.1 atm, pH2O
¼0.005 atm) the previously investigated columnar PLD films
yielded an electrolyte-area normalized low-frequency resistance
of �2Ω cm2 for a film thickness of 2.55 μm [20], whereas the
1 μm thick CELD films display a value only slightly higher,
�3Ω cm2. The high specific surface area of the CELD films,
�13–19 m2 g�1 vs. 15–20 m2 g�1 for the PLD may explain, in part,
the comparable improvement of activities despite the lesser
quantity of ceria present in the CELD films. In addition, because
low temperature solution based synthesis tends to exclude im-
purities due to low solubility at the synthesis temperature, it is
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possible that higher purity in the CELD film has contributed to its
low impedance. Efforts are underway to understand these differ-
ences and optimize the deposition architecture so as to take full
advantage of the enhancements offered by CELD and ideally
eliminate the high frequency impedance response.

3.3. Coking resistance

As shown in the raw impedance spectra, application of the SDC
CELD coating substantially decreases the fuel electrochemical re-
action resistance, by a factor of 44 for hydrogen and a factor of 8 for
methane under the specific conditions represented. Under different
conditions (not shown) even larger differences between bare and
coated films were recorded. Of potentially greater importance than
initial performance, particularly for a nanostructured component
that will be utilized at high temperature for long periods, is the
retention of activity during prolonged exposure to operational
conditions. In Fig. 9 is presented a comparison of the length-specific
electrochemical reaction resistances of bare and CELD ceria coated
Ni-patterned electrodes, upon continuous exposure for tens of
hours at 700 °C to dry methane, a particularly demanding condi-
tion. In the case of the CELD electrode, results obtained upon ex-
posure to humid H2 (pH2O¼0.02 atm) are additionally reported. For
the CELD films, the resistance is taken as the sum of the resistance
contributions from the low and high frequency impedance arcs
Fig. 10. Raman 2D mapping images after 100 h of measurement under wet CH4 (98% C
spectra obtained from (c) the bare Ni and (d) the SDC coated Ni, respectively. Carbon pe
were obtained using the g-band region, highlighted in blue in (c)–(d).
discussed above. The stability of the CELD coated Ni is exceptional.
Whereas the bare Ni showed a dramatic, more than two orders of
magnitude increase in electrode resistance within three hours and
finally lost electrical contact after about 19 h, the CELD films dis-
played either an almost constant (H2) or decreasing (CH4) resistance
over time. The tremendous difference between the bare Ni and
CELD coated Ni electrodes is further evident in the optical images
presented in Fig. 9(b) and (c). The coated film reveals no discernable
sign of carbon deposition and only slight morphological changes
(Fig. S8) after prolonged exposure to dry methane, whereas in the
absence of CELD ceria, carbon is deposited throughout the system
and the Ni is no longer visible.

The precise global electrochemical reaction that occurs under
dry CH4 is unclear. In the case of H2/H2O, the reaction is easily
recognized as

H2þO2�2H2Oþ2e� (1)

with all relevant gaseous species being actively supplied and their
concentrations controlled. In the case of dry methane, the
equivalent reaction

CH4þ3O2�2COþ2H2Oþ6e� (2)

