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Solid oxide electrochemical cells (SOCs) offer an eco-friendly 
means of energy storage and conversion, where energy can be 
either stored in the form of a chemical fuel (electrolysis mode) 

or converted into electricity at a remarkably high level of efficiency 
(fuel-cell mode). A long-standing bottleneck in the development of 
practically meaningful SOC technology is the high cost associated 
with cell fabrication and operation, largely because of the high oper-
ation temperature, typically in the range of 800–900 °C (refs. 1,2).  
Lowering the operation temperature of SOCs below 600 °C may 
extend the choice of materials to less expensive options (that is, 
stainless steel as an interconnect material) and allow the realization 
of long lifetimes along with minimal thermomechanical degrada-
tion and less burden for device sealing3. Unfortunately, the electro-
chemical resistances of essential cell components such as electrodes 
increase rapidly at low temperatures due to the high activation 
energy required for the electrocatalytic reaction. Accordingly, 
designing a catalytic structure with a low activation barrier is cru-
cial for the eventual success of SOC technology4,5.

Metal nanoparticles have become a key component in high-
performance heterogeneous catalysts, primarily serving as a 
catalytic activator. Recent experimental and theoretical findings 
suggest that optimization of the chemical nature at the metal/
support interfaces is essential for performance improvement6,7. 
Meanwhile, previous efforts towards the utilization of metal 
nanoparticles in SOCs have suffered because of the poor thermal 
stability of the nanoparticles8. Nanosized metal particles read-
ily coalesce and grow at high operating temperatures, leading to 
severe catalytic activity losses9,10. This inherent problem can be 
partially addressed through the use of thermally stable inorganic 
support materials such as mesoporous silica11–13 or gas-permeable 
oxide shells14,15. These support materials are commonly dielectrics, 

but metal nanoparticles for SOCs must simultaneously come into 
contact with percolating ionic and electronic transport pathways 
to allow effective electrochemical reactions5,16.

Recently, there have been a few reports of the successful incorpo-
ration of metal nanoparticles (with diameters of 10 nm or less) onto 
SOC electrodes, where the nanoparticles are stabilized on a scaf-
fold of mixed ionic and electronic conducting oxides with highly 
porous morphology. The use of the mixed conductive oxide as an 
electrode allows the metal particles dispersed on the electrode to 
actively participate in the electrochemical reaction, and the porous 
electrode structure effectively blocks agglomeration of the particles. 
Substantially improved electrode activity for hydrogen electrooxida-
tion and decent sintering resistance of Pt, Pd, Ni and Co-decorated 
porous columnar Sm0.2Ce0.8O1.9 films have been demonstrated17, and 
it has been shown that Ni nanoparticles are formed by the selec-
tive diffusion of Ni along the grain boundary of Sm0.2Ce0.8O1.9 films 
and the subsequent reduction, which exhibited excellent H2 elec-
trooxidation activity and thermal stability18. Others have reported 
that submonolayer Pd@CeO2 core–shell nanocomposite catalysts 
improve the performance of yttria-stabilized zirconia (YSZ)/La0.8 
Sr0.2Cr0.5Mn0.5O3 electrodes19. The performance of Ag-doped 
Sr0.95Nb0.1Co0.9O3 electrodes has been enhanced by extruding Ag 
nanoparticles from the oxide lattice via partial reduction, while 
enhanced activity was analogously achieved with a Co- or Ni-doped 
PrBaMn2O5+δ electrode20–22. These findings clearly imply the poten-
tial of metal nanoparticles as an optimizer of SOC electrodes, par-
ticularly for lower-temperature operation (≤600 °C). Nonetheless, 
the underlying mechanism for the enhancement of the catalytic per-
formance and the exact role of nanoparticles in the electrochemi-
cal reaction remain unclear. Given the morphological complexity 
of typical porous metal/oxide composite electrodes along with the 
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uneven distribution of polydisperse nanoparticles23,24, a quantitative 
analysis of the intrinsic contribution of metal nanoparticles to the 
overall catalytic performance of metal/oxide electrodes is a formi-
dable challenge7,25. Thus, it has never been possible to answer the 
following fundamental questions. “How much exactly can a single 
metal nanoparticle contribute to the high-temperature electroca-
talysis of oxide electrodes?” “How does the electrocatalysis change 
with the composition of the metal particles, perfectly differentiated 
from structural complexity?” “What is the ideal electrode perfor-
mance that a given amount of metal catalysts can achieve if all metal 
nanoparticles are fully used for electrochemical reactions without 
aggregation at high temperatures?”

