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High-resolution transmission and scanning electron microscopy of the solid oxide fuel cell (SOFC) anodes
made of Ni and yttria-stabilized zirconia (YSZ), revealed a substantial microstructural reconstruction
induced by the anodic current. These microstructural alterations, primarily the growth of NiO inclusions
at the Ni | YSZ interface, the resultant orientation relationship between the NiO and YSZ grains, and Ni
grain fragmentation on subsequent reduction, provide a straightforward evidence for the so-called
oxygen spillover mechanism of the anodic reaction.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

In-depth analysis of the microscopic mechanisms determining
electrode reaction kinetics in solid oxide fuel cells (SOFCs) has a
key importance for developments of high-efficiency power gener-
ators and related technologies [1,2]. During the last decades,
numerous works were focused on these mechanisms and, in
particular, on the anode processes in SOFCs [1,3–20]. Even in the
relatively simple case of hydrogen oxidation on the standard com-
posite anodes comprising metallic Ni and yttria-stabilized zirconia
(YSZ):

H2ðgasÞ þ O2 � ðYSZÞ ! H2OðgasÞ þ 2e�ðNiÞ ð1Þ

The overall reaction rate may be limited by, at least, three different
processes: (i) charge transfer, (ii) surface electrochemical or chem-
ical reaction, (iii) transport in the gaseous phase. There exist two
general mechanisms, which are still the subject of debates. One of
them, so-called hydrogen spillover mechanism, was considered as
rate-determining by numerous researchers [13–16]. This mecha-
nism involves molecular hydrogen dissociation at the Ni surface,
proton transfer across nickel grain bulk [13–15] or surface [16] to
the YSZ solid electrolyte, and recombination of these protons with
oxygen anions from YSZ forming water on the electrolyte surface.
Up to now, no direct experimental evidences of this mechanism
were reported. Another well-known mechanism based on the
oxygen spillover [17–20] involves oxygen anion migration from
YSZ to nickel and its subsequent reaction with hydrogen.

The present work was centered on the studies of microstruc-
tural and chemical changes that occur in the composite anodes
during SOFC operation. In order to obtain supporting evidences
for one or another mechanism of the anodic reaction, specific
microstructural features of standard Ni-YSZ anodes were analyzed
prior to and after SOFC testing. The results of high-resolution trans-
mission electron microscopy (HRTEM) give additional arguments
in favor of the oxygen spillover mechanism.
2. Materials and methods

Ceramic solid-electrolyte membranes with the thickness of 500
mm and diameter of 20 mm, made of 8 mol.% yttria co-stabilized
zirconia (YSZ, FuelCellMaterials, USA), were used for model SOFC
manufacturing. The cermet double-layer anodes were made of Ni
and YSZ. The functional anode sublayer deposited onto the elec-
trolyte by screen-printing, consisted of reduced NiO/YSZ (40:60
wt%) mixture. The current-collecting layer was screen-printed onto
the top of the functional layer using a paste containing NiO and YSZ
mixture (60:40 wt%) with additions of rice starch pore former and
an organic thinner (mass ratio of 2:1). The cathodes were made of
lanthanum-strontium manganite (LSM) deposited onto a protec-
tive interlayer of Gd0.1Ce0.9O1.95 (GDC). All the layers were depos-
ited by an Ekra E2 screen-printer (Asys, Germany) using pastes
with Heraeus V006A thinner. The electrochemical measurements
were carried out by a 2-electrode technique using a Solartron
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1260A precision impedance analyzer and a Solartron 1287
potentiostat-galvanostat. During testing the fuel, namely humidi-
fied H2 N2 gas mixtures with variable hydrogen content fixed by
Bronkhorst mass-flow controllers, was continuously supplied into
the anode chamber. The oxidant supplied onto the cathode was
dry synthetic air. The microstructure prior to and after electro-
chemical tests were studied by scanning and transmission electron
Fig. 1. HRTEM image of the boundary between YSZ and metallic Ni in the as-
prepared cermet anode reduced in hydrogen at 800 �C.

Fig. 2. SEM micrograph of the cross-section of two-layer composite anode after
long-term SOFC testing.

Fig. 3. HRTEM images of the boundary between YSZ an
microscopy (SEM/TEM) using Zeiss-Supra-50VP (Germany) and
JEOL 2010F (Japan) microscopes, respectively.

3. Results and discussion

For the oxygen spillover mechanism, an elementary charge-
transfer step at the composite anode can be considered as the
transfer of one oxygen anion from solid-electrolyte surface to the
surface of electronically conducting Ni [21]:

O2�
YSZ þ ½ �Ni $ ONi þ ½ �YSZ þ 2e� ð2Þ

As a result, an adsorbed oxygen atom appears at the nickel surface
and then interacts with molecular hydrogen diffusing from the gas-
eous phase; two electrons are passed to the external circuit via the
three-dimensional network of Ni grains. Note that, as the presence
of chemosorbed oxygen at the Ni surface is equivalent to an initial
stage of nickel oxidation process, one can expect an appearance of
nano-scale NiO inclusions or grains when oxygen flows are
moderate.

