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Nano-sized  Co3O4, Fe2O3, Au/Co3O4 and  Au/Fe2O3 catalysts  were  prepared  and  evaluated  for  catalytic
combustion  of lean  methane-air  mixtures.  Characteristics  and  catalytic  activities  under  dry  and  wet
feed  conditions  were  investigated  at gas  hourly  space  velocities  up to 100  000 h−1 mimicking  the  typi-
cal  flow and  conversion  requirements  of  a catalytic  system  designed  to  treat  a ventilation  air  methane
stream.  In order  to gain  a better understanding  of the  interaction  between  H2O and  the  catalyst  surface,
temperature-programmed  desorption  of water  over  fresh  and  used  samples  were studied,  and  supported
by other  catalyst  characterization  techniques  such  as  N2-adsorption  desorption,  XRD,  TEM,  SEM  and  XPS
atalytic combustion
ethane

obalt oxide
ron oxide
old
ater inhibition

analyses.  The  activity  measurements  of the catalysts  studied  identify  Co3O4 as  the most  active  material.
Co-precipitating  gold  particles  with  cobalt  oxide  or  iron  oxide  do not  enhance  the  activity  of  the  catalyst,
which  is most  likely  due  to blocking  the  active  site  of  support  by  the  gold  particle.  The  presence  of strong
hydroxyl  bonds  on  the  catalyst  surface  is  substantiated  by  TPD  and  XPS  analyses,  and  is suggested  to  be
responsible  for  the  rapid  deactivation  of Fe2O3 and  Au/Fe2O3 catalysts.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The anthropogenic emission of methane is emerging as an
mportant environmental issue due to the volumes of the gas being
mitted and the significant impact this has on the environment.
pproximately 70% of methane emissions can be attributed to ven-

ilation air methane (VAM) emitted from coal mines [1,2]. The large
olumetric flow rate and the low methane concentration (≤1%) of
AM stream presents a major challenge in developing technolo-
ies to mitigation or utilize this emission. A number of processes
ave been developed to mitigate these emissions. One potential
olution for reducing methane emission is catalytic combustion,

here methane is oxidized to carbon dioxide on a catalytically-

ctive solid surface. This flameless combustion is ideal for highly

∗ Corresponding author.
E-mail address: Michael.Stockenhuber@newcastle.edu.au (M.  Stockenhuber).

ttp://dx.doi.org/10.1016/j.cattod.2014.11.031
920-5861/© 2014 Elsevier B.V. All rights reserved.
diluted air/methane streams, as the production of NOx is essentially
absent and the reaction temperature is relatively low.

The catalytic combustion of methane has been extensively
investigated over noble metals, transition metal oxides and mixed
metal oxides. Pd-based catalysts are considered as one of the most
active [3], however susceptibility to poisoning by water is a major
practical problem when the catalyst is employed in a VAM stream
as the humidity level of the stream is at or near saturation. As
reported in our previous work, the water vapour present in the
feed is the primary factor leading to catalyst deactivation observed
during catalytic combustion of simulated VAM stream over 1100 h
[4]. Therefore, the application in the VAM combustion necessitates
the development of durable catalysts, characterized by improved
resistance to water vapour-poisoning.

Gold was initially believed to be inactive as a catalyst because

of its inability to chemisorb most gases under typical reaction
conditions [5]. However, in a seminal study pioneered by Haruta
et al., it was  shown that carbon monoxide could be oxidized over
gold catalysts [6] at temperatures as low as 77 K. This success

dx.doi.org/10.1016/j.cattod.2014.11.031
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.11.031&domain=pdf
mailto:Michael.Stockenhuber@newcastle.edu.au
dx.doi.org/10.1016/j.cattod.2014.11.031


sis Tod

w
m
s
t
c
[
a
n
t
s
t
c
t
i

t
c
u
C
p
t
p
w
a
n
T
r
c
t
f

a
a
T
w
u
r
s
e
o
t
S

2

2

C
t
a
p
i
t

a
a
0
(
o
r
o
4
p
t

A. Setiawan et al. / Cataly

as followed by the development of a gold catalyst for the total
ethane oxidation [7], in which nano-sized gold catalysts were

upported on various metal oxides [8,9] with the aim of improving
he activity and stability of catalysts. The activity of supported gold
atalysts during total oxidation of methane was  reported recently
10,11], and although supported gold catalysts are not as active
s palladium-based catalysts, an understanding on the nature of
ano-sized gold can further our understanding of the deactiva-
ion process and in turn how to enhance the catalyst activity and
tability. Limited measurements exist regarding the characteris-
ics and catalytic activity of supported gold catalyst specifically for
ombustion of lean methane–air mixtures. Methane combustion in
he presence of water over gold-based catalysts has not yet been
nvestigated in detail.

