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NiO-Al, O3 nanocomposite has been synthesized by mixing combustion synthesized powders. The nanocomposite is an
effective anode/anode functional layer for intermediate temperature solid oxide fuel cells. The TEM of NiO and Al,O3 revealed
spherical particles of 30 nm and platelets of 70 nm, respectively. The XRD analysis of NiO-Al,O3 composite sintered at 900 °C
showed presence of cubic NiO and rhombohedral «-Al,O3 which were chemically stable. However, above 1200 °C NiAl,Oq4
started to appear. The conductivity of NiO-Al,O3 was the highest in hydrogen (4.3 x 1073 S/cm at 600 °C). In biogas, the
conductivity was 3.2 x 1073 S/cm with the activation energy of 0.67 eV. The stability of the composite in biogas was also

examined.
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1. Introduction

Ni—Al, O3 composite is a very useful, low-cost
functional material with high catalytic activity and
high mechanical performance [1, 2]. Therefore, it
has widely been used in various industrial pro-
cesses [3—6]. Furthermore, these composites have
also developed renewed interest in their partial ap-
plications in CO; reduction [7, 8], as a protective
barrier, as electrochromic materials in smart win-
dows [9], in sensors [10] as surface layers and in
toughening processes [11].

Steam reforming of hydrocarbons to form hy-
drogen has been considered as a potential way to
produce a fuel for solid oxide fuel cells (SOFCs).
The high temperature (700 °C to 1100 °C) of steam
reforming requires robust catalyst and «-Al,O3
is the best option. Moreover, Ni-Al,O3 has been
used as an active and selective catalyst for dry
CO, reforming of methane [12]. Thus, the supe-
rior catalytic properties together with effectiveness
in preventing coke formation over the anode layer
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suggest using Ni—Al,O3 as anode/anode func-
tional layer (AFL) in SOFC operating on methane
fuel. It exhibits better performance compared to
Ni-YSZ [13].

Moreover, Li et al. [14] reported M—Al,O3 cer-
met supported tubular SOFC by thermal spray-
ing while Hoboken [15] reported flame sprayed
Ni-Al,O3 wherein cermet coating played a dual
role as a support tube and an anode current col-
lector. The cell with the Ni-Al,O3 catalyst layer
showed significant improvement in performance,
operating on both pure methane and methane oxy-
gen mixtures of the gases. Furthermore, the cell
performance deterioration rate was also greatly
reduced even when operating on pure methane
fuel [16]. In a real fuel cell, the Ni-Al,O3 catalyst
layer effectively protects the anode from coke for-
mation, especially for the region near to the anode-
electrolyte interface, where the electrochemically
active sites are mainly located. Besides, Eguchi et
al. [13] reported that the Ni-Al, O3 catalyst absorbs
much more hydrogen, than the Ni-YSZ composite
below 950 °C, which would be beneficial to the cat-
alytic activity of electrode reaction:
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H, — 2H' +2¢~ (1)
The Ni—Al system shows higher creep resistance
compared with the conventional Ni anodes. Fur-
ther, the presence of Al,O3 may increase the sur-
face area of the NiO accompanied by an increase
in the catalytic and chemisorptive activity of NiO.

In view of the catalytic activity of NiO-Al,03
for hydrocarbons, we here propose it as an an-
ode material for hydrocarbon based intermediate
temperature solid oxide fuel cells. The nanopow-
ders of NiO and «-Al,O3; were obtained by so-
lution combustion and were mixed physically to
get a composite. The benefits of solution combus-
tion are low cost, simplicity and fast response, fast
heating rates and short reaction times as compared
to other techniques, such as sol gel method [17],
wet impregnation techniques [18], etc. The process
of combustion gives homogeneous, crystalline and
un-agglomerated multi-component oxide ceramic
powder [19]. The composite was characterized by
different techniques, such as XRD, SEM, and EDS.
The DC conductivity of the pellets was measured
in different atmospheres. Here, the CO; reforming
of methane by NiO-Al,O3; was also explored by
measuring DC conductivity in biogas, whose main
constituents were methane and CO,.

