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a  b  s  t  r  a  c  t

CuxCryOz containing  copper–chromium  oxide  spinel  and  CuO  was  used  as a  support  for  gold  loaded  by dif-
ferent  methods:  deposition–precipitation  using  KOH,  deposition–precipitation  using  urea  and  gold–sol
method  with  tetrakis(hydroxymethyl)phosphonium  chloride.  The  technique  of  modification  with  gold
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determined  not  only  the  Au  particle  size  (the  smallest  if  gold–sol  method  was  used)  but  also  the  number
of  oxygen  vacancies  and  copper  concentration  on  the  surface.  All  these  parameters  were considered  in
the study  of  CO,  glycerol  and  methanol  oxidation.  The  size  of  gold  particles  is  a key  feature  determining
the  activity  in  the  oxidation  of  CO.  Glycerol  oxidation  is  also  sensitive  to this  parameter  but  less  than
CO  oxidation.  The  oxidation  of  methanol  is  not  influenced  by  the  presence  of  gold  and  it  occurs  on  the
ffect of gold particles CuxCryOz support.

. Introduction

Supported gold catalysts have been recently extensively studied
ecause of their good catalytic performance in several reactions,

ncluding the CO and glycerol oxidation, which are of greatest
mportance [1–7]. It has been discover that the catalytic proper-
ies of gold depend sensitively on a particle size. In the reaction
f carbon monoxide oxidation, the catalytic activity increases with
ecreasing size of gold particles [1,2,8,9]. The gold containing cat-
lysts have been found more active when metal gold particles are
maller than 5 nm and the method used for preparation of the gold
atalyst significantly influences the size of gold nanoparticles. One
f the methods most often used for gold catalyst preparation is the
eposition–precipitation technique which allows a control of par-
icle size depending on pH and the precipitation inducing agent
urea, hydroxides) [1,2,10]. At pH of the solution of gold chloride
etween 6 and 10 it is possible to obtain gold particles smaller than

 nm [1,2]. The other principal factor which has a decisive influence
n the activity of gold catalysts is the nature of the support. The sup-
ort can participate in the reaction and/or stabilize the active gold
pecies [11], at the same time forming gold particles sufficiently
mall to be effective.
Oxides and mixed oxides are the main supports for gold
1,2]. Recently, chromium MIICr2O4 (MII = Co, Cu, Fe, Mg)  [12]
nd MgAl2O4 spinels [13] have been used as supports for

∗ Corresponding author. Tel.: +48 61 8291305.
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920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

Au nanoparticles. It has been reported [12] that the activ-
ity of MIICr2O4 type catalysts in CO oxidation depends on
the type of cation and increases with increasing reducibil-
ity of the catalysts. The sequence of increasing activity:
Au/CoCr(80) > Au/MnCr(26) > Au/FeCr(1), where values in brackets
are conversions of CO at 308 K, follows the sequence of decreas-
ing reducibility: Au/CoCr(373) > AuMn(498) > AuFeCr(683), where
values in brackets are Tmax (in K) in H2TPR. Moreover, it has been
suggested [12] that the higher the reducibility of Au/MIICr2O4 cat-
alyst, the higher the concentration of the surface oxygen vacancies
in the stationary state of the reaction, that can be the canters of
oxygen activation [14–17].  However, it could not be established
whether in the chromium spinels containing gold these vacancies
are formed on the support and oxygen adsorbed on them migrates
by spill-over to Au particles, or whether they are formed on the
support centres at the periphery of Au particles [17].

The properties of Au nanoparticles supported on MgAl2O4
spinels and their activity in glycerol oxidation with oxygen was
studied in [13]. It was shown that the most active catalysts were
those characterized by the smallest particle sizes. On the other
hand, the surface composition (mainly Al/Mg ratio) and the area
of the spinel play an important role in determining the selectivity
of the reaction, whereas the gold particle size influences the selec-
tivity only partially. According to the authors, the Al-rich surface
promotes the C–C bond cleavage.
In this work, CuxCryOz mixed oxide system prepared by calcina-
tion of hydrotalcites, has been used as support for gold. The focus
was  on the effect of the methods of gold introduction onto CuxCryOz

mixed oxides on the particle size of gold, reducibility of the

dx.doi.org/10.1016/j.cattod.2011.09.042
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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atalysts prepared and the activity in the oxidation reactions
methanol, glycerol and carbon monoxide oxidation).

