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a  b  s  t  r  a  c  t

Ni nanoparticles  doped  with  different  amount  of gold  were  supported  on  MgAl2O4 by deposition  from
aqueous  metal  sol  producing  a series  of  catalysts  with  different  Au  content.  The  sol  procedure  was  allowed
to  obtain  dispersed  metal  particles  with  different  composition.  The  particle  size  and  the particle  compo-
sition  of  the  sol  were  maintained  even  after  being  deposited  on  the  support.  The  catalysts,  characterized
by  several  techniques  such  as  TPR,  XPS,  XRD,  TEM,  HRTEM  and  EELS  at the  different  stages  of  their life
exhibited  significant  structural  modification.  In particular,  thermal  treatments  in  reducing  and  oxidizing
environment  produced  NiAu  alloy  phases  and  NiO  surface  segregation,  respectively.  When  testing  for
ethane
ickel catalysts
gAl2O4 support
old effect

methane  dry  reforming  with  CO2 in  temperature  ramped  reaction,  the  monometallic  nickel  catalyst  was
more active  at  lower  temperature  whereas  the bimetallic  catalysts  were  more  active  at  higher  temper-
ature.  The  presence  of gold  slightly  affected  the  CO/H2 ratio  due  to the  occurrence  of  parallel  reactions
such  as  the reverse  water  gas  shift  reaction  (RWGS).  Both  types  of catalysts,  monometallic  and  bimetallic
ones,  deactivated  a little  with  time  but  the  degree  of activity  loss  was  not  in  straightforward  relation  with
Au  content  due  to the  different  effect  of  gold  on  the  stability  and  on  the  amount  of  carbon  formation.
. Introduction

Reforming of methane with CO2, known also as dry reforming
DRM), is a convenient and feasible process to produce synthesis
as and at the same time to remove two powerful greenhouse gases
ike CO2 and CH4, from the environment [1–3]. As compared to the
team reforming of methane, producing syngas with a H2/CO ratio
f 3, the DRM produces a synthesis gas with the H2/CO molar ratio
lose to unity, making it useful feed for the Fisher Tropsch syntheses
o liquid hydrocarbons and for the syntheses of oxygenates [4]. The
RM reaction (1) is endothermic and requires high temperatures

o attain good conversion levels.

H4 + CO2 → 2CO + 2H2, �H◦
700 ◦C = 258 kJ/mol  (1)

At high temperatures the following endothermic reactions (2)
nd (3) referred as decomposition of methane and reverse water

as shift (RWGS), respectively, are also favored.

H4 → C + 2H2, �H◦
700 ◦C = 85 kJ/mol  (2)
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CO2 + H2 → CO + H2O, �H◦
700 ◦C = 38 kJ/mol  (3)

For the dry reforming of methane, noble metals have been suc-
cessfully used providing stable and active catalysts at the lowest
as possible temperatures [5]. However, because of their high cost
and low availability, most of the applications are based on the use of
the group VIII transition metals [6]. Among these, Ni has been stud-
ied extensively, being the most active, cheap and available metal
[7–9]. However, its main drawback is represented by the produc-
tion of significant amount of carbon and by the sintering at the high
temperatures of the reaction. Carbon deposits are formed when the
rate of methane dissociation is faster than the oxidation of carbon,
occurring with the surface oxygen species arising from CO2 disso-
ciation on the metal component or from carbonates formed at the
metal support interface. Both, the amount and the type of carbon
deposited from methane decomposition during the dry reforming,
would affect the activity/stability of the Ni based catalysts [9,10].
Researchers, through the use of several surface techniques have
shown different types of carbon deposits such as, polymeric, fil-
amentous, graphitic carbon and bulk nickel carbide [10–14]. The

strategies adopted to decrease the carbon poisoning include the
support formulation, the support morphology and the doping of
the nickel catalysts with other elements such as alkali metals, sulfur
and also gold.
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Table 1
List of catalysts prepared on MgAl2O4 support, corresponding metal content,a molar
ratio and metal particle sizes as determined by TEM after the catalytic reaction.

Catalyst Metal content Ni/Au (molar
ratio)

dMe (nm)

Ni wt% Au  wt%

Ni 4.1 6.7 ± 4.6
Ni–0.5Au 4.2 0.5 28 8.6 ± 5.1
Ni–1.4Au 4.3 1.4 10 9.6 ± 5.8
A. Horváth et al. / Applied Catal

The dry reforming of methane over nickel catalysts is generally
onsidered structure sensitive, therefore Ni dispersion should be
aintained as high as possible through the use of proper supports

15]. The MgAl2O4 spinel oxide is highly stable and thermally resis-
ant, furthermore, it can ensure strong metal–support interaction
avoring the higher metal dispersion. Additionally, in virtue of its
asic nature this support will enhance the chemisorption of the CO2
hich is beneficial for the catalytic activity providing the oxygen

o form CO and also favoring the elimination of the coke [16].
The addition of a noble metal such as Pt and Rh has been reported

o increase the resistance of the nickel catalysts to the deactivation
y carbon [5,11,17–19]. The effect of the addition of gold has been
ainly studied in the steam reforming of hydrocarbons [14,20,21].

n such reaction the decrease of reactivity upon dilution of Ni sites
ith the less reactive Au metal, was counterbalanced by the pos-

tive effect of a lower deactivation by carbon in the presence of
old. This effect was attributed to the formation of a surface NiAu
lloy with the Au preferentially located at the high-energy steps
nd edges sites where the carbon nucleation over nickel is sup-
osed to initiate [14]. In contrast, in the case of the dry reforming
f methane, the modification of the nickel catalysts by gold has
eceived less attention and furthermore, with controversial results.
he positive role of gold for a series of Ni/MgAl2O4 catalysts pre-
ared by wet impregnation was described [13]. On the contrary a
ecent study on alumina supported nickel and gold-doped nickel
atalyst did not provide any experimental evidence for the ben-
ficial effect of gold [10]. Probably the influence of the gold and
enerally of a second metal, is mediated by other factors such as
he catalyst preparation method, the relative amount of the active
ite components and the support formulation.