To address these issues, we present an ideal model electrode 
system with well-defined uniform catalyst geometries and intimate 
three-phase interfaces with ionic and electronic conductors for a 
precise analysis of the nanoparticle-catalysed electrochemical reac-
tion. Figure 1a illustrates the fabrication process and structure of 
our symmetric electrochemical cell. Epitaxial films (thickness of 
1 μm) of Sm0.2Ce0.8O1.9–δ (Sm-doped ceria, SDC) were deposited as 
the working electrode on both sides of the YSZ single-crystal elec-
trolyte substrate by pulsed laser deposition (PLD), after which Ni 
strip arrays (20 μm width and 20 μm spacing) were patterned on 
the surface of the SDC films as counter-electrodes (Supplementary 
Fig. 1). SDC was selected as the electrode material because of its 
high electron and oxygen ion conductivities and excellent inherent 
activity towards hydrogen electrooxidation—the target model reac-
tion in this study26–28. Well-ordered arrays of monodisperse metal 

nanoparticles were prepared on the SDC electrodes via block copo-
lymer (BCP) self-assembled nanotemplates29,30. Finally, the metal 
nanoparticles were encapsulated with gas-permeable thin layers of 
SDC to avoid coalescence. It is noteworthy that this judicious design 
of the electrode enables idealized three-phase interface at each 
nanoparticle for barrier-free ionic and electronic transport through 
the bottom SDC layer and nearby metal array, respectively, as well as 
an exact measurement of the catalytic geometry of the well-defined 
monodisperse nanoparticle array (Fig. 1b).

Physical and chemical characterization of model electrodes
Figure 2a–d presents scanning electron microscopy (SEM) 
images of electrode surfaces with ordered metal nanoparticles 
before and after the SDC coating process. Each hexagonal packed 
particle array exhibits remarkably narrow distributions of par-
ticle diameter, inter-particle spacing and areal number density 
(10.1 ± 1.4 nm, 30.7 ± 0.9 nm and (1.1 ± 0.3) × 1011 cm−2, respec-
tively) (Supplementary Fig. 2). All particles are evenly covered by 
an SDC layer approximately 4 nm thick via precipitation and a dry 
process using metal-nitride precursors (Fig. 2a–d, insets). Cross-
sectional transmission electron microscopy (TEM) images (Fig. 2e,f)  
indicate that the Pt particles on the SDC electrode are encapsu-
lated by a thin SDC layer, with further evidence provided by fast 
Fourier transform (FFT) results and X-ray photoelectron spec-
troscopy (XPS) depth-profiling (Supplementary Fig. 3). The SDC 
coating layer uniformly covers both the Pt nanoparticles and the 
SDC electrode, ensuring good interfacial contact for the electron 
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Fig. 1 | a metal-decorated model thin-film electrode. a, Schematic flowchart of the fabrication process for the model symmetric electrochemical cell used 
in this study. The dispersion of the monoarray of metal nanoparticles follows the nanopattern of the self-assembled block copolymer (block copolymer 
lithography). b, Schematic illustration of hydrogen electrooxidation on a SDC surface decorated with monodisperse bare metal nanoparticles (left) and 
SDC-encapsulated metal nanoparticles (right). Oxygen ions pass vertically through the SDC thin film from the electrolyte, and electrons are collected 
horizontally through the SDC thin film into Ni current collectors (CC). Epi, epitaxial; HMTA, hexamethylenetetramine; PS-b-P4VP, polystyrene-block-
poly(4-vinylpyridine).
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and ion transport pathways simultaneously required for electro-
chemical reactions. Reactant gases can also reach the metal cata-
lyst through the mesoscale pores formed during the transformation 
of hydrated cerium oxy-hydroxide into CeO2 (refs. 8,31). Indeed, 
the SDC-coated metal nanoparticles show reliable thermal stabil-
ity without any agglomeration or penetration of Pt into the SDC 
coating layers, even at 600 °C and 50 h of impedance measurement 
(Supplementary Figs. 3d and 4a). Thermal annealing at 700 °C for 
10 h under ambient air or CO atmosphere does not cause cluster-
ing (Supplementary Fig. 4b,c). These results show that the model 
electrode platform proposed in this study can be widely applied to 
various reactions, such as CO electrooxidation or oxygen reduction 
reactions (ORRs). It should be noted that bare Pt particles, unlike 
other metals, show excellent sintering resistance up to 500 °C on 
the ceria surface32, allowing high-temperature impedance analysis 
without the need for an SDC coating, as discussed in the following 
(Supplementary Fig. 4d,e).