has less meaning because CO and H2O, although they may be
generated locally, are not actively supplied. In light of this
H4, 2% H2O) at 700 °C from (a) Bare Ni and (b) SDC coated Ni, respectively. Raman
aks at �1350 cm�1 for D-band and �1580 cm�1 for g-band. The mapping images
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uncertainty and the significant performance increase over time, it
is of value to consider to what extent oxygen release from the ceria
as a result of direct chemical reaction with methane can impact
the electrochemical process. If the equivalent pO2 of pure methane
at 700 °C is 10�28 atm, referring to the thermogravimetric results
of Bishop et al. [53], the expected δ in Gd0.1Ce0.9O1.95�δ under
these conditions is 0.334 and the conductivity is �2.5 S cm�1,
about 7 times higher than the ionic conductivity alone [54]. Given
the very small amount of ceria in the CELD electrodes and the high
methane flow rate, enough methane is supplied in less than 1 s to
achieve δ¼0.334 (even assuming an initial δ of 0). As the reaction
with methane is likely to be surface reaction limited and only a
portion of the reactant gas will interact with the oxide, the actual
reduction is likely to take substantially longer than 1 s. Thus,
increased electronic conductivity with increasing time of exposure
to CH4 may contribute to the decrease in electrode impedance
over time. In addition, a small amount of carbon deposition, which
would be expected to occur over a longer time scale than the ceria
reduction, may also contribute, particularly to continued perfor-
mance improvements after tens of hours of exposure. Similar
observations were reported by McIntosh et al. using n-butane and
the increased activity was similarly attributed to slight carbon
deposition that increased electronic conductivity [14,55]. The
slight decrease in performance observed in the case of hydrogen
electro-oxidation is tentatively attributed to a slight loss in surface
area over time, as shown by the slight growth in diffraction feature
size upon annealing (Fig. 6a).

The impact of long time exposure to methane is further ex-
plored by comparison of Raman spectra of the two types of elec-
trodes, Fig. 10, before and after 100 h of exposure to methane. In
this case the gas is humidified so as to represent a more realistic
operation condition for direct methane SOFCs, in contrast to the
extreme condition of dry methane examined electrochemically.
The Raman 2D mapping images are generated using the summed
Fig. 11. Schematic illustration of distinct reaction pathways for bare Ni (left) and SD
electrooxidation. After CELD coating of SDC on Ni surface, the available reaction sites ar
intensities of the carbon D-band (1350 cm�1) and g-band
(1580 cm�1) peaks. The bare Ni has regions several microns on
edge with a significant carbon signal. Deposition of carbon on the
YSZ is not detectable due to the overlap in Raman signals between
YSZ and carbon. In contrast to the bare Ni electrode, the CELD SDC
coated Ni is entirely free of carbon within the noise level of the
measurement. The data provide conclusive evidence that the CELD
SDC prevents carbon deposition on Ni. These results are consistent
with other reports suggesting high tolerance of ceria to carbon
coking [7,19,22,25–27,56,57].
4. Conclusions

Nanostructured SDC was successfully deposited onto Ni by means
of a simple, cost-effective CELD method. The SDC layer had an ex-
tremely high surface area with good thermal stability up to 700 °C.
Lithographically patterned Ni|YSZ model electrodes showed a dra-
matic increase (by a factor of almost 50) in electrode activity upon
application of the CELD coating, consistent with an electrochemical
reaction that occurs directly on the SDC surface by a pathway shown
schematically in Fig. 11. The dependence of electrode activity of the
CELD coated Ni on triple phase boundary length is attributed to en-
hanced activity of the SDC deposited in the near-vicinity of the Ni|YSZ
contact line; SDC deposition over YSZ is limited, whereas SDC de-
posited over Ni far from the contact line is not well connected to the
electrolyte. Despite the imperfect deposition configuration, CELD
films just 1 μm thick, requiring a deposition time of just 1 min,
provide activity comparable to nanostructured, porous PLD films
2.55 μm thick, which require a deposition time of 125 min without
considering additional pumping and heating/cooling time. The at-
tractive performance of the CELD SDC is attributed to the extremely
high surface area and potentially low impurity concentration due to
C coated Ni (right) electrodes. Red-highlighted regions are reaction sites for fuel
e understood to expand from 3PB (Ni-YSZ-gas) to 2PB (SDC-gas) sites.
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the low temperature synthesis. In addition, the high surface-area
CELD SDC effectively prevented carbon coking under both dry and
wet (2% H2O) methane at 700 °C. Thus, the CELD method may pro-
vide a highly advantageous route, in terms of both performance and
manufacturability, for achieving ultra-high performance SOFCs op-
erating either on hydrogen or directly on methane.
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