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Abstract

NiO-SDCC composites consisting of NiO mixed with Sm-doped ceria (SDC) and carbonates (Li2CO3 and
Na2CO3) were sintered at different temperatures and reduced at 550 °C. The influence of reduction on struc-
ture of the NiO-SDCC anode support for solid oxide fuel cells (SOFCs) was investigated. Raman spectra of the
NiO-SDCC samples sintered at 500, 600 and 700 °C showed that after reducing at 550 °C NiO was reduced
to Ni. In addition, SDC and carbonates (Li2CO3 and Na2CO3) did not undergo chemical transformation af-
ter reduction and were still detected in the samples. However, no Raman modes of carbonates were identified
in the NiO-SDCC pellet sintered at 1000 °C and reduced at 550 °C. It is suspected that carbonates were de-
composed at high sintering temperature and eliminated due to the reaction between the CO3

2– and hydrogen
ions during reduction in humidified gases at 550 °C. The carbonate decomposition increased porosity in the
Ni-SDCC pellets and consequently caused formation of brittle and fragile structure unappropriated for SOFC
application. Because of that composite NiO-SDC samples without carbonates were also analysed to determine
the factors affecting the crack formation. In addition, it was shown that the different reduction temperatures
also influenced the microstructure and porosity of the pellets. Thus, it was observed that Ni-SDC pellet reduced
at 800 °C has higher electrical conductivity of well-connected microstructures and sufficient porosity than the
pellet reduced at 550 °C.
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I. Introduction

Anode supports are preferred over electrolyte sup-

ports in the preparation of solid oxide fuel cells

(SOFCs). Cells with anode supports are more advanta-

geous than electrolyte or cathode supported cells due

to improved reliability, high stability and reduced elec-

trolyte thickness. The anode supported cells may also

significantly reduce the resistance between the elec-

trolyte interfaces [1–3]. Furthermore, high electrical

conductivity is mainly considered during the selection

of materials suitable for manufacturing SOFC anodes.

Material composition, sintering temperature and reduc-

tion conditions influence the electrical conductivity of

the anode component [2].

∗Corresponding author: tel: +603 89213895,

e-mail: sionglily@gmail.com (L.S. Mahmud),

e-mail: muchtar@ukm.edu.my (A. Muchtar)

Nickel oxide (NiO) is extensively used as a prin-

cipal anode material because of its chemical stabil-

ity, high electrical conductivity and high efficiency for

both hydrogen oxidation and hydrocarbon fuel refor-

mation [4–6]. Generally, NiO is partially mixed with

electrolyte powders, such as yttria-stabilized zirconia

(YSZ), scandia-stabilized zirconia (ScSZ), samarium-

doped ceria (SDC) and gadolinium-doped ceria (GDC),

to form composite anodes of NiO-YSZ [7,8], NiO-ScSZ

[9,10], NiO-GDC [11,12], NiO-CGO [5,13] and NiO-

SDC [6,14], respectively. Reduction is an important pro-

cess performed prior to the evaluation of the electri-

cal performance of the anode substrate. Under the re-

duction conditions, anode cermet, such as NiO-YSZ,

is exposed to humidified hydrogen and nitrogen gases

at desired temperatures. During reduction, NiO-YSZ is

transformed into Ni-YSZ and the metallic Ni phase in

Ni-YSZ becomes electrically conductive for effective
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electrochemical oxidation at the SOFC anode [4]. More-

over, different reduction temperatures can influence the

microstructure and electrochemical properties of an an-

ode, such as in the case of Ni-YSZ anode-supported

SOFCs [8].

The characteristics of NiO with ceria-doped elec-

trolytes (e.g., NiO-SDC and NiO-GDC) after reduction

have gained significant attention among researchers on

SOFCs [5,6]. Only few studies reported the effects of

reduction on the properties (such as change in particle

sizes and oxygen chemical potential) of the NiO-SDC

anode substrate [6,15]. Jarot et al. [16] reported that

NiO-SDCC (NiO mixed with SDC (samarium-doped

ceria) and Li/Na carbonates) can be used as SOFC an-

ode substrate for low-temperature SOFCs. However,

the structural characterization of NiO-SDCC as anode-

supported SOFCs after reduction has not been reported

yet.