electrochemical measurement of model electrodes
The electrochemical reactivity of the structurally well-defined 
metal-coated oxide thin-film electrodes was analysed with regard 
to H2 electrooxidation by a.c. impedance spectroscopy at 400–
650 °C in a wet hydrogen atmosphere. With or without nanopar-
ticles, the zero-bias impedance response of each sample, plotted in 
Nyquist form, commonly consists of an offset resistance and only 
a single semicircle at a lower frequency (Fig. 3a). The offset resis-
tance is readily attributed to the sum of the YSZ bulk and the Ni 

sheet resistance and is omitted from the present spectra to reduce 
the degree of complexity. Thus, the low-frequency impedance arc 
reflects the characteristics of the electrochemical reaction occurring 
on the SDC electrode surface27,33. The most significant key feature 
is the nanoparticle-dependent response of the electrode resistance, 
displayed as the diameter of the arc, which decreases remarkably 
with nanoparticles. For instance, bare Pt nanoparticles reduce the 
resistance of the SDC electrode down to 1/12 or to 1/37 when an 
additional SDC layer surrounds them. The corresponding activa-
tion energy is also reduced from 0.89 eV to 0.57–0.60 eV by the 
incorporation of Pt nanoparticles, as presented in the Arrhenius 
plot in Fig. 3b. These observations provide clear evidence that the 
measured impedance reflects the surface electrochemical response 
of the SDC electrode, not bulk ionic or electronic conduction33, and 
that the Pt nanoparticles accelerate the rate of H2 oxidation on the 
SDC surface. It is particularly noteworthy that the electrode imped-
ance decreases linearly with the total number of nanoparticles dis-
persed on the electrode surface. Figure 3c shows that as the surface 
area of the SDC exposed to hydrogen gas quadruples and thus the 
number of Pt nanoparticles decorated on the SDC also quadruples 
(Supplementary Fig. 1e,f), the electrode resistance decreases by a 
factor of exactly four. Furthermore, we also doubled the areal num-
ber density of Pt nanoparticles by replacing the BCPs with a differ-
ent molecular mass, which in turn reduces the electrode resistance 
by half (Fig. 3d). These results ensure that all nanoparticles dis-
persed on the electrode surface fully participate in the surface elec-
trochemical reaction, which is essential to quantify the contribution 
of metal particles to the electrochemical reactivity.

The structural regularity of nanopatterned metal nanoparticles 
allows geometric quantification of possible reaction sites, such as 
exposed Pt areas or Pt–SDC interfaces. The impedance results for 
SDC electrodes with Pt particles of different sizes and spacings, 
as shown in Fig. 3d, are good examples. In this case, the electrode 
resistance values obtained from the two samples are surprisingly 
consistent when normalized by the Pt–SDC interface length, not 
by the exposed Pt surface areas (Supplementary Table 1). This sug-
gests that the Pt–SDC interface is the dominant active site for the 
H2 electrooxidation reaction. It is further supported by the obser-
vation that the SDC-coated Pt nanoparticles exhibit a lower elec-
trode resistance than bare Pt nanoparticles, despite the reduced bare 
surface area in the presence of the coating layer (Fig. 3b). Indeed, 
both Pt–SDC and coated-Pt–SDC share the same activation energy 
but differ only in the electrode resistance. The resistance also 
slightly decrease as the coating layer becomes thicker (up to 11 nm) 
and reaches an almost constant value (Supplementary Fig. 5a).  
Considering that the coating layers tend to limit the exposed Pt 
sites, all these results can be attributed to the enlarged density of the 
Pt–SDC interface with the SDC coating (Supplementary Fig. 5a), 
as similarly reported in CeO2-encapsulated Pt catalysts8,34. We thus 
present experimental evidence directly showing the electrochemi-
cal activity of the Pt–ceria interface for H2 electrooxidation reaction 
kinetics at elevated temperature. Although the exact nature of the 
systems and operative mechanisms may be different, this obser-
vation agrees well with the previous experimental and theoretical 
findings for the synergetic interaction at the Pt–ceria interface6,35–37, 
as further discussed in our density functional theory (DFT) results 
(‘Theoretical interpretation’ section).

Intrinsic electrocatalysis of metal nanoparticles
Given the identified reaction site and the quantified total length 
of the metal–ceria interface, our measurement enables us to esti-
mate the inherent electrochemical activities of Pt catalysts. Table 1  
summarizes the electrode conductance value quantified with 
respect to the interface length of the Pt–SDC, a key reaction site 
(5.18 × 10−7 Ω−1 cm−1 at 500 °C). More significantly, we could obtain 
the turnover frequency (TOF) of the nanoparticles, a representative  
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Fig. 2 | Microscopy images of metal nanoparticles on thin-film ceria.  
a–d, SEM images of monodisperse metal nanoparticles; Pt (8.3 ± 1.8 nm) 
(a), Pd (10.2 ± 1.7 nm) (b), Au (10.2 ± 1.2 nm) (c) and Co (11.8 ± 2.6 nm)  
(d). Inset, SEM images of metal nanoparticles encapsulated in a thin SDC 
layer with a thickness of 4.0 ± 0.2 nm on the same scale as the main image 
(for histograms for each particle diameter see Supplementary Fig. 2). 
e,f, TEM images of as-prepared SDC-encapsulated Pt nanoparticles: as 
deposited (e) and after 50 h of impedance measurements at 600 °C (f).
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intrinsic catalytic property for them (see Supplementary 
Discussion). The calculated TOF of the Pt nanoparticles was 
found to be 1.13 × 103 s−1 at 500 °C, which is nearly four orders 
of magnitude greater than the value for the low-temperature CO 
oxidation of nanocatalysts of a similar size and composition 
((7.61 ± 0.97) × 10−1 s−1 at 80 °C) (see Methods). This confirms the 
excellent reactivity of metal nanoparticles in high-temperature elec-
trochemical reactions based on our first quantitative measurements, 
with a high level of accuracy.