Transition metal oxides have been considered as catalysts for
otal oxidation of methane due to their higher stability and lower
ost when compared to noble metals [12]. Earlier work reported the
se of single-metal oxides (such as Cr2O3, NiO, Mn2O3, Co3O4, and
uO) and these studies evaluated the activities and deactivation
henomena during lean methane combustion [13]. Among those
ested, Co3O4 was the most active catalyst but was  less stable com-
ared to Mn2O3. Preparing different morphologies of cobalt oxide
as demonstrated recently as a strategy for improving the catalytic

ctivity [14]. Enhanced activity and stability was  reported for Co3O4
anotubes prepared using a morphology-directed technique [15].
he higher activity observed from these nanotubes catalysts was
eported to be due to the prominence and exposure of the (1 1 2)
rystal plane and high reactivity of the surface oxygen. However,
he issue of catalyst stability in the presence of water vapour in the
eed has not been addressed yet.

This paper reports the effect of water vapour present in cat-
lytic combustion of lean methane mixture over pure oxide (Co3O4
nd Fe2O3) and supported gold (Au/Fe2O3, Au/Co3O4) catalysts.
he catalyst characteristics and catalytic activities under dry and
et feed are investigated at gas hourly space velocities (GHSVs)
p to 100 000 h−1, mimicking the requisite conditions of a catalytic
eactor used in large scale treatment of ventilation air methane
tream. An understanding of the inhibitory effect of water vapour is
xplored by performing the temperature-programmed desorption
f water from fresh and used samples supported by other charac-
erization techniques such as N2 adsorption desorption, XRD, TEM,
EM and XPS analyses.

. Experimental

.1. Catalyst preparation

Cobalt oxide was prepared using a precipitation method.
o(NO3)2·6H2O (Sigma–Aldrich) was dissolved in water (0.1 M),
he solution was stirred at 80 ◦C and cobalt species precipitated by
djusting to a pH of 9 using Na2CO3 solution (0.25 M).  The resulting
recipitate was filtered, washed with hot and cold water and dried

n an oven at 110 ◦C for 20 h. Prior to catalyst activity measurement,
he sample was pre-treated ex situ in air at 400 ◦C for 4 h.

In order to investigate the effect of surface area on the catalytic
ctivity and stability of iron oxide, a high surface area Fe2O3 cat-
lyst was prepared by adding 0.33 mL  of an aqueous solution of
.36 M Al(H2PO4)3 (Alfa Aesar) into 15.1 mL  of 2.33 M Fe(NO3)3
Sigma–Aldrich) [16]. The mixture was then placed in a rotary evap-
rator at 60 ◦C for 2 h before being heated in a furnace to 380 ◦C at a
amp of 4 ◦C min−1 for 1 h. The resulting paste was then dried in an

ven at 110 ◦C for approximately 20 h, and calcined in static air at
00 ◦C for 4 h to activate the catalyst as well as remove any residual
hosphorus and nitrate originating from sample precursors. Finally
he sample was purged with helium for 30 min  prior to reaction.
ay 258 (2015) 276–283 277

Supported gold catalysts were prepared using a co-precipitation
method [10]. For Au/Fe2O3 catalyst, a solution of 35.1 g of
Fe(NO3)3·9H2O (Sigma–Aldrich) was dissolved to form a solution
of approximately 0.1 M.  This solution was  mixed with 0.3 g of
HAuCl4·3H2O (Acros-Organic) dissolved in HCl (0.58 M).  The solu-
tion was adjusted to a pH of 9 while being stirred at 80 ◦C using
Na2CO3 solution (0.1 M).  The resulting precipitate was  filtered
under vacuum and washed with hot and then cold water several
times. The precipitate was collected and dried in an oven at 110 ◦C
for approximately 16 h and pressed and sieved to 250–425 �m.  The
sample was  then pre-treated ex situ in air at 400 ◦C for 4 h, activat-
ing the catalyst as well as ensuring the removal of any residual
precursors.

A similar method was used for preparing 2.2 wt.% Au/Co3O4 cat-
alyst where 23.97 g of Co(NO3)2·6H2O (Sigma–Aldrich) dissolved
in water (0.1 M)  was mixed with 307.2 mg  of HAuCl4·9H2O (Acros-
Organic) dissolved in HCl at 0.58 mol  L−1. The solutions were stirred
at 80 ◦C and Na2CO3 solution (0.25 M)  was added drop wise until a
pH of 8.2 was reached [10]. The resulting paste was then filtered,
washed, dried and calcined under the same procedure as described
above.