In order to verify the role of gold in nickel catalysts used for
he CO2 reforming of methane, bimetallic Ni–Au catalysts sup-
orted over commercial MgAl2O4 spinel were prepared by a non
onventional sol method. Intending to selectively inhibit the car-
on formation without affecting much the activity, different atomic
u/Ni ratios were considered. The choice of the sol procedure aimed

o the formation of highly dispersed metal particles with well
efined structure and the close proximity of generally immiscible
i and Au phases.

. Experimental

.1. Sample preparation

Aqueous solutions of HAuCl4·3H2O (Aldrich), 20 wt%
oly(diallyldimethylammonium) chloride (PDDA) in water
Aldrich), nickel(II) nitrate hexahydrate (Aldrich), tannic acid
Aldrich), sodium-citrate (Aldrich), freshly dissolved sodium boro-
ydride, and commercial MgAl2O4 nanopowder (Aldrich) support
ere used in the preparations. In order to obtain the Ni core–Au

hell structured nanoparticles, the Ni precursor was  reduced first
n the presence of stabilizing agents. The sol preparation method,
hat was successfully applied to get Au nanoparticles with size of
he order of 6 nm [22] was modified for Ni, because tannin and
itrate reducing agents at the slightly basic pH used for preparation
f gold sols were not strong enough to reduce Ni(II) nitrate. Thus,
i nitrate solution in the presence of tannin and citrate at pH ∼ 5–6
as reduced with freshly prepared NaBH4 solution at 60 ◦C. One
in  after the addition of the reducing agent a color change to deep

rownish–greyish was observed, that turned a bit reddish when
dding Au3+ ions after 9 min. Then fast fading of the liquid occurred

ith time and, after 1.5–2 h, the monometallic Ni-containing sol

ecame green, the bimetallic sol paled as well, meaning that
xidation and dissolution of Ni must have occurred. In order to
void losing much of the nickel in solution the sol immobilization
Ni–3Au 4.1 3.0 5 –

a Ni content was  measured by XRF, Au content was measured by PGAA.

step was done within 1 h after the reduction step. After 15 min at
60 ◦C sol adsorption onto the MgAl2O4 support was  carried out
with the aid of PDDA polycation as before in a previous study
[22]. Samples were filtered, washed with water and dried at 80 ◦C
for 48 h. The notation and the exact concentrations of the final
materials as determined by XRF and by Prompt Gamma Activation
Analysis (PGAA) [23] are given in Table 1.

2.2. Sample characterization

The phase composition of crystalline components of fresh and
calcined/reduced samples was investigated by X-ray diffraction
(XRD) analyses. XRD patterns were recorded in Bragg-Brentano
para-focusing geometry using a Bruker D5000 diffractometer,
equipped with a Cu K� anode and a graphite monochromator. The
XRD data were collected in the angular range 10–70◦ in 2� using
0.05◦ step size and counting time of 5 s per step. The assignment
of the various crystalline phases was based on the JPDS powder
diffraction file cards [24]. Mean crystallite sizes are calculated from
the line broadening of the most intense reflection using the Scherrer
equation [25].

The distribution of Ni (and Au) and the size of metal particles
were studied by a conventional Philips CM20 transmission elec-
tron microscope (TEM) operating at 200 kV equipped with energy
dispersive spectrometer (EDS) for electron probe microanalysis.
The TEM samples were prepared by drop drying either the aque-
ous suspensions of the Au–Ni/MgAl2O4 samples or simply the sol
on carbon-coated micro grids. The particle size distribution was
obtained by measuring the diameter of equiaxial metal particles.
High resolution transmission electron microscopy investigations
(HRTEM) and electron energy loss spectroscopy (EELS) elemental
mapping were carried out by a JEOL 3010 microscope operating
at 300 kV with point resolving power of 0.17 nm and a GATAN
Tridiem Electron Energy Loss Spectrometer in the image filter-
ing mode, respectively. Temperature programmed reduction (TPR)
experiments were carried out with a Micromeritics Autochem 2910
apparatus equipped with a thermal conductivity detector (TCD).
The gas mixture with composition 5% H2 in Ar (50 ml/min) is used
to reduce the samples (30 mg), heating from room temperature to
800 ◦C at the rate of 10 ◦C/min. Before starting the TPR analyses,
the catalysts were pretreated with a flowing gas mixture of 5% O2
in He (50 ml/min) at 550 ◦C for 30 min, then cooling down under Ar.
The amount of carbon on the sample surface after catalytic run was
estimated from the amount of CO2 evolved in temperature pro-
grammed oxidation (TPO) experiments carried out in 10 vol.% O2
and 1 vol.% Ar in He. Mass spectrometer was employed to detect
CO2 formation.