In contrast, with consistent size and distribution of the four differ-
ent metals, the electrode resistance obtained with the four different 
metal nanoparticles directly reflects their inherent catalytic activity, 
differentiated from any geometrical effect. As can be seen in Fig. 3e, 
under the indicated conditions (10% H2/1% H2O and 600 °C), the 
incorporation of Pt, Pd and Co nanoparticles reduces the resistance 
of a bare SDC electrode down to 1/21, 1/11 and 1/6, respectively, 
whereas there is a negligible impact by Au nanoparticles. This shows 
that, among the tested materials, the best performance is observed 
with Pt nanoparticles, Pd nanoparticles have better activity than Co 
nanoparticles, while Au nanoparticles are considered to be inactive 

catalysts for H2 electrooxidation. For Pt nanoparticles, the obtained 
area-specific resistance (ASR) of 2.4 ± 0.7 Ω cm2 at 500 °C is remark-
ably low given the flat surface geometry of the model electrode and 
with a very low amount of Pt nanoparticles (with a loading of only 
360 ng cm−2). This value is even smaller than that for porous nano-
columnar SDC electrodes, whose specific surface area is 20.6 m2 g−1, 
approximately 120 times larger than the SDC surface used in this 
work38. We suggest that such low ASR levels for the SDC-coated metal 
nanoparticles indicate the ideally achievable electrode performance 
with a given amount of metal catalyst at high temperature. More spe-
cifically, Table 2 shows the electrode conductance values normalized 
by the number and mass of metal nanoparticles as well as the inter-
face-site density between metal and ceria in a humidified H2 atmo-
sphere. For instance, a single Pt particle (10 nm in size) improves the 
electrode conductance by 1.08 × 10−11 Ω−1 at 600 °C, and is 2.3, 4.2 and 
30 times more reactive than Pd, Co and Au, respectively.

theoretical interpretation
To verify the experimental observations, we carried out detailed 
DFT calculations of the H2 oxidation on pristine and metal-coated 
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SDC (100) surfaces (Fig. 4). First, unlike a pristine or vacated ceria 
(100) surface (Supplementary Fig. 6a), SDC was found to bind H2 
dissociatively with an average binding energy (Ebind) of −1.60 eV 
(Fig. 4a). Because the Sm dopants donate fewer electrons to the 
adjacent oxygen ions than the lattice Ce ions, they weaken the Ce–O 
ionic bonding and increase the hydrogen affinity of the weakly neg-
atively charged oxygen ions. The reduced oxygen vacancy formation 
energy of SDC (100) compared to CeO2 (refs. 39,40) (Evac ≈ −0.29–
0.26 eV) confirms the modified electronic structure of CeO2 fol-
lowing Sm doping (Supplementary Fig. 7). Considering that H2 
activation in this work occurs under a high H2 partial pressure, the 
SDC surface would be readily saturated with H atoms, as evidenced 
by recent X-ray photoelectron spectroscopy observations41,42. These 
adsorbed H atoms donate electrons to the reduced oxygen ions of 
SDC, strengthening the Ce–O ionic interaction of hydrogenated 
SDC. As a result, H2O desorption and oxygen vacancy formation 
requires a relatively high energy (Edes) of 1.42 eV, which suggests that 
the H2O desorption becomes the rate-determining step (RDS) for 
H2 oxidation by SDC.