In the present study, the influence of reduction on the

NiO-SDCC anode structure was studied to determine

its reliability for low temperature solid oxide fuel cell

(LT-SOFC) application. The presence of carbonates in

the NiO-SDCC pellets after reduction was investigated

through Raman spectroscopy. This technique was used

to investigate the carbonate formation in Ni-based an-

odes after their exposure to carbon monoxide and deter-

mine the existence of nickel sulphide after their expo-

sure to H2 fuel containing H2S [17–19]. In addition, the

suitability of NiO-SDCC substrate as a support struc-

ture of SOFCs was compared with NiO-SDC (sample

without carbonates).

II. Experimental

2.1. Preparation

Composites consisting of NiO mixed with SDC

(samarium-doped ceria) and carbonates (Li2CO3 and

Na2CO3) were prepared in two steps. Initially,

Sm0.2Ce0.8O1.9 (Sigma-Aldrich) was mixed with binary

carbonates (67 mol% Li2CO3 and 33 mol% Na2CO3)

with a weight ratio of 2 : 1 to form mixture of Sm-

doped ceria and carbonates (SDCC). The SDCC mix-

ture was ball milled at 200 rpm for 16 h in ethanol with

ZrO2 balls (with diameter of 5 mm) in a zirconia bowl

(250 cm3) to obtain a homogeneous mixture. The ratio

of the powder to ZrO2 balls was 4 : 1. After milling, the

mixture was dried in an oven at 120 °C for 12 h and cal-

cined at 680 °C in static air for 1 h at a heating rate of

10 °C/min. The obtained SDCC powder (40 wt.%) was

mixed with NiO powder (60 wt.%) and ball milled un-

der the same conditions applied to the SDCC powder.

The powder mixture was subsequently dried in the oven

at 90 °C for 24 h prior to its use in the preparation of

NiO-SDCC anode pellet.

In the second step, the NiO-SDCC composite powder

(85 wt.%) was mixed with polyethylene glycol (PEG, as

a binder, Merck) and 15 wt.% of potato starch fine pow-

der used as a pore former. The mixture was ball milled

again for 3 h with ethanol and dried at 90 °C for 10 h.

The dried powder was ground by using a mortar and

pestle, and sieved through a 212µm woven wire to ob-

tain fine powder. Finally, the powder was dry pressed

at 32 MPa into circular pellets with diameter of 25 mm.

The approximate thickness of the dry-pressed pellets

was less than 1 mm. The pellets were sintered at 500,

600, 700, and 1000 °C in static air for 2 h at a heating

rate of 2 °C/min. In addition, NiO-SDC composite sam-

ples (with NiO to Sm0.2Ce0.8O1.9 weight ratio of 40 : 60

and 15 wt.% of potato starch) were also prepared using

the same conditions.

The sintered anode pellets were treated at 550 and

800 °C for 5 h under humidified gases mixture of 10%

hydrogen and 90% nitrogen to reduce NiO into Ni.

2.2. Characterization

The anode pellets after sintering and reduction were

examined by Raman spectroscopy (Alpha 300R, WITEc

Gmbh, Ulm, Germany). The measurement was per-

formed with an excitation wavelength of 488.063 nm.

The Raman spectra at each pixel with an imaging area

of 4 µm × 4 µm (120 point per line) were obtained

at an integration time of 0.1132 s. The Raman im-

ages showed the average spectra of areas with identical

chemical compositions. Field-emission scanning elec-

tron microscope (FESEM, Zeiss Supra-55VP) was used

to observe the morphology of the sintered and reduced

pellets. Energy-dispersive spectroscopy (EDS) was uti-

lized to determine the elemental composition of the pel-

lets. Porosity of the anode pellets was evaluated using

the standard Archimedes method. Phase composition

was examined through X-ray diffraction analysis (XRD;

Bruker AXS Germany, D8 Advance) using CuKα radi-

ation (λ = 0.15406 nm) with an operating voltage and

current of 40 kV and 40 mA, respectively. The scanning

range varied between 20° and 80°, with a step size of

0.025° and a counting rate of 0.1 s per scanning step.

