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Abstract 
This research fabricated two types of solid oxide fuel cells (SOFC), either electro-plated with 
Ni-YSZ composites layer used as anode electrode, or spin-coated Y2O3-doped ZrO2 layer as 
electrolyte. Detail investigation on the process-microstructural relationship was completed. No 
de-lamination between substrate and coating layers was major achievement when the samples 
were annealed at 800°°°°C for 1 to 10 h under 5 vol% H2 reducing atmosphere. Electric properties 
of the layers and the power density of the cells were reported.  
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1. Introduction 

Ni and YSZ materials are widely used as an anode 
electrode for solid oxide fuel cells (SOFCs). The anode 
and cathode of SOFC are generally made of Ni-based and 
LaMnO3-based materials, respectively. Both of the 
electrodes are porous to allow the transport of the gas 
species. And the most popular electrolyte of SOF is yttria 
stabilized zirconia, which have to be dense to prevent 
fuel-air mixing.[1]  

Preparation methods such as screen printing, dry 
pressing, slip casting, spray painting, and tape casting 
have been reported for the fabrication of Ni-YSZ 
cermets.[2-7] Composite electroplating has been shown its 
capability to fabricate metal-ceramic composite layer 
deposited on either metal or ceramic substrates at ambient 
temperatures.[8] The relatively lower costs and faster 
sample preparation of composite electroplating makes it 
available for the fabrication of Ni-YSZ anode electrodes 
when compared to others mentioned previously. However, 
nearly dense electroplated layer is the greatest drawback 
in electroplating system. Therefore, introduction of pores 
and control of microstructure during the composite 
electroplating are necessary. 

This research showed that Ni-YSZ composite layer 
with gradient composition and porosity were prepared by 
composite electroplating through the control of 
electroplating parameters, such as solid content, particle 
size in plating solution, concentration of plating solution, 
current density, temperature, plating time etc. The 
changes in microstructures of Ni-YSZ composite layer 
prepared by composite electroplating are also investigated  

In additional, the performance of a fundamental 

solid oxide unit cell with various YSZ layers was also 
tested, including the current-voltage (I-V) curve and 
power density. 

 
2. Experimental 

2.1 Composite Electroplating Process  
A process had been filed for patent application by 

using an electroplating bath containing nickel sulfamate 
(EP grade, Phibrochem Inc., U.S.A.), nickel chloride (EP 
grade, Showa Chemical Co., Japan), boric acid (EP grade, 
Showa Chemical Co., Japan). 8 mol% yttria-stabilized 
zirconia (YSZ, CH0205-8Y, TEAMcera Inc., Taiwan) 
powder in submicron size was used in the plating solution. 
The cathode electrode for electroplating was a Cu plate or 
an electric conductive ITO film (Ushine Photonics Corp., 
Taiwan). The detail condition for the electro-plating was 
documented in previous patent application.[8] 

2.2 Spin Coating 
Yttria-doped ZrO2 sol was prepared from the 

mixture of ZrOCl28H2O, YCl36H2O (8 mol%) solutions, 
and dissolving PVP (Polyvinylpyrrolidone) as the 
chelating agent. The spinning conditions, 3000 rpm for 30 
s, and the details of the sol on Ni-YSZ anode were 
reported elsewhere.[9]  

2.3 Unit Cell Preparation 
The electrolyte- or anode-support concept was 

adopted in this research. The YSZ electrolyte plate was 
made by die-pressing at a pressure of 40 MPa and then 
sintered at 1600°C for 1 h. The anode and cathode 
electrodes were Ni-YSZ cermets and LSM and 
screen-printed on both sides of YSZ substrate. The 



thickness of the anode and cathode was about 10 µm after 
the calcinations at 1300°C for 1 h.  

2.3 Characterization  
The microstructures of the specimens were 

examined by scanning electron microscope (XL30 and 
Leo 1530, Philips, Netherlands) equipped with 
energy-dispersive spectroscope (EDS DX4, EDAX Corp., 
USA). The amount of YSZ phases and porosity were 
evaluated by image analysis system (Quantimet 520, 
Cambridge Instruments Ltd., England). The electrical 
conductivity of the specimens was measured by 2-point 
probe DC method by using the voltmeter-amperemeter 
(PM 490, Chen-Cheng Inc., Taiwan). 