Pt nanoparticles supported on SDC further modify the hydrogen 
chemistry of the SDC while donating electrons to it (Fig. 4b and 
Supplementary Fig. 10a). Noticeably, a more dramatic electronic 
change occurs following H2 binding on Pt–SDC. The Pt nanopar-
ticles of Pt–SDC (Fig. 4b and Supplementary Fig. 10b) also dissocia-
tively binds H2 (ref. 43). The dissociated H atoms can subsequently 
be transferred to the SDC surface. The rate of H transfer estimated 
by harmonic–transition state theory (4.2 × 109 s−1 at 773 K) predicts 
that the facile hydrogen spillover occurs from the Pt nanoparticles 
to SDC (Supplementary Fig. 11)44. This calculation can also be sup-
ported by the relatively weak dependence of the electrode resistance 
onpH2

n, with a power exponent (n) between 0.25 and 0.29, regard-
less of the presence of Pt nanoparticles (Supplementary Fig. 5b).  
The hydrogen spillover from the Pt nanoparticle to the adjacent 
O ion at the Pt–SDC interface was found to facilitate an elec-
tron transfer from H to O. Consequently, following saturation of 
the surface oxygen ions of SDC with 17H atoms, all Ce4+ surface 
ions are reduced to Ce3+ and the Pt nanoparticle becomes elec-
tronically neutral (Supplementary Fig. 10c). The average binding 
energy of 17H atoms on the lattice oxygen ions of Pt–SDC (average 
Ebind = −1.34 eV) is slightly lower than the value calculated for SDC 
(average Ebind = −1.60 eV).

A remarkable difference was found in the Edes values of water 
from the H-saturated Pt–SDC and SDC. The average Edes of Pt–SDC 
was 0.08 eV, even less than 10% of that of bare SDC, particularly 
when H2O is desorbed at the interface between Pt and SDC. Given 
that the desorption of H2O is the RDS, our calculation confirms 
that metal-catalysed water desorption supports the experimentally 
observed acceleration in the overall H2 oxidation kinetics, partic-
ularly at the region near the metal–ceria interface. These results 
are also strongly supported by the consistency between the Edes 
values and the experimentally measured catalytic performances 
of the tested metal nanoparticles (Supplementary Fig. 12a–d).  

The average Edes value of water from Pd–SDC (Edes = 0.81 eV) lies 
between the values for Pt–SDC and bare SDC. In contrast, the 
average Edes of water from Au–SDC (Edes = 1.37 eV) is as high as 
that of bare SDC. Here, to identify the underlying mechanism, we 
note that water desorption accompanies an electron transfer from 
Pt–SDC to the water molecule, where a considerable percentage of 
these electrons are supplied from the Pt nanoparticles. The pres-
ence of Pt nanoparticles, an additional electron reservoir, is highly 
beneficial for facile water generation, and they enhance the elec-
tronic versatility of the system. As shown in Fig. 4c (Supplementary 
Fig. 12e–h), the DOS for H-saturated Pt–SDC illustrates that Pt 
nanoparticles generate extra electron states near the Fermi level. 
Given that the Pd nanoparticle also generates extra electron states 
near the Fermi level, it also promotes H2 oxidation. The DOS of 
Au–SDC shows no extra electron state near the Fermi level of 
SDC, and its morphologies near the Fermi level are nearly identi-
cal to that of SDC. Our results provide evidence that electronic 
interaction between metal nanoparticles and ceria electrodes can 
control the overall electrocatalytic performance of the nanopar-
ticle–oxide system36,37.

Recognition of the exact role of metal nanoparticles for 
high-temperature electrocatalysis offers guidance for a design 
rule for creating SOC electrodes with exceptional performance. 
Surprisingly, a minimum amount of metal nanoparticles can 
greatly enhance the electrode performance if all particles are uni-
formly dispersed and stably interfaced with fuel, electron and ion 
transport pathways. It is also important to take advantage of the 
catalytic synergy in strong interactions between metal nanopar-
ticles and supports, even during high-temperature electrochemi-
cal reactions, such as those at the Pt–SDC electrode. Therefore, it 
is indispensable to select a suitable metal/oxide combination for 
electrode materials and to develop a method for uniform metal 
particle dispersion on the oxide surface while suppressing particle 
agglomeration. Taken together, these efforts should allow the real-
ization of high-temperature electrodes with unparalleled electro-
catalytic activities.

Conclusions
In summary, an ideal model platform has been introduced for anal-
ysis of the high-temperature electrocatalysis of an oxide electrode 
surface promoted by metal nanoparticles, utilizing an advanced 
nanoscale patterning method. Our unprecedented quantitative 
measurements confirm that the metal–ceria interface is electro-
chemically active for the H2 oxidation reaction. We identify that the 
metal nanoparticles activate water desorption at the metal–ceria 
interface, which is an RDS, by donating extra electrons to accelerate 
the overall reaction kinetics, suggesting that it is key to take advan-
tage of the catalytic synergy during metal–support interactions, 

Table 1 | Intrinsic reactivity of the Pt-decorated SDC electrode

temperature 
(°C)

electrode conductancea 
(10−7 Ω−1 cm−1)

tOF per unit length of  
Pt–SDC (102 s−1)b

500 5.18 11.3

450 2.62 5.70

400 1.79 3.89
aElectrode conductance of Pt–SDC normalized with respect to the unit length of the Pt–SDC 
interfaces. The Pt–SDC length was estimated by assuming a hemispherical shape for the Pt 
particle and using the corresponding diameter values shown in Supplementary Fig. 2. bTOF of Pt–
SDC toward the H2 electrooxidation reaction, obtained under a wet H2 atmosphere (pH2 = 0.1 atm, 
pH2O = 0.01 atm) at T = 400–500 °C (see Supplementary Discussion).