2.2. Catalytic activity measurement

Catalytic activity measurements were performed in a tubu-
lar stainless steel micro reactor. The inlet methane concentration
was set at 0.6%, balanced with air at GHSVs between 27 000 and
200 000 h−1. The inlet and outlet mixtures were analyzed using a
gas chromatograph equipped with a thermal conductivity detec-
tor (TCD) and concentric packed column (Alltech CTR-I). For humid
feed experiments, the reactant mixture was passed through a satu-
rator operated at 25 ◦C ± 3 ◦C with a humidity probe installed at the
outlet. The actual reaction temperatures were measured by plac-
ing a K-type thermocouple into the reactor close to the catalyst
bed.

2.3. Catalyst characterization

The surface areas of catalysts were measured by nitrogen
adsorption at 77 K using Gemini 11 2370 surface area analyser
according to the Brunauer–Emmet–Teller (BET) method. Powder
X-ray diffraction (XRD) patterns of catalysts were examined using
Cu K� radiation performed by a Philips X’Pert diffractometer in the
range of 2� angles from 2◦ to 90◦ with 0.008◦ 2� step resolution.
Temperature-programmed desorption (TPD) analyses were per-
formed using a purpose built TPD apparatus equipped with Pfeiffer
Prisma quadrupole mass analyser. Zeiss Sigma VP FESEM served
to capture the scanning electron microscopy (SEM) images of the
sample using a secondary electron (SE) detector and back-scattered
electron (BE) detector. Bruker light element SSD Energy-dispersive
X-ray spectroscopy (EDS) detector allowed the elemental analysis
while capturing the SEM images. A JEOL 2100 Transmission Elec-
tron Microscope (TEM) was used for TEM imaging of supported gold
catalysts. The gold loadings were quantified using Varian 715-ES
inductively coupled plasma optical emission spectrometer (ICP-
OES).

For surface analysis, ex situ X-ray photoelectron spectroscopy
(XPS) was carried out using mono-chromated Al K alpha (energy
1486.68 eV) radiation and the emitted photoelectrons were ana-
lyzed using an ESCALAB250Xi manufactured by Thermo Scientific,

UK. The energy scale was  shifted relative to the adventitious carbon
at 284.6 eV and the spectrometer was  calibrated against bind-
ing energies of Au 4f7/2 = 83.96 eV, Ag 3d5/2 = 368.21 eV and Cu
2p3/2 = 932.62 eV.
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lyst was  investigated using temperature-programmed desorption
(TPD) of oxygen. Initially, both samples were heated in situ under
vacuum up to 550 ◦C to remove any pre-adsorbed compounds.
Oxygen (99.5%) was  adsorbed at 400 ◦C followed by cooling to room
ig. 1. Methane conversion as a function of temperature over ( ) Co3O4

nd ( ) Fe2O3 catalysts. Reaction condition: 6000 ppm CH4 balance air at
HSV = 100 000 h−1.

. Results and discussions

.1. The activity and stability of Co3O4 and Fe2O3 catalysts

The catalytic activity tests of single oxide catalysts were per-
ormed by feeding the reactor tube with 6000 ppm methane
balance air) at gas hourly space velocity (GHSV) of 100 000 h−1.
he light-off curves were recorded at temperatures from 250 to
50 ◦C. A blank experiment was carried our prior to catalytic activ-

ty test and confirmed that no methane conversion was  observed
p to a temperature of 650 ◦C [17].

Fig. 1 shows the temperature dependency of methane con-
ersion over Co3O4 and Fe2O3 catalysts. The temperature of 90%
onversion varies significantly, with the Co3O4 exhibiting the
owest light-off temperature. The temperature at 90% methane con-
ersion (T90) for Co3O4 is 440 ◦C, while T90 of Fe2O3 is about 510 ◦C.
hese light-off curves clearly suggest that the nano-sized cobalt
xide is more active compared to Fe2O3 catalysts.

The stability of each catalyst was observed during time-on-
tream (TOS) experiments under dry and humid feed conditions
t reaction temperature of 455 ◦C and gas hourly space velocity
f 100 000 h−1. Initially, the methane combustion was  carried out
sing a dry feed and after 1 h the reaction mixture was  passed
hrough a saturator and remained so continuously for 1 or 2 days.
ig. 2 shows the time-on-stream evolution of methane oxidation
ver Co3O4 and Fe2O3 catalysts. Adding water vapour into the
eed produced no measurable drop in activity over the Co3O4 cat-
lyst within 24 h TOS. Prolonging the operation up to 55 h under
umid feed condition, the methane conversion level remained rel-
tively constant, ranging from 95% to 98%. When compared to the
e2O3 catalyst, a significant deactivation was observed where the
ethane conversion dropped from ca. 70% to 20% within 24 h under

umid feed, suggesting that iron oxide activity is very sensitive to
ater compared to cobalt oxide.

