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AbstractWe prepared xNi-2Al oxide (x=0-1.1) supports via a hydrothermal method, and applied Pd/xNi-2Al cata-
lysts in the catalytic methane combustion reaction. It was found that the physicochemical properties of the xNi-2Al
supports varied as a function of the Ni content, and the interaction between support and impregnated Pd was also
influenced by the Ni content. Furthermore, variation in the Ni content significantly affected the chemical state and
reducibility of the impregnated Pd species. Finally, the catalytic activity and stability of prepared Pd/xNi-2Al catalysts in
the methane combustion reaction exhibited a volcano-shaped curve as a function of Ni content, with a maximum
being observed for the Pd/1.0Ni-2Al catalyst, which corresponded to the highest Pd2+ composition and reducibility.
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INTRODUCTION

Global warming caused by the release of greenhouse gases is cur-
rently receiving significant amounts of research interest [1], suggest-
ing that the removal of methane from gaseous emissions is of par-
ticular importance, as methane is the second largest contributor
(~19%) to global warming after carbon dioxide (~64%). Although
the combustion of methane produces carbon dioxide, it is an effec-
tive way to reduce the global warming potential, as methane exhib-
its a greenhouse potential approximately 21 times greater than that
of carbon dioxide [2]. However, conventional thermal combustion
methods require the use of extremely high temperatures (~1,600 oC),
which also result in the production of both thermal NOx and CO.
In contrast, catalytic methane combustion can remove methane
containing low concentrations of thermal NOx at relatively low tem-
peratures (<500 oC) [3-7], and so it has received growing attention
for use in various industrial facilities, such as natural gas-fueled
engines, boilers and incinerators for energy production, and exhaust
gas control [8].

Supported noble metal catalysts, such as Pt, Au, Rh, and Pd, have
been extensively studied in methane combustion, with supported
Pd catalysts being the most effective [9-12]. Thus, the relationships
between catalytic activity, Pd dispersion (particle size), active Pd
species, and metal-support interactions have received significant
attention. For example, the chemical state of the active Pd species
is known to have a particular influence on catalytic activity in the
methane combustion reaction. Although Pd can be present in the
form of Pd0, Pd2+, and Pd4+, the Pd2+ originating from PdO is gen-
erally accepted as the active species for combustion reaction [3,4].
Although Pd0 and Pd4+ are mostly considered inactive, a number

of studies have suggested that Pd0 is involved in the adsorption and
activation of methane [13,14]. In addition, interactions between
the Pd species and the support play a major role in the formation
and preservation of the Pd0, Pd2+, and Pd4+ species [4,15].

To date, the application of various supports, including Al2O3 [4,
11,15,16], CeO2 [17], SnO2 [18,19], SiO2 [20], and ZrO2 [3,10] has
been investigated for the combustion reaction. Although spinel-
structured supports [13,21-23] such as MgAl2O4, CoAl2O4, and
NiAl2O4 also exhibit potential due to their high thermal stabilities,
the application of such supports has been limited due to their rela-
tively low specific surface areas compared to the commonly used
Al2O3 support. Until now, NiAl2O4 has been mainly employed as a
promoter to modify the interface between the support and the
active metal species [24-26].

In addition to successful methane conversion, the stability during
the catalytic reaction is also a critical factor for practical applica-
tions. In the case of supported Pd catalysts, the stability is largely
influenced by the presence of water, which usually acts as an inhibi-
tor to form the inactive Pd(OH)2 species during the reaction [11,
27,28]. It is therefore of particular importance to examine the hydro-
thermal stability, as water is normally present in the reaction feed, in
addition to being produced during the combustion reaction itself.