The X-ray photoelectron spectroscopy (XPS) analyses of the
fresh and calcined/reduced catalysts were performed with a VG

Microtech ESCA 3000 Multilab, equipped with a dual Mg/Al anode.
The spectra were excited by the unmonochromatized Al K� source
(1486.6 eV) run at 14 kV and 15 mA.  The analyzer operated in
the constant analyzer energy (CAE) mode. Survey spectra were
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easured at 50 eV pass energy. For the individual peak energy
egions, a pass energy of 20 eV set across the hemispheres was
sed. The sample powders were mounted on a double-sided
dhesive tape. When performing the analyses of reduced samples,
articular care was taken to minimize the exposure to the air
y storing and then loading the samples under inert atmosphere
sing a glove box. The pressure in the analysis chamber was  in the
ange of 10−8 Torr during data collection. The constant charging of
he samples was  corrected by referencing all the energies to the

 1s peak energy set at 285.1 eV, arising from adventitious carbon.
he invariance of the peak shapes and widths at the beginning
nd at the end of the analyses ensured absence of differential
harging. Analyses of the peaks were performed with the software
rovided by VG, based on non-linear least squares fitting program
sing a weighted sum of Lorentzian and Gaussian component
urves after background subtraction according to Shirley and
herwood [26,27]. Atomic concentrations were calculated from
eak intensity using the sensitivity factors provided with the
oftware. The binding energy values were quoted with a precision
f ±0.15 eV and the atomic percentage with a precision of ±10%.
PS analyses were carried out also on the used catalysts.

.3. Catalytic measurements

Before the catalytic measurements the just dried catalysts
ere calcined in 10% O2/1% Ar/He in situ at 550 ◦C for 30 min

o remove the carbonaceous contamination, then reduced in 20%
2/He at 750 ◦C for 30 min. Catalytic reaction was performed using
H4/CO2/Ar = 69/30/1 mixture. It should be pointed out that the
articular reagent gas mixture was chosen to mimic  the composi-
ion of some natural gas wells in Hungary [13]. 30 mg  of catalyst
long with 30 mg  of diluting quartz beads were tested in a quartz
eactor where the reactant mixture at a flow rate of 20 ml/min
as introduced. Temperature during the reaction was  raised up to

50 ◦C with 10 ◦C/min (standard reaction with temperature ramp).
 quadrupole mass spectrometer was used for analysis of the reac-

ion products. Ar was used as internal reference for calculation of
he methane and carbon dioxide conversion values after adequate
alibration. After the first catalytic run the samples underwent a
egeneration step consisting of a TPO ramp to 750 ◦C with 30 min
old time, followed by cooling in Ar atmosphere, and then of a TPR
ump to 750 ◦C with 10 ◦C/min and 30 min  hold time. Thereafter

 second catalytic run was performed. In order to check for time
tability, new portion of the sample was pretreated (calcined and
educed) and contacted with the reactant mixtures as above, then
he reaction temperature was increased to 650 ◦C with 10 ◦C/min
nd 20–24 h hold time. The conversions were monitored as func-
ion of time and the zero value on the time scale corresponded to
he point when 650 ◦C was reached.

. Results and discussion

.1. Genesis and structure of Au and Ni containing nanoparticles
n the sol

The adopted particle synthesis procedure is somewhat similar
o the spontaneous electroless deposition of a precious metal (Au)
ayer on Ni substrate immersed into a solution containing gold ions
28–30]. Surface replacement takes place spontaneously because
f the difference in standard potentials of Ni(II)/Ni and Au(III)/Au
ouples. In our case, the H2 evolved during the decomposition of

aBH4 acted as extra reducing agent allowing for a fast and com-
lete reduction of Au(III).

As mentioned above, judging from the color fading of the
iquid, the monometallic colloidal nickel underwent significant
Fig. 1. TEM (A), HRTEM (B) and FFT (C) images of the parent Ni sol 5 min after adding
NaBH4.

dissolution into ionic nickel. The color change was less dramatic
in the case of the AuNi samples suggesting that Ni oxidation and
dissolution was to some extent prevented by Au coverage.

Since significant color change occurred during sol preparation
and adsorption, TEM and HRTEM measurements of the monometal-
lic Ni sol and of the bimetallic sol with the highest concentration
of gold (Ni–3Au) were done to determine the size, arrangement
and possibly the structure of the bimetallic and/or monometallic
particles in the liquid phase. In order to check for structural evolu-
tion, the measurements were taken after 2 different times during
the reduction process. The TEM and HRTEM images of the parent
Ni sol, 5 min  after adding NaBH4 are given in Fig. 1. Ni particles
of ∼12 nm in size visible in Fig. 1A, according to the selected area
electron diffraction pattern (SAED) in the inset, were amorphous.
The formation of amorphous nickel particles was also reported in
literature when using NaBH4 as reducing agent [31]. In the panels
B and C of the same figure the HRTEM and the corresponding Fast
Fourier Transform (FFT) images are shown. Accordingly, the amor-
phous Ni containing particles had a crystalline outer shell formed
by NiO, characterized by NiO(1 1 1) lattice fringes. The oxide shell
could have been formed in air during sample transfer. Indeed after
storage of the sample grid for 2 weeks in air the initially amorphous
particles turned completely into crystalline NiO.