. Experimental

.1. Preparation of the CuxCryOz support

The CuxCryOz mixed oxide was prepared by the standard
oprecipitation method according to [18]. A solution containing
u(NO3)2 (Aldrich) and Cr(NO3)3 (Aldrich) (initial Cu:Cr atomic
atio = 1) in 50 cm3 of water was added dropwise to 200 cm3 of
ater at a constant pH (pH 11–12) controlled by the addition of

 M NaOH under vigorous stirring at 313 K. The resulting slurry was
eated for 0.5 h and then filtered, washed with water and dried at
53 K for 24 h. Next the material obtained was calcined at 873 K for

 h.

.2. Modification with gold

The Au/CuxCryOz catalysts were obtained by three methods: (i)
eposition–precipitation using KOH, (ii) deposition–precipitation
sing urea [19] and (iii) gold–sol method with tetrakis (hydrox-
methyl)phosphonium chloride (THPC) [19]. Hydrogen tetra-
hloroaurate(III) hydrate (Johnson Matthey, UK–USA) was  the
recursor of the active gold phase (1 wt.% loading as assumed). The
repared materials were calcined at 623 K for 4 h.

.2.1. Gold–sol method
First, the metallic sol was prepared. A mixture of H2O (232 cm3)

ith 0.2 M NaOH (7.5 cm3) was stirred before adding 5 cm3 of
iluted THPC (1.2 cm3 of the 78 wt.% solution diluted with 100 cm3

2O). After 2 min  of stirring, the gold aqueous solution was  added
1 wt.% of Au). The gold–sol was then stirred for 1 h. Aqueous sus-
ension of the support (5 g) was agitated for 15 min  in an ultrasonic
ath. The gold–sol was  added into the support suspensions and
tirred for 1 h for immobilisation. The suspension was  filtered off,
ashed until the filtrate was free of chloride (AgNO3 test) and dried

t 373 K.

.2.2. Deposition–precipitation with urea
An aqueous solution of HAuCl4 (calculated as 1 wt.% of Au) was

dded to a stirred 0.84 M aqueous solution of urea (Fluka) and
eated to 353 K on stirring. Then, 5 g of the support was  added and
he suspension was stirred at 353 K for 4 h. The suspension was  fil-
ered off, washed until the filtrate was free of chloride (AgNO3 test)
nd dried at 373 K.

.2.3. Deposition–precipitation with KOH
A portion of 5 g of the support was added to 500 cm3 of HAuCl4

olution (calculated as 1 wt.% of Au) at a constant pH 7.0 (controlled
y addition of a KOH 0.2 M solution) and at 433 K. The precipitates
btained were mixed at the same temperature for 1 h, then filtered
ff, washed until the removal of free of chloride (AgNO3 test) and
ried at 373 K.

The following notation is used for the catalyst samples pre-
ared: (sol) denotes gold–sol method, (DPU) stands for the
eposition–precipitation method with urea, and (DPK) stands for
he deposition–precipitation method with KOH.

.3. Catalysts characterization

The XRD patterns were obtained on a D8 Advance diffractometer

Bruker) using Cu K� radiation (� = 0.154 nm), with a step size of
.05◦ in the 2� = 6–60◦ range.