Thus, we employed a hydrothermal method for the preparation
of Ni-Al oxide supports containing different Ni/Al ratios. Subse-
quently, 0.5 wt% Pd/Ni-Al oxide catalysts were applied to methane
combustion experiments. To examine the hydrothermal stability of
catalysts in the methane combustion reaction, comparative experi-
ments were carried out in the presence and absence of 3% water
vapor. To characterize the synthesized catalysts and to determine
the relationship between the catalyst characteristics and the catalytic
performance (conversion and hydrothermal stability), N2-sorption,
X-ray diffraction (XRD), iso-propanol temperature-programmed
desorption (IPA-TPD), X-ray photoelectron spectroscopy (XPS),
and CH4 temperature-programmed reduction (CH4-TPR) analy-



1816 E. Hong et al.

September, 2018

ses were conducted.

EXPERIMENTAL

1. Catalyst Preparation
The Al2O3 and Ni-Al oxide supports were synthesized via a

hydrothermal method using Ni(NO3)2∙6H2O (98%, Samchun) and
Al(NO3)3∙9H2O (99%, Junsei) as precursors. After dissolving both
precursors in deionized water, a 2 M aqueous solution of NaOH
(prepared from NaOH powder, 99%, Jinchemical) was added drop-
wise to the precursor solution until the pH reached 9.5. The result-
ing solution was then stirred at 25 oC for 0.5 h, after which time it
was hydrothermally treated at 150 oC for 5 h in an autoclave, and
the obtained solid precipitate was filtered and washed exhaustively
with deionized water. Finally, the precipitate was dried at 100 oC
for 24 h and the dried product was calcined at 900 oC for 2 h. In
this study, xNi-2Al supports were prepared, where x represents the
2Ni/Al molar ratio (x=0-1.1). The 0.5 wt% Pd/xNi-2Al catalysts
were then synthesized via an incipient wetness method using a
Pd(NO3)2 solution (10 wt%, Heesung Catalysts Corp.). All catalysts
were dried at 100 oC for 24 h prior to calcination at 600 oC for 2 h
under a flow of air (1,000 cm3/min).
2. Characterization

To estimate the textural properties (i.e., specific surface area, total
pore volume, and average pore size) of the obtained products, N2-
sorption isotherms were carried out using a ASAP 2020 (Micromer-
itics). Prior to N2-sorption analysis, the samples were degassed at
250 oC for 5 h under vacuum. To identify the crystalline structures
of the xNi-2Al supports and the Pd/xNi-2Al catalysts, XRD was
carried out using a D8 Discover with GADDS (Bruker AXS) X-
ray diffractometer using Cu K radiation, with 40 kV accelerating
voltage and 40 mA applied current. From the XRD patterns, the
crystal size (D, nm) was calculated using the Scherrer equation
(Eq. (1)):

D=k/cos (1)

where k is the shape factor of the particle (0.89),  is the X-ray
wavelength (0.15406 nm),  is the corrected full width at half maxi-
mum (FWHM) in radian, and  is the Bragg diffraction angle in
degrees.

All IPA-TPD measurements involved using a quadrupole mass
spectrometer (GSD 301, Pfeiffer Vacuum). In each case, the sam-
ple (0.1 g) was loaded into a U-shaped quartz reactor using quartz
wool and pretreated at 300 oC for 0.5 h under a stream of Ar. After
cooling to room temperature, the sample was exposed to 3 kPa of
IPA for 0.5 h, and then purged with Ar for 0.5 h to remove the
physically adsorbed IPA. Subsequently, the temperature was ele-
vated to 400 oC with a heating rate of 10 oC/min under a flow of
Ar. During the IPA-TPD measurements, the total flow was fixed
at 30 cm3/min. The surface chemical states of the Pd species in the
Pd/xNi-2Al catalysts were identified by XPS using an PHI Quan-
tera-II (Ulvac-PHI) photoelectron spectrometer (Al K radiation;
h=1486.6 eV), and the XPS data were calibrated using the bind-
ing energy of adventitious carbon (i.e., C 1s, 284.6eV) as a standard.
To further interpret the XPS results, peak-fitting and deconvolu-
tion of the Pd 3d spectra were carried out using the Gaussian-