The TEM image of the Au containing sol sample, 12 min  after

the very start of reduction, is shown in Fig. 2A. Spherical amor-
phous particles of 10–18 nm,  small individual crystalline particles
of ∼4–6 nm and aggregates of some smaller particles can be seen.
As derived from EDS analysis, the composition of the particles was
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ig. 2. (A) TEM with EDS (measured places marked by circles), (B) HRTEM with FFT i
he  TEM image, Ni(855 eV) map, B(188 eV) map, HRTEM and FFT of a particle, respe

ather heterogeneous. The large amorphous particles were mainly
onstituted by Ni (92%), the small darker ones had an Au and Ni
omposition close to the bulk value and the large irregularly shaped
r aggregated particles were more enriched in gold with respect to
he bulk composition. TEM, HRTEM and FFT of a small 4–6 nm crys-
al in Fig. 2B show details of the structure of the sol particle. The
article is twinned and exhibits fringes identified by its lattice dis-
ance and symmetry as Au (111). The panel in Fig. 2C depicts the
EM image, Ni(855 eV) elemental map, B(188 eV) elemental map,
RTEM and FFT of a particle. The elemental maps indicate both a

emarkable Ni and B content, at this stage of the synthesis. Accord-
ng to literature, Ni nanoparticles reduced by NaBH4 may  indeed
ontain some boron which after calcinations at relatively low tem-
erature, above 250–300 ◦C in air, is easily removed [32]. In our
ase the complete removal of boron after calcination and reduction
reatment was ascertained by elemental mapping during HRTEM

easurements.
To summarize, according to the TEM and HRTEM analyses, the

dopted sol procedure allowed an intimate contact between Ni and
u, producing nanoparticles with different Ni/Au composition.

.2. MgAl2O4 supported Au–Ni catalyst

As reported in Table 1, according to the elemental analysis, all
he supported samples contained about 4 wt% of Ni. The loadings
f gold agreed quite well with the nominal values and are reported
n the sample notation.

TEM measurements were carried out on the as prepared samples
i.e. just dried). The TEM image in Fig. 3A refers to the dried Ni
atalyst. The Ni or NiO particles can hardly be distinguished among

he crystalline spinel MgAl2O4 support. EDS results were in accord
ith the analytical composition of Table 1. The panel in Fig. 3B

efers to the dried Ni–3Au sample. In this case individual particles
long with aggregates can be easily recognized. The EDS results
s of the Ni-3Au sol sample, 12 min after the start of reduction. The panels in C depict
.

confirmed an enrichment of gold in the large aggregates similarly
to the corresponding sol.

The reducibility of the catalysts was investigated by tempera-
ture programmed reduction (TPR). Two cycles of TPR analysis were
carried out. The first measurement (TPR1) was  performed after oxi-
dation at 550 ◦C corresponding to the initial calcination treatment
before the catalytic reaction. A second measurement (TPR2) was
performed after re-oxidation of the sample up to 750 ◦C in order
to detect possible structural modification due to the thermal treat-
ment of a regeneration step applied between catalytic runs (see
later). In Fig. 4 the TPR profiles are shown. The TPR1 patterns of the
monometallic nickel and bimetallic Ni–Au samples were charac-
terized by two peaks, one at ∼350 ◦C and the other at ∼600 ◦C. The
presence of gold did not affect significantly the shape of the pro-
files. According to literature, the low temperature peak could be
attributed to “free” NiO whereas the high temperature peak could
correspond to Ni2+ species not completely integrated in the spinel
structure of the support but with a certain degree of interaction
[33]. The exact position of this second peak is related to the strength
of interaction. Generally, larger particles would interact less with
the support and would be easier to reduce, with a reduction peak
shifted to lower temperature [34]. In the TPR2 curves, after the sam-
ple oxidation at 750 ◦C, the two peaks coalesced into one at 440 ◦C
with the exception of the monometallic Ni sample which still pre-
sented two features much closer in temperature as compared to
the TPR1. In this latter case, the lowering of the high temperature
peak observed in the second TPR, according to literature, could be
due to the high temperature sintering of the nickel particles over
the support MgAl2O4 [35].

The presence of a single peak at the same temperature for all the
gold containing samples reflected a more homogeneous chemical

arrangement of the nickel oxide causing same reducibility for all
the nickel.

In order to investigate size effects on the particle reducibility,
metal particle size distribution were obtained from TEM analyses



254 A. Horváth et al. / Applied Catalysis A: General 468 (2013) 250– 259

F
r

o
a
b
g
t
t
s
o
c

t
u
w
s
a
M
t
o
m
a
t
s
a
p

the other at higher energy typical of the oxidized nickel [36]. As
shown in Table 2, contrary to what is generally expected from a
metal impregnation procedure, the XPS derived Ni/(Mg + Al) atomic
ratios were rather comparable with the corresponding analytical
ig. 3. TEM images and EDS data of as just dried catalysts: (A) Ni; (B) Ni–3Au (EDS
efers to the circled area).

f the samples after the two TPR cycles. The corresponding curves
re shown in Fig. 5. The invariance of the TPR2 patterns among the
imetallic samples, notwithstanding the differences in Fig. 5, sug-
ested that the corresponding reduction peaks were likely related
o the formation of a new alloy phase and did not depend on the par-
icle size. On the contrary, in the case of the monometallic nickel
ample, an increase of the crystallite size would justify the shift
f the high temperature peak of TPR2 to a lower temperature as
ompared to TPR1.