The electrochemical performances of single solid 
oxide fuel cell, composed of NiO-YSZ/YSZ/LSM-YSZ 
were determined, as shown in Fig. 1. The photo of the 
arrangement of the electrochemical measurement was 
shown in Fig. 2. The clamping fixture was made of SS 
316L and operated conditions under both the reducing 
and oxidizing atmospheres up to 800°C. 5 vol% H2 
reducing gas mixed with 95 vol% N2 was kept in dry 
condition or humidified by H2O at room temperature, and 
then purged into the anode chamber. The applied current, 
supplied from a current source (Model 224, Keithley 
Instruments Inc., U.S.A.) to the specimen was between 10 
to 100 mA. The corresponding voltage was measured by a 
digital voltmeter (Model 182, Keithley Instruments Inc., 
U.S.A.). 

 
Fig. 1 Schematic diagram of the arrangement for the 
measurement of the electrochemical performance of 
single SOFC device. 

 
Fig. 2 Picture of the fixtures of cell testing device. 

 
3. Results and Discussion 
3.1 Composite Electroplating Process  

Fig. 3 shows the YSZ content of annealed Ni-YSZ 
composite layer as a function of current density. In the 
case of plating solution containing 0.1 vol% solid content, 
YSZ content increases with increasing the current density 
up to 9 A/dm2 and then reaches a plateau. The further 
increase in current density shows no significant effect on 
the amount of YSZ phase. The commonly used Ni-YSZ 
cermets in a ratio of Ni to YSZ from 40 to 60 vol% have 
been reported for the preparation of anode electrode. [1] 

Based on the results shown in Fig. 3, the plating solution  
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Fig. 3 The YSZ content as function of current density in 

Ni-YSZ composite layer, annealed at 800°C for 1 h. 
 
containing the 0.1 vol% YSZ solid content may offer the 
appropriate amount of YSZ phase in Ni-YSZ composite 
layer.  

The solid content of YSZ powder in the plating 
solution is 0.1 vol% and the bath temperature is 50°C. 
The Ni-YSZ layers were sequentially plated at 3 A/dm2, 6 
A/dm2 and 18 A/dm2 for a total time of 30 min. Fig. 4 
shows that an about 20 µm dense Ni-YSZ composite 
layer near the Cu substrate is formed when plated first 
using a lower current density of 3 A/dm2. After the first 
cycle plating, the YSZ aggregates were plated with Ni2+ 
solution using a current density of 6 A/dm2 for another 10 
min. The calcined YSZ aggregates, which may fill with 
Ni phase during composite electroplating, are 
incorporated into the composite layer. Finally, a higher 
current density of 18 A/dm2 was used to create a more 
porous microstructure. The thickness of Ni-YSZ 
composite layer is about 60 µm after a total plating time 
of 30 min. 

 
 
Fig. 4 SEM cross-section micrographs of annealed 
Ni-YSZ composite layer at 800°C for 10 h. 
 

After the annealing at 800°C for 10 h, the 
microstructures of annealed Ni-YSZ composite layer, 
shown in Fig. 4, in the second and third plated layer are 
porous. The engulfed YSZ aggregates, which were 
originally bonded by the Ni phases, become more porous 
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after the reduction. Moreover, no de-lamination of 
Ni-YSZ from the Cu plate can be found after the 
reduction at 800°C for even up to 10 h.  
    Fig. 5 shows the electrical conductivity of as-plated 
and reduced Ni-YSZ composite layer as a function of 
current density. The result shows that the electrical 
conductivity of as-plated Ni-YSZ composite layer almost 
remains constant up to the current density of 15 A/dm2. 
When exceeding 15 A/dm2, the conductivity of Ni-YSZ 
decreases significantly from 6.77×10-2 S/cm to 4.23×10-2 
S/cm, probably resulting from the impedance of pores due 
to the percolation of pores. After reducing at 800°C/1 h, 
the conductivity of Ni-YSZ shows the same trend and 
increases slightly. 

3 6 9 12 15 18 21
4.0x10-2

5.0x10-2

6.0x10-2

7.0x10-2

8.0x10-2

9.0x10-2

 

 

 as-plated
 reduced

C
on

du
ct

iv
ity

 (S
/c

m
)

Current Density (A/dm2)

 
Fig. 5 The electrical conductivity of as-plated and 
reduced Ni-YSZ composite layers as a function of current 
density. 

3.2 Spin Coating YSZ Layer 
 The coating of YSZ on anode is shown in Fig. 6. 
The thickness of coating layer (A) is around 20 µm, 
which is controlled by the viscosity of the sol and coating 
conditions. The YSZ coating layer is much dense than 
porous anode substrate (part B). The grain size of the 
coating layer is slightly small than that of the substrate. 
The properties are still in investigation. 
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Fig. 6 The cross section of spin-coated, sintered YSZ 
layer porous Ni/YSZ substrate. 
 