Lorentzian curve-fitting method after background subtraction by
the Shirley method, with constant FWHM value of 2 eV. To inves-
tigate the reduction characteristics of the supported PdO species,
CH4-TPR was performed. In each case, the sample (0.1 g) was
loaded into a fixed bed quartz reactor, and the temperature was
elevated to 900 oC with a heating rate of 10 oC/min under an envi-
ronment of 1% CH4/N2 (total flow=50 cm3/min) without pretreat-
ment of the sample. The quantity of CH4 consumed was analyzed
using an infrared gas analyzer (Model 7500, Teledyne Analytical
Instruments).
3. Methane Combustion Reaction

For the methane combustion reaction, the Pd/xNi-2Al catalysts
(0.1 g) were loaded into a U-shaped quartz fixed bed reactor. Prior
to the reaction, pretreatment was carried out under a stream of Air
(100 cm3/min) at 600 oC for 1 h. The reaction gas composition was
then adjusted to 1% CH4/20% O2/N2 balance and a total flow rate
of 200 cm3/min in the presence and absence of 3% water vapor.
The temperature-programmed reaction proceeded from 200 to
600 oC with a heating rate of 4 oC/min, and the isothermal reaction
was allowed to proceed at 370 oC for 20 h. The CH4 concentration
was measured using an infrared gas analyzer (Model 7500, Tele-
dyne Analytical Instruments), and the CH4 conversion was calcu-
lated using Eq. (2):

(2)

where CH4 in and CH4 out are the concentrations of CH4 at the inlet
and outlet, respectively.

RESULTS AND DISCUSSION

1. N2-sorption Analysis
The N2-sorption isotherms of the xNi-2Al supports and the Pd/

xNi-2Al catalysts are shown in Fig. S1, and their texture proper-
ties are summarized in Table 1. According to IUPAC classification,
all isotherms can be categorized as type IV isotherms with a type
H2 hysteresis loop, indicating that all supports and catalysts exhib-
ited mesoporous structures. In addition, from the data shown in

CH4 conversion X, %   
CH4 in  CH4 out

CH4 in
------------------------------------- 100

Table 1. Specific surface areas (SBET), total pore volumes (VP), and
average pore sizes (DP) of the xNi-2Al supports and the Pd/
xNi-2Al catalysts as determined from the N2-sorption iso-
therms

x
xNi-2Al Pd/xNi-2Al

SBET

(m2/g)
VP

a

(cm3/g)
DP

b

(nm)
SBET

(m2/g)
VP

a

(cm3/g)
DP

b

(nm)
0.0 136 0.370 08.6 134 0.380 08.5
0.8 096 0.300 09.2 087 0.281 09.7
0.9 076 0.291 11.1 070 0.272 11.5
1.0 074 0.279 11.4 071 0.275 12.0
1.1 070 0.267 11.7 064 0.253 12.2

aObtained from the volume of N2 adsorbed at P/P0=0.995
bCalculated from the desorption branch of the N2 isotherm using
the Barrett-Joyner-Halenda method



Methane combustion over Pd/Ni-Al oxide catalysts: Effect of Ni/Al ratio in the Ni-Al oxide support 1817

Korean J. Chem. Eng.(Vol. 35, No. 9)

Table 1, the specific surface areas of the xNi-2Al supports appeared
to decrease gradually upon increasing the Ni content, likely due to
a decrease in the total pore volume and an increase in the average
pore size. This tendency was also observed for the Pd/xNi-2Al cat-
alysts, and the slight decrease in specific surface area of these cata-
lysts following Pd impregnation was due to partial blockage of the

porous support structure by the impregnated Pd.
2. XRD and Surface Elemental Analyses