Table 2 | Normalized electrode conductance of the metal-
decorated SDC electrodes

electrode conductancea normalized by

 Number of particles  
(10−12 Ω−1 per particle)

Loading amount  
(10−1 Ω−1 μg−1)

Pt 10.8 33.7

Pd 4.70 14.1

Co 2.60 6.83

Au ≤0.36 ≤0.66
aElectrode conductance (1/R) of four different coated metal nanoparticles (Pt, Pd, Co and Au), 
obtained under a wet H2 atmosphere (pH2 = 0.1 atm, pH2O = 0.01 atm) at T = 600 °C, normalized 
with respect to the number of particles. bThe loading amount was estimated by assuming a 
hemispherical shape and using the corresponding diameter values shown in Supplementary Fig. 2 
(Pt, 359 ng; Pd, 374 ng; Co, 426 ng; Au, 601 ng).
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even during high-temperature electrochemical reactions, such as 
those at the Pt–SDC electrode. Additionally, a smart selection of 
suitable metal/oxide combinations for electrode materials can be 
achieved through this measurement platform. Overall, this work 

proposes a reliable design rule for creating catalytic structures for 
high-temperature electrocatalytic reactions over a broad range of 
solid-state devices, such as fuel cells, electrolysers, sensors and pho-
toelectrochemical cells.

a

Sm1 = 2.12, Sm2 = 2.14

Ce1 = 2.34

O1= –1.01, O2= –1.17

Sm1 = 2.10, Sm2 = 2.12

Ce1 = 2.00

O1 = –1.76, O2 = –1.76

H1 = H2 = 1.00

Sm1 = 2.12, Sm2 = 2.13

Ce1 = 2.32

O2 = –1.20

Ave. Ebind = –1.60 eV Ave. Edes = 1.42 eV

b

Sm1 = 2.08, Sm2 = 2.13

Ce1 = 2.26

O1 = –1.07, O2 = –1.16

Sm1 = 2.08, Sm2 = 2.12

Ce1 = 2.19

O1 = –1.62, O2 = –1.75

H1 = H2 = 1.00

Sm1 = 2.11, Sm2 = 2.11

Ce1 = 2.01

O1 = –1.13

Ave. Ebind = –1.34 eV Ave. Edes = 0.08 eV

c
SDC

Ce 4f Ce 4f

EF EF EF

Ce 5d Ce 5d

Electron reservoir (Pt)

Density of states Density of states Density of states

O 2p O 2p

Pt

Ce 4f

Ce 5d

O 2p

Au
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Fig. 4 | reaction pathway of H2 electrooxidation on bare SDC and metal-decorated SDC electrodes. a, H2 electrooxidation pathway on bare SDC with 
the energetics of H2 adsorption and H2O production. b, H2 electrooxidation pathway on the Pt-coated SDC with the energetics and electron redistribution 
for each step. The Bader charges of selected ions are given below each panel. The total Bader charge of the Pt nanoparticle is presented in yellow. The Pt 
nanoparticle of Pt–SDC binds and transfers H atoms to the interfacial oxygen ions of SDC (hydrogen spillover). Note that the Pt nanoparticle supplies extra 
electrons to SDC following H2O desorption from the Pt–SDC interface (see Supplementary Information for details). c, Density of states (DOS) obtained 
from DFT calculations for H-saturated bare SDC, Pt–SDC and Au–SDC (see Supplementary Information for the H-saturated Pd–SDC and detailed DOS 
results). The Pt nanoparticle of Pt–SDC generates extra electron states at the Fermi level, a process that is beneficial for facile H2O production. Ave., 
average; Δe, change in number of electrons.
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Methods
A symmetric electrochemical cell configuration (current collector|electrode|elec
trolyte|electrode|current collector) was used in this study. Ni pattern strips were 
fabricated as a current collector by photolithography on thin-film electrodes of 
SDC, which in turn were obtained by PLD on a YSZ electrolyte substrate. The 
fabrication processes described in the following sections were repeated in the same 
way on both sides.