2. Experimental
2.1.

Metal nitrates were used as an oxidizer and
glycine as a fuel for the combustion synthesis. Pure
chemicals, Ni(NO3),-6H,0, Al (NO3)3-9H,0, and
CoHsNO; (glycine) of analytical grade, all from
Alfa Aesar were used. The stoichiometric compo-
sition of the redox mixture was calculated based on
the principles of propellant chemistry, keeping the
O/F ratio around unity [20]. The chemicals in re-
quired amounts were dissolved in double distilled
water. The intimate solution of metal nitrate and
glycine was obtained using a magnetic stirrer with
heating to evaporate the excess water content in the
solution. After formation of gel, it was kept in pre-
heated furnace (600 °C) where it was auto-ignited
with the rapid evolution of large volume of gases to

Sample preparation

produce fine powder. Assuming complete combus-
tion, the chemical reactions at optimum oxidant to
fuel ratio are as given below:

Ni(NO,),6H,0 + 1.11C,HsNO, 2% Nio

+2.22C0, 1 +8.78H,0 1 +1.56N, 1 +0.00250, 1
(2)

and

2]AI(NO,);9H,0] + 3.32C,HsNO, “*%% A1,0;

16.64C0O, T +26.3H,0 + +4.66N, 1 +0.030, 1
3)

Within a very short duration, the local reaction tem-
perature rose from 1200 °C to 1500 °C as it was
confirmed by an infrared pyrometer. The adiabatic
flame temperatures were calculated using equa-
tion 4 [21] and the thermodynamic data have been
collected in Table 1:

(—AH®)
Y. (nCp)

T,q =298+ “4)

The calculated values of the adiabatic flame
temperatures are 978 °C for NiO and 1323 °C for
a-Al, O3, respectively.

The as-obtained NiO and Al,O3 powders were
heat treated at 600 and 1200 °C for 2 h to re-
move any type of carboneous impurity and hence,
pure and well crystalline powders were obtained.
The heat treated powders (30 % NiO and 70 %
«-Al,03) were further physically mixed and pel-
letized in circular shapes. The pellets were sintered
at different temperatures.

Structural studies of the samples were carried
out by XRD (Phillips-3710 powder X-ray diffrac-
tometer) in the 20 range of 10 to 90° using CuKo
radiation (A = 1.54056 A). The morphology of
the powder was studied using scanning electron
microscopy (SEM, JEOL JSM-6360). The parti-
cle size of a sample prepared at stoichiometric ra-
tio was studied with a transmission electron mi-
croscope (TEM, PHILIPS CM200). The DC con-
ductivity of sintered pellets was measured in air,
hydrogen and biogas atmospheres in the tempera-
ture range from room temperature to 600 °C. The
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Table 1. Calculations of adiabatic flame temperature.

Compound

AHy [Kcal/mol]

Cp [Kcal/mol K] at 298 K

Ni(NO3), 6H,O —528.6 -
AI(NO3)3 9H,O —857.59 -
C,H5NO, -126.22 -
NiO —-57.3 0.01059
x-Al, O3 —399.09 0.01889
CO, —94.05 0.00887
N, - 0.00696
H,O —57.97 0.00803
0, - 0.00701
Adiabatic flame temperature of NiO 978 °C
Adiabatic flame temperature of «-Al,O3 1323 °C
data were collected during cooling to ensure tem- - —
perature stabilization and to avoid any change due g ;::g tirate
to in-situ reduction of surface during heating. The . 1.
NiO-Al,O3 was screen printed on both sides of g S
pre-sintered NiO-GDC and its conductivity was N - . 5
evaluated as anode functional layer. ") ) =
A complete cell was formed by using NiO- *S: u J\
GDC, GDC and LSCF-GDC as anode, electrolyte = -2
and cathode, respectively and NiO-Al,O3 as anode 5
functional layer. The open circuit voltages (OCV) E
of the cells were also measured in biogas.
3. Results and discussion » U J
3.1. Powder characterization w 40 ol o "
20 (degree)

The X-ray diffraction patterns of as-synthesized
and calcined powders of NiO and o-Al,O3
nanoparticles are shown in Fig. 1 and Fig. 2, re-
spectively. Fig. 1a depicts the XRD pattern of as-
obtained NiO, which shows peaks arising from
NiO and also nickel nitrate, indicating that combus-
tion is incomplete. The combustion of this residual
occurs during subsequent calcination at 600 °C for
2 h and phase pure cubic NiO is obtained (Fig. 1b).
The calcined powder has crystallites of 31 nm and
lattice parameter of 4.17 A.

On the other hand, the as-obtained Al,Oj3 is
amorphous (Fig. 2a). It needs high calcination tem-
perature to obtain crystalline «-Al,O3 particles.
Therefore, the as-obtained powder was calcined at

Fig. 1. XRD patterns of NiO nanoparticles (a) as pre-
pared and (b) calcined at 600 °C.