The surface of the catalysts was analyzed by X-ray photoelec-
ron spectroscopy. In order to investigate the surface modification
pon the oxidation and reduction treatments, XPS measurements
ere done over the calcined and the reduced samples after the

econd TPR. In Table 2 the Ni 2p3/2 and Au 4f7/2 binding energies
nd the atomic ratio of the nickel over the support constituents
g and Al and of Ni/Au are listed for the various catalysts in

he two different states. The typical Ni 2p photoelectron spectra
f the calcined and reduced samples are shown in Fig. 6 for the
onometallic Ni/MgAl2O4 sample. In the figure the experimental

nd the curve fitted spectra are shown. The spectra were charac-
erized by the two spin orbit components Ni 2p3/2 and Ni 2p1/2

eparated by ∼17–18 eV and by two shake up satellite peaks located
t about 6 eV higher energy with respect to the main photoelectron
eaks. The calcined samples exhibited the Ni 2p3/2 binding energy
Fig. 4. TPR profile of the catalysts: (a) Ni; (b) Ni–0.5Au; (c) Ni–1.4Au; (d) Ni–3Au.
Continuous and dashed curves correspond to the TPR1 and TPR2 runs respectively.

at 855.5 ± 0.2 typical of oxidized nickel with a spin-orbit coupling
energy gap of ∼18.1 eV [36]. Pure NiO is generally characterized by
a Ni 2p3/2 binding energy of 854.5 eV. The value obtained in the
present samples was  intermediate between the bulk NiO and the
spinel NiAl2O4 or the NiO–MgO compound both exhibiting Ni 2p3/2
binding energies of ∼856 eV [37,38]. Therefore a chemical interac-
tion between nickel and MgAl2O4 support, in accord with the TPR
results, could be the reason for the observed energy value. After the
two TPR cycles, the Ni 2p peaks were split into two  components,
one at lower energy ∼852.4 ± 0.2 eV proper of metallic nickel and
Fig. 5. Particle size distribution determined by TEM after the second TPR.
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Table  2
Ni 2p3/2, Au 4f7/2 binding energies and atomic ratios of the samples in the calcined and reduced state after the second TPR.

Catalyst Ni 2p3/2 Au 4f7/2 Ni/(Al + Mg)  Ni/Au

Calc. Red. Calc. Red. Calc. Red. Calc. Red.

Ni 855.4 852.3
855.8

– – 0.07 0.04 – –

Ni–0.5Au 855.5 852.4
855.8

84.8 84.3 0.08 0.03 103 34
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Ni–1.4Au 855.6 n.m. 84.9 

Ni–3Au 855.6 852.5
855.9

84.6 

atio of 0.1 indicative of a homogeneous composition. According
o the XPS analyses of the samples, after the second TPR a signifi-
ant reduction of the Ni/Au atomic ratio was observed. Such change
ay  reflect either a decrease of the surface nickel content due to

n increase of the nickel particle size, either an inward diffusion
f nickel, either coverage of the nickel particle by another chem-
cal species. With respect to the gold, unfortunately the Au 4f5/2
omponent overlapped with the Mg  2s peak of the support. How-
ver through a curve fitting procedure, on the bases of the bare Au
f7/2 component, by constraining the position, the line width and
he intensity of the 4f5/2 component with respect to the 4f7/2, it
as possible to obtain the complete Au 4f spectra as given in Fig. 7

or the Ni–3Au sample after calcination and after TPR treatments.
he binding energy values of the Au 4f7/2 reported in Table 2 were
ypical of metallic gold. The negative shift of about 0.7 eV between
he Au 4f7/2 values of the calcined samples and the reduced sam-
les although affected by a large uncertainty of the peak position of
he former samples, could reflect a real electron deficiency of gold
n the calcined sample where the noble metal was likely embed-
ed in the support. Indeed, as suggested by the decrease of the
i/Au atomic ratio and by the corresponding increase of the Au
f7/2 intensity peak as compared to the support Mg 2s peak, clearly
hown in Fig. 7, the reduction treatment drove gold to the surface
here it became definitely metallic. Moreover, according to liter-

ture the formation of an Au–Ni alloy, would produce an Au 4f7/2
ositive shift of around 0.48 eV for Au diluted in bulk nickel and
 Ni 2p3/2 shift of −0.70 eV for nickel diluted in bulk gold [39]. In
he present case, the Au 4f7/2 energy shift in the reduced samples
s compared to the calcined ones was in the opposite direction.
he coexisting presence of two different alloys, revealed by the

ig. 6. Ni 2p XP spectra of Ni catalyst: (a) as calcined and (b) after the second TPR.
n.m. 0.06 n.m. 76 n.m.
83.9 0.06 0.03 32 7

XRD patterns (see later), one diluted and the other enriched in
gold may  result in the un-shifted binding energy of 83.6 eV typ-
ical of pure gold. The same argument is applicable to the Ni 2p
binding energy. It is worth saying that XPS analyses (spectra not
shown here) of the selected Ni-3Au sample after the consecutive
TPR/TPO treatments yielded a value of the atomic Ni/Au ratio com-
parable to the one obtained after the initial calcination. Moreover,
to check the surface composition of the catalysts just before the
reaction, the Ni–3Au sample was  analyzed right after the hydro-
gen reduction pretreatment. The obtained Ni/Au atomic ratio was
again much smaller as compared to the calcined and to the TPR/TPO
treated sample and quite similar to the value obtained after the
two consecutive TPR treatments. The results of the XPS analyses
confirmed that the Ni–Au bimetallic samples underwent chemical
compositional changes upon exposure to different environments at
high temperature. In other words the reducing atmosphere caused
the surface segregation of gold, whereas the oxidative atmosphere
induced de-alloying and/or nickel surface segregation.