The XRD patterns of the xNi-2Al supports and the Pd/xNi-2Al
catalysts are shown in Fig. 1. It is well known that the crystalline
phase of Al2O3 can be changed depending on calcination tempera-
ture and precursor species [29-32]. In this case (see Fig. 1(a)), the
use of an Al(NO3)3∙9H2O precursor and calcination at 900 oC for
2 h produced a crystalline -Al2O3 phase (JCPDS No. 16-0394).
Although the spinel NiAl2O4 (JCPDS No. 10-0339) was the major
crystalline phase in the samples of sub-stoichiometric composi-
tions (i.e., 0.8Ni-2Al and 0.9Ni-2Al), a small shoulder peak of NiO
(JCPDS No. 89-5881) at 2 theta value of 43.3o was also observed.
In addition, this peak corresponding to NiO increased upon in-
creasing the Ni content. This result well matched the surface atomic
composition obtained by XPS analysis as summarized in Table 2.
The surface atomic compositions of all samples exhibited lower
Al/Ni ratios compared to theoretical atomic composition, thereby
indicating that excess Ni species existed at the surface. From the
literature [33], the co-precipitated nickel aluminate is not com-
pletely homogeneous, and so local composition of this mixed
oxide is separated into Al-rich and Ni-rich regions. This phenom-
enon was also observed over calcined catalysts [34,35]. Therefore,
the co-precipitated samples employed herein were initially formed
as a partially separated form, and Ni-rich structure seems to migrate
toward catalyst surface during the hydrothermal treatment at 150 oC
for 5 h in an autoclave. In addition, for all catalysts examined, no
obvious characteristic Pd and PdO signals were detected due to
the low loading and high dispersity of the Pd species.
3. IPA-TPD Measurement

To investigate the surface characteristics of the xNi-2Al supports,
the surface acidities were measured by means of IPA-TPD analy-
sis. Since IPA molecules can react on different types of active sites
to produce a range of products, IPA-TPD analysis could be one of
the useful tools for determining the surface properties [36,37]. For
example, the IPA dehydration pathway occurs on acidic sites to
produce propylene (∙C3H5 fragment of the propylene radical, m/z=
41), which can be employed as a probe molecule to determine the
surface acid characteristics [38]. As indicated by the IPA-TPD results
for the xNi-2Al supports shown in Fig. 2, the relative peak areas of
the produced propylene gradually decreased as the Ni content was
increased, thereby suggesting that the number of acidic sites on

Fig. 1. XRD patterns of (a) the xNi-2Al supports and (b) the Pd/
xNi-2Al catalysts.

Table 2. Physicochemical properties of the xNi-2Al supports and the Pd/xNi-2Al catalysts determined by XRD and XPS measurements

 x
Crystal size (nm)a Theoretical atomic

compositionb
Surface atomic
compositionc

xNi-2Al Pd/xNi-2Al Pd/xNi-2Al Pd/xNi-2Al
NiAl2O4 (2=37.0o) NiO (2=43.3o) NiAl2O4 (2=37.0o) NiO (2=43.3o) Al/Ni Al/Ni

0.8 6.9 - 7.3 - 2.5 2.2
0.9 7.9 - 8.1 - 2.2 1.9
1.0 7.8 6.6 7.8 6.6 2.0 1.7
1.1 8.2 6.4 8.2 6.8 1.8 1.6

aThe crystal sizes of NiAl2O4 and NiO were calculated by the Scherrer equation from the XRD peaks at 2=37.0o and 43.3o, respectively
bTheoretical compositions were calculated based on concentrations of precursor solutions
cSurface atomic compositions were determined by XPS measurements
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cannot exist in the form of PdO2 at the temperatures above 200 oC
[37], PdO2 could be observed in the case of supported Pd cata-
lysts even after calcination at relatively high temperatures [13,18].
As shown in Fig. 3(a) and Table 3, the Pd2+ composition exhibited
a volcano-shaped curve, which varied in intensity based on the Ni
content, with a maximum being observed for the Pd/1.0Ni-2Al
catalyst. Although a number of studies [13,14] have reported that
Pd0 plays a major role in the adsorption and activation of methane,