The XPS analyses were performed with a SSI-X-probe
SSX-100/206) photoelectron spectrometer equipped with a
day 187 (2012) 48– 55 49

monochromatic microfocused Al Ka X-ray source (1486.6 eV) from
Surface Science Instruments. The powdered samples were pressed
into small stainless steel troughs mounted on a multi-specimen
holder. The samples were outgased overnight under vacuum
(10−7 Torr) and then introduced into the analysis chamber where
the pressure was  at about 10−8 Torr. An electron flood gun set
at 8 eV and a Ni grid placed at 3 mm above the sample were
used to standardize charging effects. Pass energy of the anal-
yser was 150 eV and the spot size was  approximately 1.4 mm2.
The atomic concentration ratios were calculated by normalizing
surface area ratios with sensitivity factors based on Scofield cross-
sections. In addition, all binding energies were calculated taking
as a reference the C–(C, H) component of the C 1s adventitious
carbon peak fixed at 284.8 eV. Peak decomposition was performed
using the CasaXPS program (Casa Software Ltd., UK)  with a Gaus-
sian/Lorentzian (85/15) product function and a Shirley nonlinear
sigmoid-type baseline. The following peaks were used for the quan-
titative analysis: O 1s, C 1s, Cu 2p, Cr 2p, Cl 2p, Na 1s and Au 4f. For
Au 4f peak, the theoretical distance between Au 4f5/2 and Au 4f7/2
peaks was 3.67 eV and the area ratio was  3/4. For Cr 2p the area ratio
and theoretical distance between Cr 2p3/2 and Cr 2p1/2 peaks were
taken 2/3 and 10 eV, respectively. For Cu 2p the same area ratio was
taken with the theoretical distance of 19.9 eV. Moreover, the LMM
Auger peak of Cu at 570 eV was  also monitored. Particle size was
estimated from the intensity ratio of Au 4f and Cr 2p using slab
model introduced by Kerkhof–Moulijn [20]. This model depends
strongly on the physical properties of the support. It is based on
the metal loading and the specific surface area of the catalysts.

The temperature-programmed reduction (TPR) of the samples
was  carried out using H2/Ar (10 vol.%) as a reducing agent (flow
rate = 40 cm3 min−1). The sample (4 mg)  was packed in a quartz
tube, treated in a flow of helium at 623 K and cooled to room tem-
perature (RT). Then the sample was  heated at a rate of 10 K min−1

to 1273 K in the presence of the reducing mixture. Hydrogen con-
sumption was measured by a thermal conductivity (TCD) detector.

The 2-propanol conversion (dehydration and dehydrogena-
tion) was performed using a microcatalytic pulse reactor inserted
between the sample inlet and the column of a CHROM-5 chromato-
graph. The catalyst bed (0.05 g) was first activated at 623 K for 2 h
under helium flow (40 cm3 min−1). The 2-propanol (Aldrich) con-
version was studied at 423, 473, 523 and 573 K using 3 �l pulses
of alcohol under helium flow (40 cm3 min−1). The reactant and
the reaction products: propene, 2-propanone (acetone) and diiso-
propyl ether were analysed using CHROM-5 gas chromatograph on
line with microreactor. The reaction mixture was separated on 2 m
column filled with Carbowax 400 (80–100 mesh) at 338 K in helium
flow (40 cm3 min−1) and detected by TCD.

2.4. Oxidation reactions

2.4.1. Glycerol oxidation
The glycerol oxidation experiments were performed in a

300 cm3 batch reactor from Parr. The oxidation reactions were car-
ried out with oxygen under pressure of 6 atm, at 333 and 353 K.
0.8 g NaOH (NaOH/glycerol molar ratio = 2) and 0.2 g of gold cata-
lyst were added to a 1 M aqueous solution of glycerol. The reaction
mixture was stirred (1500 rpm) for 5 h. The quantitative analyses
of the reaction mixtures were performed by high performance liq-
uid chromatography (HPLC). The analysis was  carried out using
a HPLC chromatograph (Waters) equipped with ultraviolet (UV)

and refractive index (RI) detectors. The reactant and the products
were separated on an ion exclusion column (IC-Pak Ion Exclusion
7.8 × 300 mm – Waters) heated at 343 K. The eluent was a solu-
tion of H2SO4 (0.0004 M).  The samples were taken at the end of the
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ification leads to an increase in the Cu:Cr molar ratio in the sample
(from 1.00 to 1.05 depending on the method of Au loading). It
is important to note that both, Cr and Cu, are partially removed

Table 2
Gold loading and gold particle size in CuxCryOz oxides.