Consequently, the morphology of interfacial regions between
stabilized zirconia and Ni prior to and after passing direct current
(DC, up to 300 mA/cm2) in SOFC was studied by high-resolution
transmission and scanning electron microscopy (HRTEM/SEM).
One HRTEM image of such a boundary, collected after reduction
of the Ni-YSZ anode in flowing hydrogen at 800 �C under open-
circuit conditions, is presented in Fig. 1. A good adhesion between
the oxide and metallic phases results in an excellent, dense contact
formed on sintering.

After SOFC operation, the anode microstructure showed sub-
stantial alterations, including a fragmentation of nickel grains
and morphological changes of the boundaries between YSZ and
Ni. The size and distribution of the YSZ grains remain essentially
unchanged. An illustration of these effects at the micron-scale is
presented in Fig. 2. At the nano-scale level, the formation of small
NiO inclusions in the near-boundary regions of nickel grains was
observed, primarily at the Ni|YSZ interfaces (Fig. 3a,b). In addition,
the high-resolution electron microscopy studies demonstrated a
preferred orientation relationship between the fluorite-type YSZ
lattice and the nano-sized NiO inclusions formed under DC
conditions:

ð310ÞYSZjj ð110ÞNiO; ½001�YSZjj ½11
�
1 �NiO ð3Þ

This indicates that the NiO nano-grains were nucleated on the sur-
face of YSZ as the substrate. The local epitaxial growth of NiO on the
YSZ surface may only occur due to oxygen spillover from stabilized
zirconia to metallic nickel.

The observed size of NiO grains, 100–200 nm, is in a good agree-
ment with oxygen diffusion coefficient in nickel. The level of the
oxygen diffusion coefficients reported in numerous works
d NiO nano-grains formed during SOFC operation.
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(e.g., [22]) is close to 10�9 cm2/s at 800 �C. This gives the oxygen
diffusion depths in Ni grains up to 200–300 nm even for a short dif-
fusion time, such as 1 s.

The nano-sized NiO formed due to anion transport participates
in the hydrogen oxidation on the anode:

NiOþH2 ! H2O þ Ni ð4Þ
The fragmentation of nickel grains in the vicinity of their contact
with the solid electrolyte originates, therefore, from the reverse
reduction of NiO back into metal. These results provide an evidence
of two-stage mechanism of the hydrogen oxidation reaction on the
cermet Ni-YSZ anodes:

i. O2–(YSZ) + Ni? NiO + 2e�

ii. NiO + H2 ? H2O + Ni

where all anions are supplied into the reaction zone via the anion-
conducting phase.

4. Conclusions

High-resolution electron microscopy studies of the SOFC anodes
made of standard Ni-YSZ cermets, revealed substantial microstruc-
tural alterations induced by the anodic current. At the micron-scale
level, these alterations include a fragmentation of Ni grains, whilst
the sintered YSZ matrix remains essentially unchanged. The frag-
mentation originates from an appearance and growth of NiO
nano-grains in the interfacial regions between YSZ and Ni, and
their subsequent reduction when the current decreases. The orien-
tation relationship between YSZ and nanosized NiO indicates
epitaxial growth of nickel oxide on the YSZ surface as the substrate,
which may only be possible due to oxygen anion transfer from YSZ
onto the metal surface. These findings provide a strong argument
in favor of the so-called oxygen spillover mechanism of the charge
transfer when hydrogen is oxidized on the composite Ni-YSZ
anodes.

Acknowledgements

This work was supported by the Russian Science Foundation (grant
17-79-30071). The sample preparation route was developed under
the project 14.B25.31.0018 (Ministry of Education and Science of
the Russian Federation).

References

[1] A. Atkinson, S. Barnett, R.J. Gorte, J.T.S. Irvine, A.J. McEvoy, M. Mogensen, S.C.
Singhal, J.M. Voh, Advanced anodes for high-temperature fuel cells, Nat. Mater.
3 (2004) 17–27.
[2] T. Horita, H. Kishimoto, K. Yamaji, Y. Xiong, N. Sakai, M.E. Brito, H. Yokokawa,
Materials and reaction mechanisms at anode/electrolyte interfaces for SOFCs,
Solid State Ionics 177 (2006) 1941–1948.

[3] J. Rossmeisl, W.G. Bessler, Trends in catalytic activity for SOFC anode materials,
Solid State Ionics 178 (2008) 1694–1700.

[4] W.G. Bessler, J. Warnatz, D.G. Goodwin, The influence of equilibrium potential
on the hydrogen oxidation kinetics of SOFC anodes, Solid State Ionics 177
(2007) 39–40.

[5] A. Babaei, S.P. Jiang, J. Li, Electrocatalytic promotion of palladium nanoparticles
on hydrogen oxidation on Ni/GDC anodes of SOFCs via spillover, J. Electrochem.
Soc. 156 (2009) B1022–B1029.

[6] M. Vogler, A. Bieberle-Hütter, L. Gauckler, J. Warnatz, W.G. Bessler, Modeling
study of surface reactions, diffusion, and spillover at a Ni/YSZ patterned anode,
J. Electrochem. Soc. 156 (2009) B663–B672.