Fabrication of Ni-patterned SDC films. Epitaxial SDC thin films (1 μm thick) 
were grown on a (100) single-crystal YSZ substrate (8 mol%, 10 × 10 × 0.5 mm, 
MTI) by PLD (KrF 248 nm excimer laser, Lambda Physik 205, 300 mJ, 20 Hz) with 
an oxide target made using a solid-state method (Fuelcellmaterials, 99.999%). 
The deposition temperature was 600 °C and the working pressure of the chamber 
(filled with oxygen gas, 99.999%) was 10 mTorr. Sacrificial YSZ layers were inserted 
between the substrate and the heater stage to avoid contamination.

Patterned Ni films were obtained via a photolithographic liftoff process.  
A positive photoresist (AZ5214) was spin-coated onto SDC films at 3,000 r.p.m. 
and baked at 115 °C for 1 min. The samples were exposed to ultraviolet light for 
10 s while in contact with a photomask after alignment by a contact aligner (MDA-
8000B, MIDAS). The samples were then immersed in developer for 50 s to obtain 
the photoresist patterns, followed by rinsing in deionized (DI) water, drying and 
baking at 120 °C for 2 min. Before Ni deposition, oxygen plasma treatment (200 W 
for 5 min) was conducted to clean the sample surfaces. Ni films (300 nm thick, 
99.99% target purity) were deposited by d.c. magnetron sputtering with a d.c. 
power of 100 W, working pressure of 10 mTorr Ar and deposition rate of ~1 nm s−1. 
The final Ni patterns were obtained by immersing the samples in acetone at room 
temperature under mild ultrasonication.

Synthesis of SDC-encapsulated metal nanoparticle arrays. Asymmetric 
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP, Mn = 24 kg mol−1 for PS 
and 9.5 kg mol−1 for P4VP, Polymer Source) BCP was dissolved in a toluene and 
tetrahydrofuran (THF) mixture (3:1 weight ratio; 0.5 wt% solution). The PS-b-
P4VP BCP solution was spin-coated onto the Ni-patterned SDC films at a suitable 
speed. As-cast BCP thin films were solvent-annealed in chambers saturated with 
the toluene/THF mixture (1:4 volume ratio) to induce a perpendicularly aligned 
cylindrical morphology. The annealed BCP samples were immersed in acidic 
aqueous solutions containing four different metal precursors (K2PtCl4, Na2PdCl4, 
K3Co(CN)6 and HAuCl4) to load metal ions into the P4VP nanocylinders. Details 
of the conditions used to yield a similar size for all metal nanoclusters are provided 
in Supplementary Table 2. After rinsing in DI water, the polymer on the samples 
was perfectly etched by oxygen plasma. The metal nanoparticle arrays were then 
immersed in an aqueous solution of Ce(NO3)3 (1 mM) and Sm(NO3)3 (0.07 mM) 
at 70 °C. Hexamethylenetetramine (10 mM) was added into the solution, to oxidize 
the Ce and Sm precursors onto metal nanoparticle seeds. The thickness of the SDC 
coating layer was controlled by the immersion time. The SDC-encapsulated metal 
nanoparticle arrays were rinsed in DI water, dried with N2 gas and annealed at 
250 °C for 2 h to cluster and stabilize the particles.

Physical characterizations. The physical properties of the symmetrical cells were 
characterized by SEM (Hitachi S-4800) and high-resolution X-ray diffraction 
(X’Pert-PRO MRD) using Kα(Cu) radiation (45 kV, 40 mA). TEM analysis (Titan 
ETEM G2, 300 kV) was also performed to examine the microstructure of the 
SDC-encapsulated metal nanoparticles. Information about the distribution 
and size of the bare or encapsulated metal nanoparticles was also obtained by 
image-processing software (Inspector 2.1). The chemical composition of the 
nanocomposite catalysts was analysed by XPS (K-alpha).

Electrochemical analyses. The electrocatalytic performances of the symmetric 
cells with or without SDC-encapsulated metal nanoparticles were investigated 
with a.c. impedance spectroscopy (VSP-300, Biologic) under a wet hydrogen 
atmosphere in the temperature range 450–700 °C. A perturbation amplitude 
of 10 mV at zero bias was used with a measurement frequency range of 
0.01 Hz–1 MHz. The cells were placed inside an alumina tube in contact with a 
pseudo-four-configuration probe to minimize the inductance effects from the 
wiring. The mixture gases (H2–H2O–N2) were flowed into the tube with a total flow 
rate of 100 s.c.c.m. (gas velocity of 19.7 cm min−1), controlled by digital mass flow 
controllers. The humidity of the gases was controlled by passing them through a DI 
water bubbler immersed in an isothermal bath, fixed at 10 °C, and monitored using 
a humidity sensor (Rotronic Hygroflex).