XRD investigations of the samples in the different stages of their
life were performed. Unfortunately the significant overlap of the
MgAl2O4 support peaks with those from gold and nickel present
in the sample hindered the proper analyses of the metal peaks
providing particle sizes. The XRD patterns of the monometallic
Ni sample, not shown here for brevity, were characterized only
by the support peaks. No significant changes were observed in
the pattern of the reduced sample with respect to the calcined

one, at exception of a worse signal to noise ratio probably due to
the scanty amount of sample collected from the TPR reactor. The
calcined gold containing samples were characterized by similar

Fig. 7. Au 4f and Mg  2s XP spectra of Ni–3Au catalyst as: (a) calcined and (b) after
second TPR.
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addition of increasing amount of gold induced a shift in the starting
temperature to 500 ◦C followed by an activation step and an abrupt
increase of the conversion. Then an improvement of the activity
was observed with the complete conversion of CO2 and the highest
ig. 8. XRD patterns of Ni–3Au catalyst as: (a) calcined samples; (b) after first TPR;
c) after TPO; (d) after second TPR. The symbol * refers to the MgAl2O4 spinel peaks.

atterns. Only some meaningful information was obtained from
he pattern of the higher gold content sample Ni-3Au, exhibiting
he main Au(1 1 1) peak. In Fig. 8 the XRD patterns of this sample
fter the different treatments are shown. Quite interesting, after
he TPR1, the Au(1 1 1) was shifted to higher angles whereas the
osition of the Ni(1 1 1), previously hidden by the spinel peak, was
ppearing at a lower angle with respect to the Ni bulk position [24].
uch observation was indicative of AuNi alloy formation. According
o the Vegard’s law the shifts of the metal peaks in the bimetallic
ample with respect to the pure metal position are indicative of
lloy formation and can be used to estimate the composition of the
lloy [25]. From the differences of the lattice parameters, obtained
rom the Au(1 1 1) and Ni(1 1 1) peaks, the composition of two
lloy phases, one enriched in gold and the other enriched in nickel
ere approximately estimated. After the oxidation during the

PO, the gold peak moved back to the pure metal peak position.
oreover, the Ni alloy peak disappeared and two new features due

o NiO(2 0 0) and NiO(2 2 0) were observed. A reversible structural
hange occurred after TPR2 producing again the AuNi alloys and
isappearance of the NiO phase. The two different alloys may  be
resent as separate particles or could be present in the same parti-
le of different layer composition. The HRTEM of the sample after
PR2, shown in Fig. 9 confirmed the latter assumption derived from
he XRD and XPS analyses, with particles composed of an alloy core
nriched in nickel and an alloy shell enriched in gold. According to
he literature, large miscibility gap exists in the phase diagram of
u–Ni system. There is a mutual solubility in the solid state above
800 ◦C for all composition of the two metals, but at low temper-
ture two distinct phases (rich in Au and rich in Ni) form, whose
omposition depends on the two metal relative concentration,
he temperature and the cooling rate [40]. Despite the theoretical
mmiscibility of the two bulk metals at low temperatures, we  can
nd several examples about the successful preparation of nanosize
uNi alloy particles [41–43]. Our structural results revealed that
etal particles containing different amount of gold and nickel are

ery sensitive to the changes of temperature and gas atmosphere.
onte Carlo simulations [44] confirmed the de-alloying in an

mmiscible Au/Ni(1 1 0) system: after a certain number of Au
onolayer, with further increase in Au content, the number of

lloying Au atoms decreases. Furthermore, with increase in tem-
erature the number of alloying atoms increases up to saturation at

bout 530 ◦C, while at about 630 ◦C, the number of surface Ni atoms
umps to a very high value indicating a structural change of the
urface. AES measurements also showed that with 0.4 ML  Au cov-
rage on Ni(1 1 1), at 580–630 ◦C Au starts to diffuse into the bulk
Fig. 9. HRTEM image of Ni–3Au catalyst after TPR2.

and at 1000 ◦C it completely disappears from the surface [45]. Such
complex structural changes have to be kept in mind when analyz-
ing the catalytic behavior of the Au–Ni bimetallic system used in
dry reforming reaction, ramping the temperature up to 800 ◦C.