Catalyst Au, wt.% ICP Particle size XPS Particle size XRD

T
C

0 I. Sobczak et al. / Cataly

eactions, 1 cm3 of the sample was diluted in 10 cm3 of water and
 �l of this solution was analysed.

.4.2. Oxidation of methanol
Oxidation of methanol was performed in a fixed-bed flow reac-

or. The pressed material was granulated to 0.5 < ∅  < 1 mm size
raction. A portion of 0.1 g of the catalyst, was placed in the reac-
or. The samples were activated in helium flow (40 cm3 min−1) at
23 K for 2 h. Next the temperature was decreased to the desired
eaction temperature. The gas mixture of MeOH and O2 (O2/MeOH
olar ratio = 2), diluted by He, was used with a total flow rate of

0 cm3 min−1. The reactor effluent was analysed using an online gas
hromatograph (GC 8000 Top) equipped with FID and TCD detec-
ors. Helium was used as a carrier gas. Products were separated on

 60 m DB-1 column, which was kept at 313 K.

.4.3. CO oxidation
The CO oxidation was studied in the temperature range

08–473 K using 0.1 g of the catalyst sample (0.5 < ∅  < 1 mm size
raction). The samples were activated in argon flow (40 cm3 min−1)
t 623 K for 2 h. The volume ratio of the components of the reac-
ion mixtures was – CO:O2:Ar = 1:5:44 vol.%. The reactor effluent
as analysed using an online gas chromatograph (GC 8000 Top)

quipped with a TCD detector.

. Results and discussion

.1. The structure and chemical composition of CuxCryOz mixed
xides – the effect of modification with gold

The structure of copper–chromium oxides before and after mod-
fication with gold was studied by XRD technique. Powder XRD
atterns of the calcined catalysts are shown in Fig. 1A and B. The
iffractogram of CuxCryOz oxide consists of two intense peaks at
� = 35.5◦ (100% intensity), 38.7◦ and the lower intensity peaks at
� = 32.5◦, 48.7◦, 53.5◦, 58.4◦, all characteristic of well dispersed
uO crystallites [ICDD PDF 065-2309]. Moreover, the XRD pattern
xhibits several peaks at 2� = 18.6, 29.3, 31.1, 35.1 (100% inten-
ity) 37.7, 42.2, 46.6, 53.4, 56.2, 57, 9) belonging to the phase
f CuCr2O4 [ICDD PDF 00-034-0424] [21]. It indicates that the
opper–chromium mixed oxide obtained is a mixture of CuO and
he spinel phase of chromite CuCr2O4, similarly as shown in [22].
he latter one has a structure of rutile as indicated in Fig. 1 by
omparison with XRD data [ICDD PDF 00-034-0424]. The XPS data
ndicate the presence of Cr3+ (the Cr 2p3/2 binding energies at
76.31 eV) and Cu2+ (the Cu 2p3/2 binding energies at 932.04 eV
ith a shoulder at 933.84 eV) [21,23,24],  as dominating cationic

pecies on the support surface. It confirms the formation of a mixed
opper–chromium oxide such as CuCr2O4 as shown by XRD results.
he SEM micrograph of CuxCryOz material (not shown here) gives
nformation about the morphology of the sample. It shows that the
xide composition is essentially homogeneous, with local compo-
itional inhomogeneities. It is worth noting that the structure and

orphology of CuxCryOz sample is not affected after introduction

f gold, irrespective of the method of modification by gold.
Contrary, the modification with gold gives rise to significant

hanges in the bulk and surface composition of CuxCryOz concluded,

able 1
hemical composition of CuxCryOz oxides – ICP and XPS results.