the surface decreased progressively. This can be accounted for by
the variation in content of unsaturated Al3+ ions in the supports
upon increasing the Ni content. As unsaturated Al3+ ions act as
Lewis acid centers in the spinel structure [39], a decrease in the
quantity of exposed unsaturated Al3+ ions at the surface results in a
decrease in the number of surface acidic sites upon increasing the
Ni content. Although the evolved peak temperature of the xNi-2Al
supports shifted slightly towards lower temperatures compared to
Al2O3, no significant difference was observed amongst the differ-
ent xNi-2Al supports.
4. XPS Analysis before Methane Combustion Reaction

Amongst the various factors affecting the catalytic activity of the
methane combustion reaction, the chemical state of the Pd spe-
cies (i.e., metallic Pd0, PdO, and PdO2) plays an important role [15,
20]. Thus, XPS measurements were performed to analyze the chemi-
cal states of the supported Pd species. Fig. 3(a) shows the Pd 3d
XPS spectra of the Pd/xNi-2Al catalysts before the methane com-
bustion reaction. Through peak deconvolution, the presence of dif-
ferent Pd species was confirmed, and the peak positions and relative
atomic compositions are summarized in Table 3. More specifically,
in the Pd 3d5/2 spectra, characteristic peaks corresponding to Pd0,
Pd2+, and Pd4+ were observed at 335.2, 336.7, and 338.4 eV, respec-
tively [15,20,25]. Although it is known that the bulk palladium

Fig. 2. IPA-TPD profiles of the xNi-2Al supports. The mass signal
of m/z=41 (∙C3H5) represents a fragment of the propylene
radical produced from the dehydration of IPA.

Fig. 3. Pd 3d XPS spectra of the Pd/xNi-2Al catalysts (a) before and
(b) after the methane combustion reaction carried out at
370 oC for 20 h in the presence of 3% water vapor.

Table 3. Electron binding energy and atomic composition obtained from the Pd 3d5/2 spectra of the Pd/xNi-2Al catalysts before and after the
methane combustion reaction carried out at 370 oC for 20 h in the presence of 3% water vapor

x in
Pd/xNi-2Al

Binding energy (eV) (Atomic composition, %)
Before reaction After reaction

Pd0 Pd2+ Pd4+ Pd0 Pd2+ Pd4+

0.0 335.2 (7.8) 336.7 (61.8) 338.4 (30.4) 335.2 (19.0) 336.7 (54.5) 338.4 (26.5)
0.8 335.2 (6.4) 336.7 (61.3) 338.4 (32.3) 335.2 (16.1) 336.7 (62.5) 338.4 (21.4)
0.9 335.2 (5.7) 336.7 (62.6) 338.4 (31.7) 335.2 (11.1) 336.7 (65.8) 338.4 (23.1)
1.0 335.2 (6.0) 336.7 (67.0) 338.4 (27.0) 335.2 (8.9) 336.7 (69.0) 338.4 (22.1)
1.1 335.2 (6.5) 336.7 (66.7) 338.4 (26.8) 335.2 (10.8) 336.7 (65.0) 338.4 (24.2)



Methane combustion over Pd/Ni-Al oxide catalysts: Effect of Ni/Al ratio in the Ni-Al oxide support 1819

Korean J. Chem. Eng.(Vol. 35, No. 9)

it is generally accepted that a higher Pd2+ content results in a higher
catalytic activity [2,3], and so the initial conversion of the Pd/1.0Ni-
2Al catalyst is expected to exhibit the best catalytic performance
amongst samples. This is because the Pd/1.0Ni-2Al catalyst ini-
tially possessed the highest Pd2+ composition (see Pd2+ atomic com-
position of the catalysts before reaction in Table 3), likely due to

the support-metal interaction, which depends on the Ni content.
5. Catalytic Activity and Stability in Methane Combustion Reac-
tion