3.3. Catalytic behavior

Catalytic activity of the samples was measured first as a func-
tion of temperature. In the case of the pure nickel sample and the
0.5 wt% Au containing catalyst, the conversion curves were rather
similar and as shown in Fig. 10 the reaction started at around
400 ◦C with the conversion gradually rising with temperature. The
Fig. 10. CH4 (filled symbols) and CO2 (empty symbols) conversion percentages as
function of temperature over the different catalysts. F = 20 ml/min, Wcat = 30 mg,  feed
gas  composition: 69 vol.% CH4, 30 vol.% CO2 and 1 vol.% Ar.
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Fig. 11. CH4 (square) and CO2 (circle) conversion percentages as function of tem-
perature over Ni and Ni–3Au catalysts during the first run (filled smbols) and second
A. Horváth et al. / Applied Catal

onversion of CH4 occurring at lower temperature as compared
o the pure nickel catalyst. The high methane conversion may  be
ue to some parallel reactions such as decomposition of methane
r steam reforming of methane with the water produced by the
everse water gas shift reaction, favored at the high temperature.
he sudden rising of the conversion curves after a sort of plateau,
bserved for the bimetallic catalysts, implied a period of catalyst
ctivation. Similar behavior was observed with impregnated sup-
orted nickel catalysts [13]. However in that case, in the absence
f any reduction pretreatment, the induction period corresponded
o the time needed for the reduction of NiO by methane or by the
ydrogen produced by methane decomposition at higher tem-
erature [13]. In the present case, the formation, during reducing
onditions, of an AuNi alloy with surface gold enrichment, as
roved by XRD and XPS analyses, would likely reduce the amount
f exposed nickel active sites, therefore retarding the catalytic
onversion. Moreover according to DFT calculations, the replace-
ent of surface nickel atoms by gold atoms would increase the

issociation barrier for the CH4 over Ni atoms whereas dissociation
ver the Au atoms is expected to have a much higher energy barrier
21,45,46]. The temperature delay in the beginning of the reaction,
ccurring at 500 ◦C, as seen in Fig. 10, may  therefore be explained
y this increase in the methane dissociation barrier due to gold.

Since we have used unusual composition of CH4 and CO2 and not
he stoichiometric ratio of 1:1, the high probability of surface coke
ormation have to be seriously considered. It is widely accepted
n studies about thermodynamic analysis of dry reforming, that
he methane decomposition reaction is the main reason for the
ignificant increase of methane conversion at high temperatures.

hen CO2/CH4 ratio = 0.5 (such as about in our case), CO2 gas acts
s limiting reactant and the RWGS reaction is not favored along
ith dry reforming reaction at higher temperatures [47]. There-

ore, high conversion of CH4 at higher temperature can be ascribed
o methane decomposition to form large amount of H2 and surface
arbon. A thermodynamic equilibrium analysis of the multireaction
ystem for the CO2 dry reforming of methane was performed by
min et al. considering different CO2/CH4 ratios [47]. In correspon-
ence of CO2/CH4 = 0.5, including methane decomposition in their
alculations, the authors obtained simulated CH4 conversion (at
00 ◦C ∼95%), higher than what reported in previous studies for the
ame reagent ratio. In our case thermodynamic equilibrium calcu-
ations were also carried out, with and without considering surface
arbon as stable compound, by HSC Chemistry program. Observed
iscrepancies between the calculations and the experimental data
ere attributed to the neglecting of the H2O detection during the

atalytic run. All in all, calculated equilibrium concentrations of
H4 and CO2 at 800 ◦C without considering carbon were 25% and

 mol%, respectively, while the present corresponding experimen-
al data obtained on Ni sample were 18 mol% CH4 and 0 mol% CO2.
owever, when one considers surface carbon, C(s) in equilibrium

since our conditions allow this), the calculated equilibrium CH4
oncentration decreases to 0 mol% with large amount of H2 pro-
uced (52 mol%H2). At lower temperatures even the calculations
ithout considering carbon fit the experimental data showing that

he experimental measurements were within the corresponding
hermodynamic limits.

To check for the catalyst reusability a second catalytic run was
erformed after a regeneration step consisting of a TPO ramp up
o 750 ◦C with a hold time of 30 min  followed by a reduction at
50 ◦C with 10 ◦C/min rate and hold time of 30 min. A compari-
on of the first and second runs for the monometallic Ni and the
imetallic Ni–3Au catalysts is given in Fig. 11. The corresponding

O/H2 ratios at the different temperatures are also plotted. For the
ake of clarity only the data obtained above 520 ◦C, at which tem-
erature the bimetallic exhibited significant activities, are shown.
he curves of the two catalytic runs in the case of the monometallic
run (open symbols). The corresponding CO/H2 ratios are plotted in the lower part
of  the F = 20 ml/min, Wcat = 30 mg,  feed gas composition: 69 vol.% CH4, 30 vol.% CO2

and 1 vol.% Ar.

Ni sample were rather reproducible. On the contrary, the bimetallic
catalyst in the second catalytic run deactivated a little. The activa-
tion step observed in the first run was still present in the second
run. Mostly interesting the variations of the CO/H2 ratio as a func-
tion of temperature were different for the mono and the bi-metallic
catalysts. First of all, the gold containing sample was characterized
by a much higher ratio (more than double) with respect to the the-
oretical value of 1 in the temperature range of the induction period
where the conversions were low. With the increase of the temper-
ature and increase of the methane and CO2 conversion the CO/H2
ratio lowered down to a value of 0.7. The monometallic sample
exhibited a CO/H2 ratio closer to 1 which slightly decreased with
the conversion at the higher temperatures. These variations were
in accord with the occurrence of parallel reactions, in particular a
high CO/H2 ratio could be the outcome of the reverse water gas
shift (RWGS) reaction between the unreacted CO2 and the hydro-
gen, being catalyzed by gold [48]. At increasing temperature the
water evolved during the RWGS will react with methane by steam
reforming producing an excess of hydrogen and therefore decreas-
ing the CO/H2 ratio. It is worth noticing that whereas in the case of
the monometallic nickel catalyst, the curves of CO/H2 ratio of the