Catalyst Cu:Cr (mol) ICP Cu:Cr XPS 

CuxCryOz 1:1 (1.00) 0.71 

Au/CuxCryOz (sol) 0.99:0.97 (1.02) 0.90 

Au/CuxCryOz (DPU) 0.99:0.94 (1.05) 0.81 

Au/CuxCryOz (DPK) 0.99:0.95 (1.04) 0.76 
Fig. 1. XRD patterns of CuxCryOz matrix, CuO (ICDD PDF 065-2309) and CuCr2O4

oxide (rutile) (ICDD PDF 00-034-0424) (A); Au/CuxCryOz (sol), Au/CuxCryOz (DPK),
Au/CuxCryOz (DPU) (B).

respectively, from ICP and XPS results. The chemical compositions
of copper–chromium oxide catalysts before and after the gold intro-
duction by different methods are listed in Tables 1 and 2. The data
clearly show that the amount of metals, calculated from XPS and
ICP data, in the CuxCryOz matrix differs from that in the samples
after modification with gold. The ICP results indicate that the mod-
[nm] [nm]

Au/CuxCryOz (sol) 0.85 2.3 –
Au/CuxCryOz (DPU) 0.92 1.2 32
Au/CuxCryOz (DPK) 0.64 6.8 –

Cr, % XPS Cu, % XPS O,  % XPS

17.6 12.5 57.1
14.8 13.4 52.6
16.1 13.0 53.4
16.5 12.5 54.9
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uring Au loading and that removal of chromium is much greater
han that of copper. Moreover, the decrease in chromium content is
igher for samples modified by the deposition–precipitation than
y the sol method. Similarly, the increase in the Cu:Cr molar ratio
n the surface of all gold modified samples was observed by XPS
ethod. However, contrary to the bulk, the decrease in chromium

ontent on the surface is the highest for the sample modified by
he gold–sol method. The chromium removal from the sample is
ather not the effect of stirring time of the support with the solu-
ion of chloroauric acid. The time of stirring for DPU is much longer
han in the case of DPK (4 and 1 h, respectively), whereas the level
f chromium removal is similar. The different interaction between
old species and chromium cations during the modification proce-
ure that determines the removal of chromium can be proposed.

n the gold–sol method metallic gold is formed and it can act as
educing agent for Cr3+ as Zn/Hg (used usually). Cu2+ can form CrCl2
chloride ions are present in the solution) easily dissolved in water.
t causes the leaching of chromium from the solid. Contrary, during
eposition–precipitation methods AuCl(OH)3

− and Au(OH)4
− ions

re present and they interact with the cationic Cr3+. Such interac-
ion can make the migration of Cr3+ from the bulk to the surface. It
auses the higher content of chromium on the surface of the final
aterial.
The decrease in chromium content on the surface of

u/CuxCryOz is accompanied by the decrease in the content of
urface oxygen species and an increase in the copper content. A
ossible explanation is the migration of copper cations from the
ulk to the surface position former occupied by released chromium
ations. The decrease in surface oxygen (XPS results – Table 1)
ndicates the formation of vacancies. This phenomenon can be
xplained by weakening of metal–oxygen bonds in CuxCryOz upon
nteraction with gold loaded as postulated by Nolan et al. [25,26]
or Au modified ceria.

Table 2 presents the data on the gold loading in mixed oxides.
he data clearly show that the amount of gold in the final
old-containing materials differs depending on the method of mod-
fication. The metal loading in all samples is lower than assumed
<1 wt.%). The gold loading is higher in Au/CuxCryOz (DPU) and
u/CuxCryOz (sol) than in Au/CuxCryOz (DPK) sample.

.2. The state of gold and the size of gold crystallites

The state of gold in the CuxCryOz catalysts prepared was studied
y XPS and XRD techniques. XPS results indicate that metallic gold

s present on the surface of all gold-modified samples (in the XPS
pectra of Au 4f region there is a peak centred at 83.95 eV which is
ypical of supported gold [27] and similar to the energies of metallic
u described in the literature [23]). It is important to note, that the

ow intensity of the Au 4f peaks in the 83–86 eV range (at the limit
f detection), did not permit to deduce the presence (or absence)
f cationic gold.