1200 °C for 2 h. Its XRD pattern (Fig. 2b) shows
broad peaks indicating presence of small size par-
ticles (~34 nm). The «-Al,O3 nanoparticles have
crystallized into the rhombohedral structure with
lattice parameters; a=b =4.76 Aandc=12.76 A.
The elemental analysis of the calcined powders
also showed the peaks due to either Ni and oxy-
gen or Al and oxygen. No impurities were detected.
The analysis data are tabulated in Table 2.
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Fig. 2. XRD patterns of o-Al,O3 nanoparticles (a) as
prepared and (b) calcined at 1200 °C.

Table 2. Elemental analysis of NiO and Al,O3.

Ni 54.43
O 45.57
Al 37.90
0 62.10

Atomic % of NiO

Atomic % of Al;O3

The morphology of the as-obtained (Fig. 3a)
and calcined (Fig. 3b) NiO powder shows almost
the same features and is foam-like with highly
porous structure. The porosity has little decreased
after calcination. The insets in the figures reveal
roughly spherical grains. The TEM image of NiO
nanoparticles (Fig. 3c) shows the nearly spheri-
cal particles, 30 nm in size. The SEM images of
the as-obtained and calcined Al,O3; nanoparticles
are shown in Fig. 4a and 4b. The amorphous-like
structure without well-defined particle shapes is
observable from SEM image of as-obtained Al,O3
(Fig. 4a). The amorphous powder is constituted of
micrograins with a large size distribution. After cal-
cination, the grain growth occurs and highly silky
soft powder is seen in the SEM image (Fig. 4b).
The higher magnified image of x-Al,O3 is shown
in the inset of Fig. 4b. It reveals the platelet

Fig. 3.

SEM images of (a) as prepared (b) calcined and
(c) TEM image of as prepared NiO nanoparti-
cles. The inset shows images obtained at higher
magnification.
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Fig. 4. SEM images of (a) as prepared (b) calcined
and (c) TEM image of as-prepared «-Al,O3
nanoparticles. The inset shows images obtained
at higher magnification.

morphology of «-Al;O3. The TEM of Al,O3
(Fig. 4c) shows a mixture of different kinds of
particles: platelets, spherical and needles but most
crystallites exhibit hexagonal platelet morphology
as shown in the inset of Fig. 4c. The average size
of the platelet is 70 nm.

3.2. Ni-Al,O3 nanocomposite

The green pellets of NiO-Al,O3 were finally
sintered at 900 °C and 1200 °C for 2 h and
their structural evaluation is shown in Fig. 5a and
Fig. 5b. It is observed that the peaks from cubic
NiO and rhombohedral «-Al,O3 overlap apprecia-
bly. The diffraction peaks in 20 range of 60° to 70°
show presence of peaks at 63.21° and 67.08° cor-
responding to NiO and Al,O3, which undoubtedly
evidence the absence of NiAl,O4. Thus, no inter-
mediate phases are formed in the composite sin-
tered at 900 °C, which suggests no solid solution
among x-Al,O3 and NiO. However, higher sinter-
ing temperature (1200 °C) results in intermediate
NiAl,O4 spinel phase as shown in Fig. 5b. The
sharp intense peaks indicate that the material is in
crystalline form, but the crystallite sizes have not
improved considerably. They are in the range of
33 nm to 35 nm for NiO and 37 nm to 40 nm for
OC—A1203.
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5 = oNiO
= o +NiAl O
~ o 2 4
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=
<
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=
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=
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Fig. 5. XRD patterns of NiO-Al,O3 nanocomposite
sintered at (a) 900 °C and (b) 1200 °C.
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The presence of NiAl,O4 in the composite sin-
tered at 1200 °C for 2 h is calculated by using fol-
lowing formula:

Percent phase intensity =

Ivian0,(220)

X100
Iniaso, (220) + INio(ZOO) + 141,04 (1 13)

&)

It is seen that only about 3 % spinel is present
in the NiO-Al,O3 composite. The lattice parame-
ters of «-Al,O3 and NiO phases are collected in
Table 3.