.2. The characteristic of Co3O4 and Fe2O3 catalysts

Nitrogen adsorption–desorption isotherms of Co3O4 and Fe2O3

atalysts are provided in Fig. S1 of supplementary information
SI), suggesting type IV isotherms from hysteresis loop observed
ithin a relative pressure (p/p0) range of 0.4–0.9 [18]. The surface

rea of the samples, calculated using the BET equation, results in
Fig. 2. Time on stream behaviour under dry and wet feed over Co3O4 ( ) and
Fe2O3 ( ) catalysts. Feed: 6000 ppm CH4, 3 vol.% H2O (for wet  feed) balance air.
GHSV = 100 000 h−1, and bed temperature = 455 ◦C.

31.1 m2 g−1 and 86.6 m2 g−1 for cobalt oxide and iron oxide, respec-
tively.

XRD patterns of cobalt oxide and iron oxide catalysts are shown
in Fig. 3. The peak of XRD reflections are sharp and intense, suggest-
ing well-crystallized phases of Co3O4 and Fe2O3 (hematite). The
topography of iron oxide and cobalt oxide was investigated using
Scanning Electron Microscopy (SEM). In the supplementary infor-
mation (SI), the SEM images of Co3O4 and Fe2O3 are provided in
Fig. S2 and Fig. S3 respectively, showing the surface morphologies
of both samples. From these images we  can see that the size distri-
bution of cobalt oxide particles is narrower than iron oxide. Cobalt
oxide has a nearly spherical shape and larger pore size compared
to iron oxide.

The higher activity of Co3O4 catalyst compared to Fe2O3 cata-
Fig. 3. X-ray diffraction patterns of (a) Co3O4, (b) Fe2O3, (c) Au/Co3O4 and (d)
Au/Fe2O3 catalysts. Crystalline phase: = Co3O4, = Fe2O3, and = Au.
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Co3O4 as observed during time-on-stream experiment (see Fig. 2).
Exploring an explanation for the rapid deactivation phenomena

observed from iron oxide catalyst was  investigated by collecting
ig. 4. TPD profile of O2 desorption of Co3O4 ( ) and Fe2O3 ( ) catalysts at heating
ate of 5 ◦C min−1. O2 was  adsorbed at 400 ◦C.

emperature (RT). The TPD experiment was carried out with a tem-
erature ramp of 5 ◦C min−1 heating from RT to 550 ◦C. Fig. 4 shows
he TPD profile of O2 (m/z  = 32) desorption over Co3O4 and Fe2O3
atalysts.

TPD spectra of Co3O4 suggests at temperature of 350 ◦C a signif-
cant concentration of oxygen is present on the surface, resulting in

 maximum in the desorption rate of oxygen at 440 ◦C. Meanwhile,
ver the surface of Fe2O3 the oxygen desorption starts at higher
emperature (400 ◦C) and with a lower intensity. This is consistent
ith data from light-off curves plotted in Fig. 1 where between

00 and 400 ◦C observeable conversions were detected over both
atalysts. The peaks at temperature in range of 350–500 ◦C indi-
ate that the oxygen adsorption capacity of Co3O4 catalyst is higher
ompared to Fe2O3 catalyst. The higher oxygen surface coverage of
o3O4 is suggested to be responsible for activity difference of the
atalysts. As reported in the literature, it is inferred that, the re-
xidation of the reduced cobalt oxide sites is rate limiting [19,20].

The inhibiting effect of water was investigated using

emperature-programmed-desorption analysis. Fig. 5 shows H2O
m/z = 18) TPD spectra of (a) Co3O4 and (b) Fe2O3 catalysts where
he water was adsorbed at 150 ◦C and TPD spectra recorded during
esorption from RT to 650 ◦C with a heating rate of 5 ◦C min−1.