XRD patterns (Fig. 1B) confirm the presence of metallic gold
n the surface of Au/CuxCryOz catalysts. The reflections charac-
eristics of metallic gold (at 2� = 38.2◦ and 44.4◦) [28,29] are
ell visible for the catalyst prepared by DPU method. Only very

ow intense XRD reflection from metallic gold at 2� = 38.2◦ is
resent for the Au/CuxCryOz (DPK) catalyst. In contrast, in the
RD patterns of Au/CuxCryOz modified by gold–sol method the
eaks corresponding to metallic gold were not detected. The
esults clearly indicate that the size of metallic gold crystallites
s determined by the method of Au introduction. The size of the
old nanoparticles was estimated by XRD using the Scherrer for-

ula [30] and XPS intensity ratios using models proposed by

erkhof and Moulijn [20]. The results are shown in Table 2. Much
reater Au agglomerates are formed on Au/oxide prepared by the
eposition–precipitation methods with KOH (average particle size
Fig. 2. H2-TPR curves for Au/CuxCryOz catalysts and the support.

calculated from XPS ∼ 7 nm)  than when the gold–sol method with
the use of THPC as a reducing and stabilizing agent is applied (aver-
age particle size ∼2 nm). THPC stabilizes the colloid gold solutions
and that is why  gold particles size is smaller and their dispersion
is greater. This finding is consistent with XRD studies showing the
peak from metallic gold crystallites only for the sample with crys-
tallites greater than 5 nm (Au/CuxCryOz (DPK)). On the other hand,
it is known that XPS analysis is very sensitive to the very small
particles. It has been proved in [31] that the XRD data provide infor-
mation on the size of the largest particles only, while the XPS on the
size of the smallest present particles. It is the reason for different
results from XRD and XPS studies obtained for Au/CuxCryOz (DPU)
sample. The average particle size estimated from XRD diffraction
pattern for this sample is about 32 nm,  whereas from XPS inten-
sity ratios it is of about 1 nm.  It indicates that on the surface of the
catalysts prepared by DP method with urea, the fraction of greater
(∼32 nm)  and smaller particles (∼1 nm)  coexists.

3.3. Reducibility of the catalysts – H2-TPR

The H2-TPR profiles of CuxCryOz and Au/CuxCryOz catalysts are
shown in Fig. 2. They show two  distinct regions in the temperature
range of 400–550 K and 600–800 K. Two  peaks in the TPR profile of
CuxCryOz, a strong one at 475 K and a shoulder at 500 K, originate
from the reduction of CuO crystallites dispersed over the support
[32–34]. The first is due to the reduction of the highly dispersed
CuO, whereas the second to the reduction larger CuO aggregates
[35]. The other broad peaks at 650 and 783 K are due to the reduc-
tion of CuxCryOz species [21,33].  These results are in agreement
with the chemical phase composition estimated from XRD and XPS
studies.
H2-TPR measurements show a marked effect of Au particles on
the reducibility of CuxCryOz support, similarly as shown in [12]
for MCr2O4 (M = Cu, Co, Mn,  Mg)  oxides. Fig. 2 indicates that the
deposition of Au nanoparticles, irrespective of the method of gold
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Table 3
The results of 2-propanol decomposition at various temperatures.

Catalyst React.
temp. (K)

Conversion
i-PrOH (%)

Selectivity (%)
towards

Propene Acetone

CuxCryOz

423 3 Traces 100
473 46 Traces 100
573 100 5 95

Au/CuxCryOz (sol)
423 38 Traces 100
473 88 Traces 100
573 97 3 97

Au/CuxCryOz (DPU)
423 24 1 99
473 93 2 98
573 99 3 97

Au/CuxCryOz (DPK)
423 20 1 99
473 92 1 99

i
t
a
i
t
C

o
m
b
p
s
s
e

3
t

z
[
r
g
e
c
t

p
o
t
a
p
o
a
t
i
g
i
p
n
t
o
p
d
a

0

10

20

30

40

50

Au/Cu
x
Cr

y
O

z

g
ly

c
o

lic
 a

c
id

g
ly

c
o

lic
 a

c
id

g
ly

c
o

lic
 a

c
id

g
ly

c
e

ri
c
 a

c
id

g
ly

c
e

ri
c
 a

c
id

(DPK )(DPU ) (sol )

g
ly

c
e

ri
c
 a

c
id

S
e
le

c
ti
v
it
y
, 
%

353 K

Fig. 3. The selectivity to glyceric and glycolic acids in glycerol oxidation on
573 100 3 97

ntroduction, leads to the significant decrease in the Tmax, for both
he peak from CuO reduction (from 475 to 417 K) and the peaks
ssigned to spinel reduction (from 650 to 644 K and 783 to 773 K)
n all the samples. The higher effect of Au loading on Tmax (CuO)
han Tmax (spinel) suggests the location of gold species close to the
uO phase.