Fig. 4 shows the results of the temperature-programmed meth-
ane combustion reactions carried out both in the presence and
absence of 3% water vapor. In the absence of water (i.e., dry condi-

Table 4. Catalytic activity and stability of the Pd/xNi-2Al catalysts in the methane combustion reaction in the presence and absence of 3%
water vapor

x in
Pd/xNi-2Al

Temperature programmed Isothermal
Dry (oC) Wet (oC) Dry (%) Wet (%)

T20%
a T50%

a T90%
a T20%

a T50%
a T90%

a X0.1 h
b X20 h

b X0.1 h
b X20 h

b Rd
c

0.0 321 346 401 373 414 550 88.0 66.8 59.2 18.6 68.6
0.8 316 351 460 345 364 456 87.2 83.4 59.2 47.4 20.0
0.9 301 325 400 334 352 430 98.6 97.8 77.4 70.3 09.2
1.0 294 312 350 331 342 351 99.0 98.3 90.4 88.8 01.8
1.1 301 327 401 341 362 411 95.7 94.5 77.7 75.0 03.5

aTemperature required to reach methane conversions of 20, 50, and 90%
bConversion at 0.1 and 20 h
cDeactivation rates were calculated by (X0.1 hX20 h)/X0.1 h

Fig. 4. Catalytic performance of the Pd/xNi-2Al catalysts in the meth-
ane combustion reaction as a function of reaction tempera-
ture in (a) the absence and (b) the presence of 3% water vapor.

Fig. 5. Isothermal methane combustion reactions of the Pd/xNi-2Al
catalysts carried out at 370 oC for 20 h in (a) the absence and
(b) the presence of 3% water vapor.
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tions, Fig. 4(a)), the Pd/1.0Ni-2Al catalyst exhibited the best per-
formance, and the catalytic activities of the various Pd/xNi-2Al
catalysts increased in following order: Pd/0.8Ni-2Al<Pd/Al2O3<
1.1Ni-2Al<Pd/0.9Ni-2Al<Pd/1.0Ni-2Al. Interestingly, in the pres-
ence of water (i.e., wet conditions, Fig. 4(b)), the Pd/1.0Ni-2Al cat-
alyst again exhibited the highest catalytic activity; however, all
samples (and in particular Pd/Al2O3) showed reduced catalytic activi-
ties under wet conditions, as outlined in Table 4. This is likely due
to the water vapor acting as an inhibitor towards methane com-
bustion [11,23,27,28].

To confirm the stability of the as-prepared catalysts, isothermal
reactions were carried out at 370 oC for 20 h in the presence and
absence of 3% water vapor, as shown in Fig. 5 and Table 4. Under
dry conditions, all catalysts exhibited high stability and conver-
sions, with the exception of Al2O3 (Fig. 5(a)). In addition, the con-
version of the isothermal reaction was somewhat higher than that
obtained in the temperature-programmed reaction at 390 oC (see
Fig. 4(a)). This is likely due to deactivation taking place during the
temperature-programmed reaction upon increasing the tempera-
ture. As indicated in Fig. 5(b), in the presence of 3% water vapor, a
significantly different trend was observed. In this case, the initial
conversions exhibited volcano-shaped curve (see Table 4), and this
tendency corresponded with the Pd2+ compositions of the fresh
catalysts (i.e., Pd/0.8Ni-2AlPd/Al2O3<Pd/0.9Ni-2Al<1.1Ni-2Al<
Pd/1.0Ni-2Al), as confirmed by XPS measurements (Fig. 3(a)). In
addition, the deactivation rates also varied as a function of the Ni
content, and the Pd/Al2O3 catalyst underwent severe deactivation.
More specifically, the catalyst deactivation rates represented vol-
cano-shaped curve, depending on Ni content with the smallest
value being observed for the Pd/1.0Ni-2Al catalyst, thereby indi-
cating that the Pd/1.0Ni-2Al catalyst exhibited the highest conver-
sion and hydrothermal stability of the various catalysts examined
herein.