3.3 Current-Voltage (I-V) Curve 

Fig. 7 shows the current-voltage curve of single 
SOFC device, tested from 500 to 800°C under 5 vol% H2 

atmosphere without H2O humidification. The voltage 
decreases with increasing the current density up to 100 
mA/cm2. The cell voltage increases with increasing 
testing temperature from 500 to 800°C. A linear 
relationship between voltage and current density is 
obtained. This means the ohmic polarization, including 
the ohmic resistance of anode, electrolyte and cathode, is 
the main polarization loss in the electrolyte-support 
configuration. Fig. 7 shows that higher voltages can be 
drawn from the cell under the humidified H2 conditions. 
Literatures [1,2] reported that the introduction of water 
vapor (H2O) in H2 reducing gas can significantly reduces 
the anode electrode resistance. The figure also shows the 
effect of flow rate of fuel gas on the I-V curve of unit cell. 
It may be caused by the poor permeability of H2 gas at 
lower flow rate. It can be concluded that the introduction 
of water vapor and fast flow rate (80 ml/min) can allow 
the complete oxidation of H2 and improve the ohmic 
resistance of cell.  
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Fig. 7 Cell voltage of single SOFC as a function of 
current density, indicating the ohmic polarization 
dominates the polarization losses. The cell was tested 
from 500 to 800°C under humidified H2 conditions at a 
flow rate of 80 ml/min, and 20 ml/min (as indicated).  
 
3.3 Power Density 

The power density of single SOFC device can be 
derived from Fig. 7. Fig. 8 shows the electrochemical 
performance of single SOFC device, tested at 800°C 
under 5 vol% H2 atmosphere with/without the H2O 
humidification and a flow rate of 80 ml/min. The result 
shows that a maximum power density of 27.5 mW/cm2 
(0.55 V at 50 mA/cm2) can be obtained for H2O 
humidified system while that of 23 mW/cm2 (0.46V at 50 
mA/cm2) is achieved in dry H2 atmosphere. However, 
power densities of 1550 and 1935 mW/cm2 in a tubular 
SOFC device were reported by Souza et al. [10] and Sasaki 
et al. [11] The thin YSZ solid electrolyte in the range of 10 
µm could be one of the main reasons for the higher power 
density in their research. In our research, the 
electrolyte-support is adopted in terms of ease of the 
experiments. The lower power density of single SOFC 
device could be due to the thickness effect of YSZ solid 



electrolyte with 3.0 mm in thickness or non-optimal 
electrode structures. As discussed previously, the key 
polarization loss in single SOFC is the ohmic 
over-potential across the solid electrolyte. Therefore, If 
the thickness of YSZ would be greatly reduced, the higher 
power density could be obtained. 

Fig. 9 demonstrated the I-V curves and power 
performance of another single cell device, cell #2. The 
thickness of YSZ electrolyte is about 580 µm. On the 
5%H2 fuel gas condition without humidity.  The cell 
device shows a higher power density 49 mW/cm2 (0.49 V 
at 100 mA/cm2) comparing to cell #1. However, due to 
the restriction by the maximum current source (<100 mA) 
of the equipment, the cell performance can not be 
reported above 100 mA. 
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Fig. 8 Power density of cell #1 tested at 800°C under H2 
conditions with/without H2O humidification at flow rates 
of 80 ml/min. 

 

Fig. 9 Power density of cell #2 tested at 800°C under H2 
conditions with/without H2O humidification at flow rates 
of 80 ml/min. 

 
4. Conclusions 

A method for preparation of anode for SOFC was 
carried out. The YSZ content in Ni-YSZ anode composite 
layer increases with increasing current density. Porous 
Ni-YSZ composite layer with gradient composition and 
porosity can be obtained through the precise control of 
plating parameters. The electrical conductivity of Ni-YSZ 
composite layer remains constant up to the current 
density of 15 A/dm2 but drops significantly when 
exceeding the current density of 15 A/dm2. 

The electrochemical performances of single SOFC 
device are evaluated. A linear current-voltage (I-V) curve 
is obtained either for humidified or dry 5 vol% H2-N2 
mixture gases at a flow rate of 80 ml/min. This means the 
ohmic polarization is the main polarization loss in the cell. 
The sufficient fuel gas should be supplied to avoid the 
drop of power density. The power density of single SOFC 
is 27 mW/cm2 and 23 mW/cm2 for humidified and dry 
system when testing at 800°C under the 5 vol% H2 at a 
flow rate of 80 ml/min. It should be caused by high ohmic 
resistance of electrolyte. 
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