ig. 5. TPD profile of H2O desorption of (a) Co3O4 and (b) Fe2O3 catalysts at heating
ate of 5 ◦C min−1, H2O adsorption at 150 ◦C. TPD spectra of Co3O4 were offset by

 a.u. for clarity.
ay 258 (2015) 276–283 279

Prior to water adsorption, each sample was activated in situ at
400 ◦C for 1 h with a ramp of 5 ◦C min−1. Peak deconvolution of
TPD spectra suggests four desorption states of water from both
catalysts. The peak positions after curve fitting for all TPD samples
are provided in Table S1 of SI. Three peaks were detected below
400 ◦C. These peaks are related to desorption from weakly bond
H2O from the oxide surfaces. Above 400 ◦C, a stronger bond of H2O
was detected from both samples. However, the intensity of water
desorbed from Fe2O3 is higher than that of Co3O4 which suggests
more water is bound to iron oxide than to Co3O4. Furthermore,
the water desorption peak at ca 500 ◦C was found over Fe2O3
indicative of strongly bound water (hydroxyl) species. In light of
this finding, the difference in catalytic activity can be explained by
competition of the reactants with water or irreversible destruction
of active sites. Rapid deactivation was  observed over Fe2O3 catalyst
(see Fig. 2) where the activity dropped from ca. 70% to 25% within
5 h methane oxidation using humid feed.

The surface composition and oxidation state of fresh and used
samples were analyzed using XPS of Co3O4 and Fe2O3 catalysts.
For this analysis, the fresh samples are the sample which has been
activated (as mentioned in Section 2) and kept in a sealed container.
The used samples are catalyst which have been used in time-on-
stream (TOS) experiments, as plotted in Fig. 2. After the TOS run
was terminated, the catalyst was  transferred into the XPS sample
chamber for analysis.

The experimental and fitted Co 2p spectra of fresh and used
cobat oxide catalysts are presented in Fig. S4 of SI. As expected,
the spectra of both samples are essentially identical, highlighting
no change in oxidation state or surface composition following the
time-on-stream experiments. This argument was cross-checked
with fitted peak of O 1s spectra from both samples as shown in
Fig. S5 of SI. At Co 2p3/2 the peak fitting suggests two cobalt species
were detected at binding energies of 779.2 eV and 780.3 eV. Over
the fresh sample, the peak at binding energy of 779.2 eV is identi-
fied as Co3+ and the peak at 780.3 eV is Co2+ [18,21]. It is noteworthy
that no significant shift in binding energy was observed from the
used sample. This XPS result is in line with the excellent stability of
XPS of fresh and used Fe2O3 samples. The spectra at Fe 2p core

Fig. 6. XPS spectra of O 1s core level of (a) fresh Fe2O3 and (b) used Fe2O3.
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Fig. 8. Time on stream methane oxidation ( ) under dry and wet conditions over
Au/Co3O4 catalyst at 455 ◦C; ( ) under dry conditions over Au/Fe2O3 catalyst at
530 ◦C; ( ) under dry and wet conditions over Au/Fe2O3 catalyst at 530 ◦C; ( )
ig. 7. Methane conversion as a function of temperature over ( ) Co3O4, ( )
u/Co3O4, ( ) Fe2O3 and ( ) Au/Fe2O3 catalysts. Reaction condition: 6000 ppm
H4 balance air at GHSV = 100 000 h−1.

evel for both samples are shown in Fig. S6 of SI. Comparison of
hese two spectra does not indicate any significant changes in
xidation state of Fe. Deconvolution of the peak under Fe 2p3/2
pectra results in two peaks at binding energies of 710 ± 0.2 eV
nd 711.3 ± 0.1 eV. As suggested in the literature, these peaks are
ttributed to Fe3+ species [22,23] which is typically the oxidation
tate of Fe2O3 (haematite). This argument is consistant with the
RD patterns of both samples, the result suggesting the dominance
f haematite phase in these samples.

The fitted peak and the experimental spectra of O 1s core-level of
resh and used Fe2O3 are plotted in Fig. 6. The spectra of fresh sam-
le (Fig. 6a) suggests two peaks at binding energies of 529.9 eV and
31.4 eV while deconvolution of the used Fe2O3 spectra (Fig. 6b)
esults in three peaks at binding energies of 529.9 eV, 531.7 eV and
33.4 eV. The presence of a peak at binding energy of 533.4 eV
ver the used sample is most-likely related to the formation of
ydroxyl species on the surface of Fe2O3, which is consistent with
ata reported in the literature [24,25].