As discussed previously, although the 1.0Ni-2Al support was syn-
thesized under stoichiometric conditions to produce the spinel
NiAl2O4 structure, it also contained a small quantity of NiO on the
surface. Thus, the possibility that the surface NiO species partici-
pating in the methane combustion reaction could not be excluded
at this point. Although Zou et al. [24] reported that -Al2O3-sup-
ported NiO catalyst exhibited negligible activity up to 400 oC, Shen
et al. [40] demonstrated that the presence of NiO can enhance the
re-oxidation ability in the Mars and van Krevelen redox mecha-
nism through the formation of a NiO-PdO alloy structure. More
specifically, in the presence of water vapor, the oxygen migration
from support to active site was inhibited by water molecules ad-
sorbed; however, the presence of NiO adjacent to Pd species can
support the re-oxidation of reduced Pd species. It is therefore pos-
sible that the excellent hydrothermal stability of the the Pd/1.0Ni-
2Al catalyst could be partially attributed to the co-existence of both
PdO and NiO [25].
6. XPS Study after Methane Combustion Reaction

To analyze the reason for the varying deactivation rates at dif-
ferent Ni contents, XPS analysis was performed on the samples
following the isothermal reaction at 370 oC for 20 h in the presence
of 3% water vapor, as shown in Fig. 3(b) and Table 3. To allow a
clear comparison, the Pd2+ composition before and after the reac-

tions is indicated in Fig. 6(a) along with the conversions after 20 h
under wet conditions. As indicated, the atomic composition of
Pd2+ varied significantly after the reaction, and consequently the
conversion after 20 h corresponded with Pd2+ composition at this
time. However, the changes in atomic composition after the iso-
thermal reaction exhibited different trends depending on the Ni
content. In contrast to the remainder of the samples, the Pd2+ com-
position decreased for the Pd/Al2O3 and Pd/1.1Ni-2Al catalysts. It
is normally accepted that an increase in Pd2+ composition corre-
sponds to an improvement in the methane combustion activity;
however, in this case, deactivation was observed for all samples.

Based on the above observations, it is necessary to confirm not
only the changes in Pd2+ composition, but also those of Pd0 and Pd4+

during the reaction. As outlined in Fig. 6(b), the variation in the
atomic compositions of the Pd species after the reaction is repre-
sented by Pd, and thus the changes in the Pd0, Pd2+, and Pd4+

compositions are denoted as Pd0, Pd2+, and Pd4+, respectively.
Although a number of studies suggest that Pd0 is involved in the
adsorption and activation of methane, both Pd0 and Pd4+ are mainly
considered to be inactive in the methane combustion reaction, while
Pd2+ is considered to be the active species [9,10,15]. Compared to
the fresh catalyst, Pd4+ decreased for all catalysts during the reac-
tion, indicating that the metastable Pd4+ was reduced to Pd2+ or

Fig. 6. (a) Correlation curves between the Pd2+ composition as deter-
mined by XPS analysis and the conversion after 20 h under
wet conditions. (b) Changes in the atomic composition of the
Pd species and corresponding deactivation rates of the Pd/
xNi-2Al catalysts.
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metallic Pd0 [41-43]. As a result, the deactivation rate correlated
with Pd0. For example, although the content of inactive Pd4+

decreased in the Pd/Al2O3 catalyst, the metallic Pd0 content signifi-
cantly increased, thereby resulting in severe deactivation. In con-
trast, a lesser degree of deactivation was observed for the Pd/
1.0Ni-2Al catalyst, due to the relatively small increase in Pd0 con-
tent. In addition, Zou et al. [24] and Liu et al. [23] reported that
the support-metal interactions can be modified at the NiAl2O4

interface due to the impregnation of PdO by epitaxy formation,
which leads to intimate contact and strong interaction between
the support and impregnated PdO. Therefore, the changes in Pd
as a function of Ni/Al ratio were likely due to variation in the sup-
port-metal interactions, which were dependent on the composi-
tion of the support.
7. Reducibility Test by CH4-TPR