2.3. DC electrical conductivity

The DC electrical conductivity of the reduced pel-

lets was determined using the DC 4 point Van Der

Pauw method. DC power supply (Keithley 2230-30-1)

was utilized to supply current and a digital multimeter

(Fluke 8808A) was used to measure the voltage drop

across the probes. During the measurement, the samples

were maintained under the dry gas mixture of hydro-

gen (10%) and nitrogen (90%). Conductivity measure-

ments were performed in temperature range from 300 to

800 °C.

III. Results and discussion

3.1. Microstructure of NiO-SDCC

Figure 1 shows the Raman spectra of the NiO-SDCC

samples after sintering at 500, 600 and 700 °C and re-

ducing at 550 °C. The peaks of NiO, SDC and carbon-

ates in the Raman spectra of the sintered pellets were
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clearly visible. After the reduction, the carbonate peaks

in the Raman spectra at 1000–1150 cm-1 [20] can also

be observed in all three samples. However, it seems that

the peak intensity of the samples after the reduction

was slightly decreased. Furthermore, the intensive Ra-

man peaks of NiO were observed within 400–510 cm-1

in all three samples after the reduction, thereby prov-

ing that NiO was not reduced completely to Ni metal at

550 °C. Finally, the SDC peaks for the NiO-SDCC sam-

ples after sintering and reduction are observed within

500–664 cm-1 and are comparable with those of Raman

SDC modes reported in previous study [6].

Figures 2a, 2b and 2c show the morphologies of

the NiO-SDCC pellets after sintering at 500, 600, and

700 °C, respectively. After sintering, NiO and SDCC

composite grains interact well and are homogenously

distributed. The NiO-SDCC pellets sintered at 500, 600

and 700 °C exhibited porosity of 32.8%, 37.6% and

36.6%, respectively. The porosities are satisfactory be-

cause the anode support must feature approximately

30–40% porosity to maximize the oxidation reaction

[2,21,22].

Figures 3a, 3b and 3c show the morphologies of the

Ni-SDCC samples after reduction in the gas mixture of

hydrogen and nitrogen at 550 °C. After the reduction,

the porosity of the NiO-SDCC pellets (sintered at 500,

600 and 700 °C) slightly increased, in the range of 8–

10%. The increased porosity resulted from the reduc-

tion of NiO to Ni [23]. Moreover, the carbonates in the

reduced pellets sintered at 700 °C started to melt and de-

compose on the surface of grains (Fig. 3c). This could

explain the decreasing of carbonate peak intensity in the

Raman spectra of the reduced samples (Fig. 1c).

The NiO-SDCC pellet was also sintered at 1000 °C

to investigate the influence of high sintering tempera-

ture on the carbonate content in the anode composite.

The Raman spectrum of the NiO-SDCC sample sintered

at 1000 °C confirms the presence of carbonates (Fig. 4).

However, the carbonate peak was not detected in the Ra-

man spectrum of the sample after reduction at 550 °C

and only NiO and SDC peaks were found (Fig. 4).