.3. Dependency of activity and stability of Au supported on
o3O4 and Fe2O3

The catalytic activity and stability of cobalt oxide and iron oxide
ere further evaluated following the loading of Au particles on

hese supports using a co-precipitation method, as outlined in the
xperimental section. Fig. 7 shows the temperature dependency of
ethane conversion over Au/Co3O4 and Au/Fe2O3 catalysts com-

ared with the data plotted for single oxide catalysts in Fig. 1.
The temperature of 10% conversion varies significantly, with

he Co3O4 exhibiting the lowest light-off temperature. This figure
uggests that the nano-sized cobalt oxide is the most active
atalyst, followed by Au/Co3O4, Fe2O3 and Au/Fe2O3 catalysts.
he temperatures at 10% methane conversion (T10) for Co3O4
nd Au/Co3O4 are similar (suggesting similar intrinsic rates). The
90 of Co3O4 is about 50 ◦C lower than the temperature of 90%
ethane conversion over Au/Co3O4. Comparison of Fe2O3 and
u/Fe2O3 light-off curves also suggests that the support material

s more active than the supported gold catalyst. At 500 ◦C methane

xidation over Fe2O3 catalyst achieves 90% conversion level while
u/Fe2O3 catalyst can only convert 60% of CH4 into CO2. Surpris-

ngly, the presence of gold on cobalt oxide or iron oxide does not
nhance the activity of the catalyst, if it has any influence that
under dry and wet  conditions over Fe2O3 catalyst at 455 ◦C. Reactant: 6000 ppm
CH4 balanced air, water vapour = 3 vol.%, GHSV = 100 000 h−1.

effect appears to be detrimental in terms of catalytic activity. This
behaviour suggests potential poisoning of transition metal sites by
gold, the details of which are currently under investigation.

The activity of the catalysts at different space velocities was
investigated over Au/Co3O4 and Au/Fe2O3 catalysts. In Fig. S7 and
Fig. S8 of the supplementary information (SI), we plot the light-off
curves for methane oxidation over Au/Co3O4 and Au/Fe2O3 cata-
lysts. A drop in T90 of 30 ◦C in activity was observed from Au/Co3O4
catalyst when varying the GHSV from 27 000 h−1 to 100 000 h−1,
while over Au/Fe2O3 catalyst the temperature at 90% conversion
(T90) was shifted up about 100 ◦C upon increasing the space veloc-
ity from 35 000 h−1 to 100 000 h−1. This result is consistent with the
data reported by Choudhary et al. where the activity of Au/Fe2O3
catalyst was significantly affected by changing GHSVs [11].

The stability of gold supported on cobalt oxide and gold sup-
ported on iron oxide catalysts were evaluated under similar
condition as mentioned above. Initially, the experiment was  started
by feeding the reactor with dry feed for 45 min, and then switched
to wet  feed (dry and wet  conditions). Fig. 8 shows the time-on-
stream evolution of methane combustion over these catalysts for
24 h. For comparison, TOS data of Fe2O3 (dry wet  conditions) and
Au/Fe2O3 tested under dry feed conditions are plotted also in this
figure. The activity of Au/Co3O4 catalyst is fairly constant before
and after water vapour was introduced into the feed, similar to
what was  observed from Co3O4 catalyst (see Fig. 2). In contrast, over
Au/Fe2O3 catalyst, the presence of water in the feed leads to sig-
nificant deactivation. However, the deactivation rate of Au/Fe2O3
catalyst is lower compared to deactivation rate of Fe2O3 catalyst.
This observation is likely due to a higher reaction temperature for
TOS experiment of Au/Fe2O3 catalyst. As suggested by TPD spectra
(see below), at 530 ◦C less water remains on the surface. In addi-
tion, the dry feed TOS experiment of Au/Fe2O3 catalyst at 530 ◦C
indicates that removing water from the feed decreases the deacti-
vation rate. This is consistent with our findings from TPD and XPS
analyses from which we conclude that the hydroxyl species are
strongly bonded on the surface.

The surface area of the samples calculated from N2-
physisorption data using BET equation are provided in Table 1.

Compared with co-precipitated gold on iron oxide catalyst, the pure
iron oxide exhibits higher surface area due to modified prepara-
tion method. Meanwhile, pure cobalt oxide and supported gold on
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Fig. 9. HR-TEM images of (a) Au/Fe2O3 and (b) Au/Co3O4 catalysts.

Table 1
Surface area and Au particle size.

Sample BET surface area
(m2 g−1)

Average Au particle size
measured by TEM (nm)