It has been reported in the literature [12], that the presence
f Au particles facilitates activation (dissociation) of a hydrogen
olecule used in H2-TPR. The dissociated hydrogen species migrate

y a spill-over process from the surface of Au particles to the sup-
ort. Therefore, the influence of gold species on reducibility of the
upport depends on the gold particle size and concentration of Au
pecies (Table 2). As concerns CuO reduction the most significant
ffect is observed on Au/CuxCryOz (sol).

.4. Acidity/basicity of the catalysts – 2-propanol decomposition
est reaction

The 2-propanol decomposition is a test reaction for characteri-
ation of acidic (Brønsted or Lewis) and/or basic properties of solids
36]. Dehydration of alcohol to propene and/or di-isopropyl ether
equires acidic centres (Lewis or BrØnsted), whereas the dehydro-
enation to acetone occurs on the basic sites. It is noteworthy that
ther production requires the presence of pairs of Lewis acid–base
entres. Some authors (e.g. [37]) have reported that acetone forma-
ion takes place on redox centres.

This test reaction allows the estimation of basicity and redox
roperties of the catalysts applied in this work. As shown in Table 3,
ver CuxCryOz support and all Au containing oxides the main reac-
ion product of 2-propanol decomposition at 423, 473 and 573 K is
cetone indicating dehydrogenating properties (basicity or redox
roperties) of the catalysts. Basic (Lewis) centres originate from the
xygen in CuO and CuCr2O4, whereas copper and chromium ions
re responsible for redox activity. Additionally, at a higher reac-
ion temperature (573 K) a small amount of propene is formed,
ndicating slight activity of the acidic centres. It is evident that
old introduction generates new active centres and significantly
ncreases the activity of CuxCryOz oxides towards alcohol decom-
osition, that is especially pronounced at 423 K. Metallic gold
anoparticles are known from their high oxidation power at low
emperature and therefore one can conclude that redox properties
f catalysts used play an important role in dehydrogenation of 2-

ropanol to acetone. It is worth of notice that the activity differs
epending on the method of gold modification at this temperature
nd it is the highest on Au/CuxCryOz (sol).
Au/CuxCryOz catalysts.

3.5. Activity in oxidation reactions – effect of gold particle size

The activity of the catalysts prepared was  investigated in CO,
glycerol and methanol oxidation with oxygen and the results
are given in Table 4. As known from literature, glycerol oxida-
tion is a structure-sensitive reaction [19,38].  The results obtained
for Au/CuxCryOz catalysts confirmed this statement. Similarly as
shown earlier for gold modified carbons [19,38,39],  group five
metal oxides [10] and MgAl2O4 spinels [13], the activity of gold
catalysts studied in this work in glycerol oxidation depended on
the method of gold introduction which determines the Au particle
sizes. Au/CuxCryOz prepared by the gold–sol method, which leads
to the lowest gold particle sizes, show a higher activity than the
catalyst prepared by the deposition–precipitation (Table 4). The
increase in the reaction temperature from 333 K to 353 K causes a
significant increase in the glycerol conversion for all the catalysts.