CO oxidation test of Pt nanoparticles. For a quantitative comparison of the TOF 
values, a CO oxidation test was performed on Pt nanoparticles supported on CeO2 
powders. An aqueous solution of tetradecyltrimethylammonium bromide (400 mM, 
12.5 ml) and K2PtCl4 (10 mM, 5 ml) was mixed with DI water (29.5 ml) and stirred 
at 300 r.p.m. at room temperature for 10 min in a 100 ml round-bottomed flask. 
The solution was then heated to 50 °C in an oil bath under continuous stirring for 
10 min. An ice-cooled aqueous solution of NaBH4 (500 mM, 3 ml)  

was added by stabbing the septum with a syringe. The hydrogen gases were then 
released through a needle. The reacted mixture was maintained at 50 °C for 
15 h under magnetic stirring. The resulting brown solution was centrifuged at 
3,000 r.p.m. for 30 min to remove the larger Pt nanoparticles. The supernatant 
solution was separated and centrifuged again at 12,000 r.p.m. for 15 min, twice.  
The precipitates were collected and redispersed in 5 ml of DI water for further 
use. The Pt nanoparticle solution (1 wt%, verified by inductively coupled plasma–
optical emission spectrometry) was added to a dispersion of ceria in 40 ml basic 
aqueous solution (pH ≈ 11). Ceria was obtained by calcination of Ce(NO3)3 in air at 
450 °C for 20 h. The mixture was then left stirring for 1 h for complete adsorption. 
The precipitates were dried at 95 °C in an oven overnight and calcined at 350 °C for 
5 h in a box furnace with a ramping rate of 3 °C min−1.

The catalytic activities for CO oxidation were measured in a fixed-bed quartz 
flow microreactor with an internal diameter of 4 mm. We used 50 mg catalysts 
mixed with 100 mg quartz sands and loaded them between two plugs of quartz 
wools to prevent displacement of the catalysts. The reaction gases consisted of 
1 vol% CO, 4 vol% O2 and 95 vol% Ar and were fed at 50 ml min−1, corresponding 
to a weight hourly space velocity of 60,000 ml g−1 h−1. The reactant and product 
gases were monitored in real time with a quadrupole mass spectrometer (Pfeiffer 
Vacuum GSD320) connected to the reactor outlet. The CO signal was corrected for 
the contribution from the cracking fragment of CO2 using the mass concentration 
determination mode.

DFT calculations. To find the most stable position of the Sm dopants in ceria, we 
used a narrow 2 × 2 × 6 supercell with six triple-ceria layers. Supplementary Fig. 7  
shows the preferred locations of Sm single ion and pairs distributed over the 
ceria (100) supercell (Supplementary Fig. 7a,b). Based on the results of this pre-
DFT calculation, all three Sm ions were located at the surface and the subsurface 
layer of a 3 × 3 × 3 supercell, which is equivalent to an 8.33 at% Sm concentration 
(Supplementary Figs. 7c and 8). The bottom ceria triple layer was fixed for all 
calculations to ensure structural robustness. The metal nanoparticles (Pt, Pd and 
Au) composed of nine atoms were later deposited on the 3 × 3 × 3 SDC substrate. 
The Sm dopants strengthened the metal–ceria interaction. Because the Sm 
dopants are slightly reduced compared to the conventional Ce4+ ions of ceria, the 
oxygen ions of SDC are capable of binding more strongly the supporting metal 
nanoparticles (Supplementary Figs. 7c and 9). For H2 oxidation calculations we 
consistently saturated the exposed surface oxygen ions of the metal nanoparticles–
SDC with total 17H atoms (corresponding to H/O = 1).

We performed generalized gradient approximation-level spin-polarized DFT 
calculations using a plane-wave basis with the VASP code45 and PBE functional46. 
To appropriately treat the Ce f-orbitals, DFT+U47 with Ueff = 5 eV (refs. 39,40) was 
used for Ce ions. No U correction value was assigned for Sm dopants, for which 
core f-electrons are well-localized to Sm ions48. The interaction between the ionic 
core and the valence electrons was described by the projector augmented wave 
method49. Valence electron wavefunctions were expanded in a plane-wave basis 
up to an energy cutoff of 400 eV. A 2 × 2 × 1 k-points grid sampling of the Brillouin 
zone was applied for all initial geometry optimizations with a 3 × 3 supercell. Later, 
the Brillouin zone was sampled at the Γ-point for subsequent calculations.  
A finer 3 × 3 × 1 k-points grid sampling was applied for a 2 × 2 supercell. A 6 × 6 × 1 
k-points grid sampling was applied for DOS calculations. The convergence criteria 
for the electronic structure and atomic geometry were 10−4 eV and 0.03 eV Å−1, 
respectively. We used a Gaussian smearing function with a finite temperature width 
of 0.05 eV to improve the convergence of states near the Fermi level. The location 
and energy of transition states were calculated with the climbing-image nudged 
elastic band method50.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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