two runs were rather similar, in the case of the bimetallic sample
larger values of the CO/H2 were observed in the 500–700 ◦C range of
the second run. This could be indicative of surface gold segregation
and of a structural rearrangement during the thermal treatments
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Fig. 12. CH4 (filled symbols) and CO2 (empty symbols) conversion percentages dur-
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ng  CO2 reforming at 650 ◦C as a function of the time on stream measured over
he monometallic and the bimetallic catalysts. F = 20 ml/min, Wcat = 30 mg,  feed gas
omposition: 69 vol.% CH4, 30 vol.% CO2 and 1 vol.% Ar.

n oxygen and hydrogen, as suggested by the TPR results described
bove. Such surface rearrangement could be the origin for the slight
eactivation of the bimetallic catalyst observed in the second run.

The stability of the catalysts was checked during a long term
eaction run at 650 ◦C. In Fig. 12 the CH4 and the CO2 conver-
ion curves along with the CO/H2 ratios as function of time are
hown for the two selected samples, the Ni and the Ni–3Au. At
he beginning of the run the two catalysts had similar conversions.
owever, whereas the monometallic Ni after a slight initial deacti-
ation maintained a stable performance in terms of both methane
nd CO2 conversions, the gold containing catalyst behaved like
he monometallic with respect to the methane conversion, but it
eemed to deactivate more with respect to the CO2 conversion. The
geing of the bimetallic catalyst affecting more the RWGS reaction
han the DRM reaction could justify this behavior and it could also
ccount for the similar ratio CO/H2 ∼ 1 obtained for both catalysts.

Carbon deposits produced during the reaction were detected by

EM measurements carried out on the samples after the second cat-
lytic run. The TEM image of the aged Ni–0.45 Au sample (after the
econd catalytic run), given in Fig. 13 was typical of all the analyzed
amples, monometallic and bimetallic ones. Carbon was present as

ig. 13. TEM image of the bimetallic Ni–0.5Au after the second DRM reaction. The
i/Au ratio determined by EDS is indicated.
Fig. 14. TPO curves of removed carbon from the catalyst surface after the first
reaction.

encapsulating graphite and nanotubes. Larger metal particles about
20–25 nm containing mainly Ni and some traces of Au were seen,
either inside carbon nanotubes or surrounded by a graphite shell,
whereas small (d < 10 nm)  metal particles (Ni, Au, or NiAu) were
located on the support. As seen from the particle size values listed
in Table 1, in the presence of gold larger particles were formed after
the reaction, in accord with the arrangement observed already in
the sol.

In order to evaluate the carbon deposition on the catalyst sur-
face, TPO measurements were carried out after reaction. The TPO
curves obtained from the Ni and the Ni–3Au samples, after the
first catalytic run, in terms of evolved CO2 versus temperature are
shown in Fig. 14. They were characterized by one broad CO2 desorp-
tion peak centered at ∼600 ◦C and at ∼630 ◦C for the monometallic
and bimetallic samples, respectively. The differences in the TPO
peak maxima of the monometallic and bimetallic samples reflected
a stronger bond between the carbon and the surface of the AuNi cat-
alyst as compared to the nickel catalyst. Moreover, in spite of being
a little more difficult to remove, the amount of carbon formed on
the bimetallic sample with 3 wt% Au was  less (about 3 mg)  than the
amount formed on the monometallic catalyst (4 mg).

These results confirmed that the addition of gold to the MgAl2O4
supported Ni catalysts, under the conditions of methane reforming
with CO2, slightly hindered the removal of the carbon deposit, in
accord with recent literature on Ni catalyst supported on alumina
[10], but overall at the end of the reaction at 800 ◦C, produced less
deactivating coke in accord with a previous study [13]. Probably
the dilution of the nickel ensemble and the preferential adsorption
of the gold atoms at the Ni step sites, being the nucleation sites for
the carbon [14], would inhibit the formation of large coke molecules
and could explain the slight improvement in the catalyst activity of
the bimetallic as compared to the monometallic nickel catalyst, at
higher temperatures.

4. Conclusion

The preparation of MgAl2O4 supported nickel nanoparticles
doped with gold from metal sol deposition allowed to obtain highly
dispersed catalysts with variable particle composition. The inti-
mate contact of gold and nickel was  demonstrated by electron

microscopy investigations. According to XPS, TPR and XRD anal-
yses, structural modification of the catalysts occurred at different
stages of the catalyst life. After the reduction at high temperature
both gold and nickel enriched alloyed particles were formed. An
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ncrease of the DRM activity at the temperatures between 700 and
00 ◦C was observed for the higher gold loaded catalysts (1.5 and

 wt%) as compared to the monometallic Ni catalyst during temper-
ture ramped reaction. However, the slightly poorer activity of the
imetallic catalysts observed at lower temperature was attributed
o the formation of the less active AuNi alloy phase. The study justi-
ed the ambiguity existing in literature about the gold effect on the
ickel catalyst. Indeed gold appeared to play a twofold role. Accord-

ng to the TPO pattern after reaction, gold lowered the amount
f formed carbon during the DRM reaction, but it increased the
nteraction between the carbon and the catalyst.
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