On the contrary, Wang et al. [22] observed that
Ni loading up to 20 wt.% was soluble in Al,O3
forming spinel NiAl,O4, and NiO loading above
20 % formed Ni-Al,0O3. This shows that NiO
species reacted with the Al,O3 to form a spinel
NiAl,O4 phase. Moreover, Hao et al. [23] reported
that the NiO phase started to appear in Ni—Al,O3
prepared by an aerogel method at nickel contents
exceeding about 20 wt.%. These results indicate
that the degree of reaction between nickel and the
Al,O3 in the Ni-Al,O3 catalysts is dependent on
the preparation method.

The EDS analysis of NiO—Al,O3; nanocompo-
site shows that the atomic percent of Ni in the
pellets sintered at 900 °C and 1200 °C is 22.99
and 19.51, respectively, contrary to the theoreti-
cally expected value of 17.65. This demonstrates
slight inhomogeneous distribution of Ni. Similarly,
the atomic percent of Al in the pellets sintered
at 900 °C and 1200 °C is 77 and 80.49, respec-
tively, contrary to the theoretically expected value
of 82.35.

SEM images of NiO-Al,O3 nanocomposites
are shown in the Fig. 6. Fig. 6a reflects non uni-
form grain distribution with poor crystalline struc-
ture in the sample sintered at 900 °C. It exhibits
platelet like structures and it is composed of Al,O3
as observed in Fig. 4b. After sintering at 1200 °C,
the grain growth is observed and spherically shaped
pores appear.

The DC conductivity of NiO-Al,O3 was mea-

sured in the temperature range of 200 °C to 610 °C.
The plots of DC conductivity (o) versus reciprocal

HV spot| WD
20.00kV]| 2.5 |18

(b)
Fig. 6. SEM images of NiO-Al,O3 nanocomposite sin-
tered at (a) 900 °C and (b) 1200 °C.

of temperature in air, hydrogen and biogas atmo-
spheres are shown in the Fig. 7. The conductivity
is observed to increase with temperature, suggest-
ing thermally activated process. One can observe
that the lowest conductivity values are found in air
in the whole studied temperature range. Four times
enhancement of the conductivity occurs in hydro-
gen. Further, the conductivity in air and biogas is
almost the same up to 380 °C.

In air, initiation of ionic conduction due to hop-
ping of oxide ions is observed above 415 °C while
electronic conductivity is negligible. In hydrogen,
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Table 3. The lattice parameters and crystallite size of NiO and «-Al,O3 phases in the composite.

Lattice parameter [A] Crystallite size [nm]

Material NiO-Al,O3 NiO o-Al O3
nanocomposite a a=b c NiO  «-AlLO3
Standard data 417 475 12.99
Sintered at 900 °C  4.15 4.75 1285 34 35
Sintered at 1200 °C 4.15 4.76  12.88 37 37

0.005
C
0.004-
0003] b
—_
g
& 0.0024
N’
b
0.001{ a
0.000-
v T v T v L} v L} * L]
10 12 14 16 18 20
-1
1000/T (K')

Fig. 7. DC conductivity of NiO-Al,O3 in (a) air, (b)
biogas and (c) hydrogen atmosphere.

due to the catalytic activity of NiO, it gets oxi-
dized to protons and electrons (equation 1). These
electrons are effectively transported by electronic
phase (NiO) in the composite. This gives high
conductivity with the least activation energy of
0.23 eV. The catalytic reactivity is improved with
arise in temperature giving a considerable increase
in conductivity. The slight change in the slope of
conductivity is attributable to the change in defect
mechanism.

On the contrary, in biogas, substantial increase
in conductivity above 415 °C is observed. The
biogas being a mixture of CH4 and CO,, under-
goes dry reformation by NiO-Al,O3 according to
reaction:

CHy4 +CO, — 2CO + 2H, (6)

A little amount of air has also been introduced dur-
ing the measurements giving partial oxidation of
CH, according to reaction:

CH4+ %Oz — CO+2H, @)
In addition, NiO-Al,O3 oxidizes the hydrogen ob-
tained in this processes and plays a dual role. How-
ever, the comparatively less conductivity in bio-
gas than in hydrogen and high activation energy
of 0.67 eV signify that a less quantity of hydrogen
is available. Nonetheless, propensity of CO, crack-
ing may also be the reason of this lower conductiv-
ity. The conductivity and activation energy values
in different atmospheres are tabulated in Table 4.