FESEM image of the NiO-SDCC composite sintered

at 1000 °C (Fig. 5a) shows that the grain size increases

and porosity disappears. The carbonates were expected

to melt at high sintering temperatures because their

melting temperatures are lower than the applied sinter-

ing temperature. The melting points of the lithium car-

bonate and sodium carbonate are at 727 and 851 °C un-

der static air condition, respectively [24,25]. The melt-

Figure 1. Raman spectra of NiO-SDCC pellets sintered at:
a) 500 °C, b) 600 °C and c) 700 °C for 2 h in air before and

after reduction at 550 °C for 5 h

Figure 2. FESEM images of NiO-SDCC pellets after sintering for 2 h at: a) 500 °C, b) 600 °C and c) 700 °C in air
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Figure 3. FESEM images of NiO-SDCC pellets after sintering at: a) 500 °C, b) 600 °C and c) 700 °C and reduction at 550 °C

Figure 4. Raman spectra of NiO-SDCC pellet sintered at
1000 °C and reduced at 550 °C

ing temperature of a binary carbonates eutectic for mo-

lar ratio of 52 Na2CO3 : 48 Li2CO3 in the SDC com-

posite is approximately 490 °C [26]. FESEM image of

the NiO-SDCC composite sintered at 1000 °C and re-

duced at 550 °C is shown in Fig. 5b. The residues after

carbonate decomposition can be clearly observed on the

surface, and they partially filled the pores of the reduced

pellets. The carbonates can easily react with hydrogen to

form water and carbon dioxide, as shown in Eq. 1 [27]:

CO3
2− + 2 H+ −−−→ CO2 + H2O (1)

Thus, the carbonates in the Ni-SDCC anode can be de-

composed by the high sintering temperature and the pro-

cess might be assisted by reaction between carbonate

(CO3
2–) and hydrogen ions (H+) during reduction pro-

cess. The carbonates disappearance reduced the rigid-

ity of the anode, as shown by the loosely connected

particles in Fig. 5b. This was further confirmed with

the observation that all the reduced anode pellets easily

cracked into pieces after application of a small spring-

loaded force onto the sample before the electrical con-

ductivity measurement. Hence, the conductivity of the

NiO-SDCC pellets could not be measured in this study.

3.2. Microstructure of NiO-SDC

The composite NiO-SDC samples without carbonates

were also analysed to determine the factors affecting the

crack formation. The pellets were sintered at 1000 °C

and subsequently reduced at two different temperatures

(550 and 800 °C). The sintered and reduced NiO-SDC

pellets were in good shape with improved rigidity and

without any cracks. Figure 6 shows the Raman spec-

tra of the NiO-SDC anode. The Raman spectrum con-

firmed the presence of SDC with the peaks within the

range of 500–664 cm-1. In addition, the intensities of

Raman peak of NiO after sintering at 1000 °C and peak

of the sample reduced at 550 °C are almost comparable.

On the other hand, after the reduction at 800 °C, the in-

tensity of Raman NiO mode decreases remarkably. This

condition indicated that NiO was almost completely re-

duced to Ni metal phase after treatment at 800 °C.

The XRD patterns of the composite NiO-SDC sam-

ples (Fig. 7) also showed that NiO was reduced to Ni

after treatment at both reduction temperatures (550 and

Figure 5. FESEM images of NiO-SDCC pellets: (a) after sintering at 1000 °C for 2 h, and (b) after reduction at 550 °C
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Figure 6. Raman spectra of NiO-SDC pellet sintered at
1000 °C and reduced at 550 °C and 800 °C

Figure 7. Raman spectra of NiO-SDC pellet sintered at
1000 °C, reduced at 550 °C and 800 °C

800 °C). According to the Raman and XRD results it

is justified to claim that the complete reduction of the

NiO-SDC can be obtained at 800 °C. Hence, 800 °C was

determined as a suitable reduction temperature for the

anode. The complete reduction of NiO to Ni is critical

for the increase of overall electrical and electrochemical

performances of a cell [28].

SEM micrographs and EDS spectra of the NiO-SDC

after sintering and reduction are shown in Fig. 8. Fig-

ure 8a presents the morphologies of NiO-SDC after

sintering at 1000 °C which were dissimilar to those of

the sintered NiO-SDCC pellet at the same temperature.