The reducibility of active sites has attracted great interest in the
methane combustion reaction because this reaction is known to
follow the Mars and van Krevelen reduction-oxidation pathway
[14,24,40,44]. According to this mechanism, the first step involves
reduction of the PdO species by methane, followed by a second
step where Pd is re-oxidized by oxygen. Thus, the differences in
shapes and temperatures of the TPR profiles may correlate with
their catalytic performance [18,45,46]. In addition, the majority of
studies have shown that TPR curves are sensitive to a number of
factors, including the type of support, the active metal dispersion,
and the presence of promoters. Fig. 7 shows the CH4-TPR profiles
of the Pd/xNi-2Al catalysts between 200 and 400 oC, where decon-
volution into two major peaks, namely  and , is observed. The
 reduction peak had lower peak center compared to the  peak,
meaning that the reducible species corresponding the  peak is
more readily reduced than that of  peak. In the case of Pd/1.0Ni-
2Al catalyst, which showed the best catalytic performance of the
various catalysts examined, exhibited the lowest reduction peak
temperature and the highest portion of crystalline PdO, as out-
lined in Table 5. It therefore indicated that the excellent catalytic
activity of this catalyst can be partially attributed to the high reduc-

ibility of the PdO species. As discussed in the previous chapter, the
co-existence of PdO and NiO can enhance the re-oxidation ability
[40], resulting in good hydrothermal stability during the reaction
under wet conditions. From the results of CH4-TPR, it can be seen
that the proper amount of NiO can also improve the reducibility
of catalyst. Therefore, both activity and stability can be improved
with the optimal content of surface NiO.

CONCLUSIONS

We synthesized xNi-2Al oxide (x=0-1.1) supports via a hydro-
thermal method, followed by their subsequent application to the
catalytic methane combustion reaction after the impregnation of
Pd. It was found that the metal-support interactions were affected
by the Ni content, and thus the catalytic activity and stability in the
methane combustion reaction were also largely influenced by the
Ni content. In addition, the catalytic activity correlated with the
Pd2+ composition, and the stability corresponded with the change
in Pd0 content during the reaction.

Although the preparation of the 1.0Ni-2Al support under stoi-
chiometric conditions produced the spinel structure NiAl2O4, deter-
mination of the surface atomic composition by XPS indicated that
the surface contained small quantities of NiO. In addition, the Pd/
1.0Ni-2Al catalyst exhibited optimal catalytic activity and stability
of all examined catalysts both in the presence and absence of 3%
water vapor. This is likely due to the Pd species on the 1.0Ni-2Al
support maintaining a high Pd2+ ratio both before and after the
reaction stages. Furthermore, it was confirmed that the Pd/1.0Ni-
2Al catalyst contained the highest proportion of crystalline PdO
species, which were more easily reduced than amorphous PdO.
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Fig. 7. Reduction behavior of the Pd/xNi-2Al catalysts as determined
by CH4-TPR measurements.

Table 5. Reduction temperatures and relative PdO content of the
reduction peaks obtained from CH4-TPR experiments

x in 
Pd/xNi-2Al

Reduction temperature (oC)
(Relative portion, %)

 Peak  Peak
0.0 284.6 (66.7) 303.1 (33.3)
0.8 290.1 (68.6) 310.5 (31.4)
0.9 289.3 (76.0) 305.8 (24.0)
1.0 283.6 (78.1) 303.6 (21.9)
1.1 288.5 (76.1) 307.2 (23.9)
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Fig. S1. N2-sorption isotherms of (a) the xNi-2Al supports, and (b) the Pd/xNi-2Al catalysts.
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