The FT-IR spectra of NiO-Al,O3 exposed in
biogas at 400 °C, 500 °C and 600 °C for 2 h are
shown in Fig. 8a. All the spectra show broad bands
in the region 3000 to 3700 cm™' and a strong
band at 2341 cm~'. The bands near 3000 cm™!
are assigned to C-H stretching vibrations (from
methane) and those around 3500 cm™! are due to
presence of moisture. The band at 2341 cm™! is due
to asymmetric stretching vibration of C=0 (CO,).
The intensity of this band is observed to decrease
with the temperature. The band at 864 cm ™! is ob-
served to shift to 890 cm~! and then to 989 cm™!
with an increase in temperature, shifting the M—O
vibrations to higher wave number side.

Moreover, the bands in the region 1300 to
1800 cm™! are observed for the anode exposed at
400 °C and 500 °C. These are due to CH4 adsorbed
on the surface. This band disappears at 600 °C and
two distinct peaks, attributed to O—H vibrations and
vibrations of adsorbed water molecule are observed
at 1343 cm™! and 1543 cm™!, respectively. The
water molecules originate from the cracking of CO
formed in reaction 6 and 7 by reaction:

CO+H; - C+H,0 (8)
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Table 4. DC conductivity and activation energy values in different atmospheres.

Conductivity [S/cm] x 1073

Activation energy [eV] 400 °C to 610 °C

0.88
0.67
0.23

Materials Atmosphere
Air 0.97
NiO-Al, O3 Biogas 3.2
Hydrogen 43
a
5
2 b
8
=
S
= |C
g
g W
= N 3
- &
1000 2000 3000 4000
‘Wavenumber (cmfl)
(a)
s £ * ALO,
£ = oNiO
s
g
z
g
e
=
20 30 40 50 60 70
20 (degree)
(b)

Fig. 8. (a) FT-IR and (b) XRD patterns of NiO-Al,O3
after exposure to biogas at (a) 400 °C, (b)
500 °C, and (c) 600 °C temperatures.

If this is the case, carbon would be present in
the sample but it has not been detected in XRD.
This is because carbon is very sensitive to water

in the atmosphere. Hence, it forms O-H functional
groups showing a band at 1343 cm~'. Thus, the
analysis of FT-IR spectra clearly shows the pres-
ence of surface adsorbed CH4 and CO, at 400 °C
and 500 °C. Generally, biogas contains methane
(50 % to 70 %), carbon dioxide (30 % to 40 %)
and other compounds such as hydrogen sulfide (in
ppm), water, and other trace gas compounds. The
H,S is easily soluble in water. The absorption pro-
cess is purely physical. Therefore, sulfur is not de-
posited on the surface of the material and has not
been detected by FT-IR spectroscopy.

The XRD patterns of the samples exposed to
biogas at temperatures of 400 °C, 500 °C, and
600 °C are shown in Fig. 8b. It shows all the peaks
corresponding to NiO and x-Al,O3. Further, no Ni
peaks have been observed what means that reduc-
tion of NiO has not occurred.

The OCV of single cells NiO-
GDC/GDC/LSCF-GDC and NiO-Al,03-NiO-
GDC/GDC/LSCF-GDC were measured in biogas
at 500 °C. The OCV of a cell formed with
NiO-GDC anode was 0.64 V while that of
NiO-Al,0O3-NiO-GDC anode was 1.11 V, close to
the theoretical value of 1.18 V.

4. Conclusions

In conclusion, the NiO-Al,O3 nanocomposite
for anode in IT-SOFCs has been successfully
synthesized. The composite without any in-
termediate phase like NiAl,O4 was obtained
at 900 °C. The conductivity in hydrogen was
4.3 x 1073 S/cm with the least activation energy of
0.23 eV, which suggests that NiO—-Al, O3 catalyzes
hydrogen effectively. Moreover, conductivity
in biogas was slightly less, with the activation
energy of 0.67 eV. The higher activation energy
implies that NiO-Al,O3 has to play a dual role
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of reforming biogas followed by oxidation
of hydrogen. Further, the lower availability
of hydrogen and propensity of CO, cracking
may also be the reason of this lower conduc-
tivity. FI-IR showed presence of CHj; and
CO, adsorbed on the anode surface at 400 °C
and 500 °C, but not at 600 °C. The OCV of
NiO-Al,03-NiO-GDC/GDC/LSCF-GDC  single
cell in biogas atmosphere is 1.11 V at 500 °C.
Hence, NiO-Al,O3 anode material can be consid-
ered as a potential candidate for use in hydrocarbon
fueled SOFCs.
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