Both morphologies of the Ni-SDC after reduction at

550 and 800 °C were different. Microstructures of well-

connected particles were observed in the SEM micro-

graph of the Ni-SDC (Fig. 8c) sample reduced at 800 °C

and with acceptable amount of porosity. In comparison

with the morphology of the Ni-SDC (Fig. 8b) which

was reduced at 550 °C it can be seen that the particles

connection was slightly loose in the sample reduced at

800 °C. Figure 8d illustrates the EDS pattern of the NiO-

SDC after sintering and Ni content was detected to be

45.1 wt.%. After the reduction the Ni content increased

(Figs. 8e,f). The pellets reduced at 550 and 800 °C con-

tain 49.4 and 51.4 wt.% of Ni, respectively. The EDS

results are consistent with the Raman observations (Fig.

6), which indicated that the change of NiO into Ni after

the reduction at 800 °C was improved.

Porosity of the NiO-SDC pellets after sintering was

44.0%. After reduction at 550 and 800 °C, the poros-

ity of the pellets increased to 60.6% and 57.4%, respec-

tively. Both reduced pellets showed a sufficient porosity,

as observed in the FESEM images. Sufficient porosity

for anode support is important in transferring fuel gases

and improving the DC electrical conductivity of the an-

ode [23,28].

3.3. Conductivity of NiO-SDC

Figure 9 shows the temperature dependence of elec-

trical conductivity of the Ni-SDC pellets reduced at 550

and 800 °C for 5 h. These plots display a positive slope,

which proved the predominance of metallic conductiv-

ity in the anode and correspond with previous studies

[29,30]. However, the Ni-SDC anode pellets reduced

Figure 8. FESEM images and EDS spectrums of NiO-SDC
pellets: a,d) after sintering at 1000 °C and after reduction

at b,e) 550 °C and c,f) 800 °C for 5 h

Figure 9. Temperature dependence of the electrical
conductivity of Ni-SDC sintered at 1000 °C and

subsequently reduced at 550 °C and 800 °C for 5 h
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at 550 °C exhibited a lower electrical conductivity than

those reduced at 800 °C. The conductivities at 800 °C

of the pellets reduced at 550 and 800 °C were 135 and

587 S/cm, respectively. The lower conductivity of the

pellets reduced at 550 °C is due to incomplete reduction

of NiO to Ni, as confirmed by the Raman analyses. This

result further supported the high reliability of Raman

and XRD in determining the optimum reduction temper-

ature. Moreover, a similar result was shown in the case

of Ni-YSZ anode pellets, where the electrical conduc-

tivity of the anode was improved by a factor of approxi-

mately 6 upon reduction at 1000 °C compared with that

at 650 °C [31]. Therefore, this study revealed that the

particle connectivity and suitable reduction temperature

are also critical parameters in increasing the electrical

conductivity and porosity of anode component.

IV. Conclusions

NiO-SDCC composites consisting of NiO mixed

with Sm-doped ceria (SDC) and carbonates (Li2CO3

and Na2CO3) were sintered at different temperatures

and reduced at 550 °C. Raman spectroscopy was applied

to identify the presence of carbonates in NiO-SDCC

after sintering and reduction. This technique was also

applied to investigate the change in NiO to Ni phase

after reduction. Carbonates were decomposed at high

sintering temperatures, especially at temperature higher

than 700 °C, and by hydrogen during the reduction. The

carbonate decomposition increased the porosity and de-

creased the rigidity of NiO-SDCC anode pellets. There-

fore, NiO-SDCC pellets are unsuitable as supporting

structures of a single cell compared with those of NiO-

SDC pellets sintered at 1000 °C. The sintered NiO-SDC

pellets were rigid, and they showed no fracture after re-

duction. The NiO-SDC pellets reduced at 550 °C also

showed lower electrical conductivity than those reduced

at 800 °C. This result proved that 550 °C is an insuffi-

cient temperature for the complete reduction of NiO to

Ni, as supported by a low intensity peak in Raman spec-

trum. Thus, it can be concluded that the NiO-SDC com-

bined with the SDCC electrolyte film is recommended

in SOFC fabrication.
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