[7] V. Sharma, P.A. Crozier, R. Sharma, J.B. Adams, Direct observation of hydrogen
spillover in Ni-loaded Pr-doped ceria, Catal. Today 180 (2012) 2–8.

[8] W.G. Bessler, M. Vogler, H. Störmer, D. Gerthsen, A. Utz, A. Weber, E. Ivers-
Tiffee, Model anodes and anode models for understanding the mechanisms of
hydrogen oxidation in solid oxide fuel cells, Phys. Chem. Chem. Phys. 12 (2010)
13888–13903.

[9] A.B. Anderson, E. Vayner, Hydrogen oxidation and proton transport at the Ni-
zirconia interface in solid oxide fuel cell anodes: quantum chemical
predictions, Solid State Ionics 177 (2006) 1355–1359.

[10] W. An, D. Gatewood, B. Dunlap, C.H. Turner, Catalytic activity of bimetallic
nickel alloys for solid oxide fuel cell anode reactions from density-functional
theory, J. Power Sour. 196 (2011) 4724–4728.

[11] M. Shishkin, T. Ziegler, Hydrogen oxidation at the Ni/yttria-stabilized zirconia
interface: a study based on density functional theory, J. Phys. Chem. C 114
(2010) 11209–11214.

[12] H.P. Dasari, S.Y. Park, J. Kim, J.H. Lee, B.K. Kim, H.J. Je, H.W. Lee, K.J. Yoon,
Electrochemical characterization of Ni-yttria stabilized zirconia electrode for
hydrogen production in solid oxide electrolysis cells, J. Power Sour. 240 (2013)
721–728.

[13] V.N. Chebotin, M.V. Glumov, A.D. Neuimin, S.F. Palguev, Polarization of a
hydrogen electrode on a solid oxide electrolyte, Sov. Electrochem. 7 (1971)
55–61.

[14] P. Holtappels, I.C. Vinke, L.G.J. de Haart, U. Stimming, Reaction of hydrogen/
water mixtures on nickel-zirconia cermet electrodes: II. AC polarization
characteristics, J. Electrochem. Soc. 146 (1999) 2976–2982.

[15] S. Primdahl, M. Mogensen, Oxidation of hydrogen on Ni/Yttria-stabilized
zirconia cermet anodes, J. Electrochem. Soc. 144 (1997) 3409–3419.

[16] M. Mogensen, J. Høgh, K.V. Hansen, T. Jacobsen, A Critical review of models of
the H2/H2O/Ni/SZ electrode kinetic, ECS Trans. 7 (2007) 1329–1338.

[17] W.G. Bessler, A new computational approach for SOFC impedance from
detailed electrochemical reaction–diffusion models, Solid State Ionics 176
(2005) 997–1011.

[18] A. Bieberle, L.J. Gauckler, State-space modeling of the anodic SOFC system Ni,
H2–H2OjYSZ, Solid State Ionics 146 (2002) 23–41.

[19] J. Mizusaki, H. Tagawa, T. Saito, T. Yamamura, K. Kamitani, K. Hirano, S. Ehara,
T. Takagi, T. Hikita, M. Ippommatsu, S. Nakagawa, K. Hashimoto, Kinetic
studies of the reaction at the nickel pattern electrode on YSZ in H2–H2O
atmospheres, Solid State Ionics 70 (71) (1994) 52–58.

[20] I. Bredikhin, V. Sinitsyn, A. Aronin, I. Kuritsyna, S. Bredikhin, Microstructural
and electrochemical study of charge transport and reaction mechanisms in Ni/
YSZ anode, ECS Trans. 7 (2007) 1533–1540.

[21] W.G. Bessler, J. Warnatz, D.G. Goodwin, The influence of equilibrium potential
on the hydrogen oxidation kinetics of SOFC anodes, Solid State Ionics 177
(2007) 3371–3383.

[22] S. Perusin, D. Monceau, E. Andrieu, Investigations on the diffusion of oxygen in
nickel at 1000�C by SIMS analysis, J. Electrochem. Soc. 152 (2005) E390–E397.

http://refhub.elsevier.com/S0167-577X(18)30024-7/h0005
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0005
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0005
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0010
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0010
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0010
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0015
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0015
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0020
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0020
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0020
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0025
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0025
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0025
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0030
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0030
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0030
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0035
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0035
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0040
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0040
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0040
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0040
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0045
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0045
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0045
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0050
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0050
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0050
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0055
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0055
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0055
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0060
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0060
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0060
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0060
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0065
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0065
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0065
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0070
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0070
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0070
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0075
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0075
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0080
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0080
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0080
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0080
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0080
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0085
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0085
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0085
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0090
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0090
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0090
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0090
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0090
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0095
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0095
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0095
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0095
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0100
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0100
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0100
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0105
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0105
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0105
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0110
http://refhub.elsevier.com/S0167-577X(18)30024-7/h0110

	Ion transfer in Ni-containing composite anodes of solid oxide fuel cells: �A microstructural study
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	4 Conclusions
	ack6
	Acknowledgements
	References