1.7 wt.% Au/Fe2O3 55.5 15
2.2 wt.% Au/Co3O4 32.9 18
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Co3O4 31.1 –
Fe2O3 86.6 –

obalt oxide catalyst have similar specific surface areas. The ICP-
ES results confirm the presence of 1.7 wt% and 2.2 wt% of gold on

ron oxide and cobalt oxide, respectively.
XRD patterns of gold supported on cobalt oxide and iron oxide

atalysts are shown in Fig. 3c and d. The XRD reflections are sharp
nd intense suggesting well-crystallized phases of Au, Fe2O3 and
o3O4. The line broadening of the highest intensity of the gold
eflection peak suggests that the crystallite size of both samples
s similar. This is supported by particle size measurement using
EM analysis where the average gold particle size of Au/Co3O4 and
u/Fe2O3 are 18 nm and 15 nm,  respectively. It was also observed

hat the line broadening at half the maximum intensity (FWHM) of
o3O4 reflection at 36.8◦ 2� decreased slightly following gold depo-
ition. Our calculation suggests that the cobalt oxide particle size
ncreased about 3 nm upon loading gold on the oxide. This is sup-
orted by the surface area calculation results in Table 1 where no
ignificant increase was observed after gold deposition on Co3O4.
lease note that the differences in FWHM of Fe2O3 reflections
bserved in our samples are due to different precursor used.

The distribution of gold nano particles on Fe2O3 (Fig. S9 of
I) and Co3O4 (Fig. S10 of SI) was successfully recorded by using
ackscattered electron (BE) detector. From these images, well dis-
ersed bright-colour-dots are evident, which are identified as gold
articles and later confirmed by EDS analysis. High resolution
icrographs of gold catalysts captured by TEM are presented in

ig. 9. The gold particle deposited on Fe2O3 is shown in Fig. 9a and
he gold supported on Co3O4 is in Fig. 9b. In general, the Au particle
ize observed is in the range of 8–30 nm.  TEM image and particle
istribution are provided in Fig. S11 of SI and suggests an aver-
ge particle size of 18 nm,  significantly higher than the particle size
uggested for optimal activity of supported Au catalysts [26].

The influence of gold particle size in methane oxidation was
eported by Blick et al. [27], who found that gold particles with
iameter of 5–10 nm supported on MgO  were active for converting

ethane into CO and CO2. The same effect was observed also over
u/Al2O3 catalysts prepared by impregnation and deposition-
recipitation methods where the smallest particle sizes (3–5 nm)
ere found to be the most active [28]. An enhanced catalytic
Fig. 10. TPD profile of H2O desorption of (a) Co3O4 and (b) Au/Co3O4 catalysts at
heating rate of 5 ◦C min−1, H2O adsorption at 150 ◦C. Plot (a) was offset by 0.6 a.u. to
improve clarity.

activity of the nano-sized gold (8–9 nm)  was demonstrated
recently upon loading 10 wt%  of Au on Co3O4 [21]. However, in
our samples, the gold loading was  below 3 wt% and the average
gold particle size is 18 nm for Au/Co3O4 catalysts (based on TEM
analysis). It was expected that loading the gold to the metal oxide
catalyst surface would produce an increase in catalytic activity,
however the gold particle in the samples tested does not enhance
methane conversion (see Fig. 7).

The inhibiting effect of water was  investigated for Au supported
on Co3O4 and Fe2O3 catalysts. Fig. 10 shows H2O-TPD spectra of
Au/Co3O4 in comparison with spectra of Co3O4 catalysts where the
water was adsorbed under similar condition as described above.
Peak fitting of TPD spectra suggests four desorption states of water
from Au/Co3O4 catalysts at temperatures of 195 ◦C, 243 ◦C, 309 ◦C
and 498 ◦C. These peak positions have shifted slightly in comparison
to the position of the peaks found for desorption from Co3O4 which
is related to the loading Au on Co3O4.

TPD spectra of water desorbed from Fe2O3 catalyst were com-
pared with the spectra obtained from Au/Fe2O3 catalysts, in order
to explore the interaction between the hydroxyl groups on the
catalyst, the gold and support. Both spectra are shown in Fig. 11.

Gaussian peak fitting of Au/Fe2O3 TPD spectra suggests four adsorp-
tion states of water resulting in desorption peaks at temperatures
of 192 ◦C, 224 ◦C, 294 ◦C and 469 ◦C. These peaks are similar to
those found for water desorption from Fe2O3. It is interesting to
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Fig. 11. TPD profile of H2O desorption of (a) Fe2O3 and (b) Au/Fe2O3 catalysts at
h ◦ −1 ◦
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Fig. 12. TPD profile of H2O desorption over (a) used Au/Fe2O3 and (b) used Au/Co3O4

catalysts. H2O was adsorbed during TOS experiment as plotted in Fig. 8. Plot (a) was
offset by a straight line for better visualization.
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Table 2. Deconvolution of the peak under the curve at Au 4f7/2

T
X

eating rate of 5 C min , H2O adsorption at 150 C. Plot (a) was  offset by 1.5 a.u.
or clarity.

ee that upon loading gold on the iron oxide, no new adsorption
ites (desorption peaks) were detected. Evidence for interaction
etween water and gold was essentially absent from these spec-
ra. This suggests that most of water was adsorbed on Fe2O3. This
s consistent with our XPS result below, where hydroxyl species

ere detected on the sample that was used for time-on-stream
xperiments under humid condition.

The water and catalyst interaction during catalytic combus-
ion of methane was investigated using TPD analysis of used gold
atalysts (TOS experiments as plotted in Fig. 8). After the TOS exper-
ment was terminated, the catalyst was purged with helium while
ooling in the furnace to room temperature. The sample was imme-
iately transferred into a TPD tube. Desorption of H2O was  then
tarted from 30 ◦C until 650 ◦C at heating rate of 5 ◦C min−1. Fig. 12
hows the TPD spectra of water which was adsorbed on the surface
f Au/Fe2O3 and Au/Co3O4 catalysts during TOS experiments.

As shown in Fig. 12, TPD spectra of Au/Fe2O3 catalyst can be fit-
ed based on seven distinct sites for H2O adsorption. The main water
esorption sites were observed at 120 ◦C, 350 ◦C and 450 ◦C. The
eak at 120 ◦C is the most intense peak, which can be interpreted
s the weakest bond of hydroxyl compounds adsorbed on Au/Fe2O3
atalyst, whereas the peaks at higher temperatures are mostly
elated to hydroxyl compounds adsorbed during time-on-stream
xperiment under wet feed as described in Fig. 8. As expected, TPD
nalysis of used Au/Co3O4 catalyst results in a lower net H2O cov-
rage and in turn less prominent desorption peaks compared to
hat of Au/Fe2O3 catalyst. Curve fitting suggests that there are five
eaks at temperatures of 103 ◦C, 161 ◦C, 246 ◦C, 332 ◦C and 441 ◦C,
espectively. The most intense peak is at 332 ◦C while the smallest
eak is at 441 ◦C. It is suggested that at 441 ◦C, very little H2O is

dsorbed on the surface of Au/Co3O4 catalyst when compared to
u supported on Fe2O3. As a result, we speculate that the presence
f water during time-on-stream experiment over Au/Co3O4 (see

able 2
PS peak position and surface composition.

Sample Au 4f peak position (eV) Surface composi

Au4f7/2 Au4f5/2 Au 

a. 1.7 Au/Fe2O3 84.1 87.8 

b.  2.2 Au/Co3O4 84.4 88.2 
Binding energy (eV)

Fig. 13. XPS spectra of Au 4f core level of (a) Au/Fe2O3 and (b) Au/Co3O4 catalysts.

Fig. 8) has, similar to the Co3O4 support, little effect on methane
combustion.

The oxidation state and surface composition of 1.7 wt% Au/Fe2O3
and 2.2 wt%  Au/Co3O4 catalysts were analyzed with XPS. Both
samples were calcined ex situ in air at 400 ◦C for 4 h before loading
to the XPS sample holder. The spectra of Au 4f core level region
are plotted in Fig. 13 and the surface composition is provided in
core-level was  performed using Gaussian–Lorentzian (30:70) peak
shapes. There is a single element detected at binding energies (BE’s)
of 84.1 eV and 84.4 eV for Au/Fe2O3 and Au/Co3O4, respectively

tion (%)

O Fe Co C

0.14 61.6 32.6 – 4.21
0.05 58.9 – 35.6 2.94
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FWHM = 0.84–0.89 eV). From each sample, the single peak is iden-
ified as Au0 which is consistent with the binding energies reported
n the literature [21,29]. It is interesting to note that the Au peak on
u/Co3O4 is small, (see Table 2), indicating only a low surface con-
entration of Au. This result is consistent with our finding from TPD
nalysis. Comparison of Co3O4 and Au/Co3O4 TPD spectra (Fig. 10)
uggests that the H2O desorption temperatures and in turn adsorp-
ion energies of both samples are similar.

. Conclusions

The activity and hydrothermal stability of Co3O4, Fe2O3,
u/Co3O4 and Au/Fe2O3 catalysts were evaluated for catalytic
ombustion of lean air-methane mixtures. Excellent stability was
bserved over nano-particle Co3O4 and Au/Co3O4 during time-on-
tream experiments. No changes in oxidation/chemical states were
bserved from Co3O4 catalyst, before and after TOS experiments.
he presence of strongly bonded adsorption of hydroxyl species
n the surface of all catalysts studied, as observed by TPD and XPS
nalyses, highlights the role of water as being responsible for the
apid deactivation over Fe2O3 and Au/Fe2O3 catalysts. Neverthe-
ess, co-precipitating gold with cobalt oxide or iron oxide does not
nhance the activity of the catalyst.
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