As far as the selectivity in glycerol oxidation over Au/CuxCryOz

catalysts is concerned, it was the highest to glyceric and glycolic
acids. Other products of oxidation formed include: tartronic, oxalic
and formic acids. However, the yields of these products are low.
It is important to stress the influence of gold particle sizes on the
selectivity towards the products of glycerol oxidation (glyceric and
glycolic acids). For Au/CuxCryOz (DPU) catalyst with the domination
of large gold particles (gold particles about 30 nm)  the selectivity to
glyceric acid was  significantly higher than to glycolic acid (Fig. 3).
Moreover, the selectivity to glyceric acid over this catalyst is the
highest (30% at 353 K) from among all catalysts studied. For the
catalysts with smaller gold particles (in the range 2–7 nm)  the selec-
tivity to both acids at 353 K (it means at temperature of a higher
conversion) is similar, indicating the higher transformation of glyc-
eric to glycolic acid on small gold particles. It is worth noting that
the influence of metal particle size on the selectivity of Au/CuxCryOz

catalysts is not as clearly evidenced as for gold modified carbons
[19,38], for which the small gold particles play an important role in
the oxidation of glyceric to glycolic acid. It was found [19] that on
Au/C catalysts with small gold particle size (<3 nm) the selectivity
to glyceric acid significantly decreased and much higher selectiv-
ity to glycolic acid was obtained in comparison to catalysts with
gold particle size in the range 3–45 nm.  It is important to stress,
that the increase in the reaction temperature from 333 K to 353 K
causes a significant change in the products selectivity. For the most
active Au/CuxCryOz (sol) catalysts the decrease of the selectivity to

glyceric and tartronic acids is observed, whereas the selectivities
to glycolic and formic acids are enhanced at higher temperature
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Table 4
Catalytic activity in glycerol + O2, MeOH + O2 and CO + O2 oxidation reactions.

Catalyst CO oxidation Glycerol oxidation MeOH oxidation

Temp. (K) Conv.
(%)

Temp.
(K)

Conv.
(%)

Sel. to glyceric
acid (%)

Sel. to glycolic
acid (%)

Temp.
(K)

Conv.
(%)

Select.
HCHO (%)

Select.
HCOOCH3 (%)

Select.
CO2 (%)

CuxCryOz 323 0 333 15 10 14 473 94 1 – 99
Au/CuxCryOz (sol) 308 43 333 29 21 12 423 17 0 19 81

323 50 353 46 18 16 473 99 0 1 99
Au/CuxCryOz (DPU) 308 9 333 21 18 14 423 12 0 29 71
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oxidation [12]. However, the reducibility of the support is not a key
factor because of similar reducibilities of Au/CuxCryOz (DPU) and
Au/CuxCryOz (sol) do not lead to the same activity in CO oxidation.
It indicates that particle size is more important than the effect of
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Fig. 4). It indicates that temperature promotes the oxidation of
lyceric acid to other products of oxidation.

The oxidation of glycerol to glyceric acid most probably pro-
eeds via initial formation of glyceraldehyde, which is rapidly
xidized to glyceric acid [19]. Further oxidation of glyceric acid
eads to tartronic acid which would be expected to undergo facile
ecarboxylation to give glycolic acid [7] (Scheme 1). The glycerol
xidation is a typical consecutive reaction proceeding according to
he rake model [10]. In such a process the selectivity is strongly
etermined by the adsorption and desorption rate of each prod-
ct. Thus, the relation between the rate of desorption of glyceric
cid and the rate of its oxidation to tartronic acid determines the
electivity to one or the other product. The faster the desorption of
lyceric acid (from the larger Au particles) the lower the selectivity
o tartronic and glycolic acids.

The fact that the role of Au particle size in glycerol oxidation on
u/CuxCryOz is not so significant as on Au/C catalysts suggests that

he pristine support is also active in this reaction as documented
y the results in Table 4.

The effect of gold particle size on the activity of Au/CuxCryOz cat-
lysts is much more pronounced in CO oxidation reaction (Table 4).
ig. 5 shows the CO conversion as a function of temperature
ver Au/CuxCryOz catalysts prepared by different methods. The
ample prepared by the gold–sol method (average gold parti-
le size ca. 2 nm)  showed a much higher CO oxidation activity
t low temperature (308 K) than the catalysts prepared by the
eposition–precipitation methods. The activity increased with the

eaction temperature. This observation is in agreement with the
iterature data indicating that small gold particles are more active
han large ones in the oxidation of carbon monoxide, with a
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maximum activity found for the particles with an average diameter
ca. 3 nm [1,8,9].  The activity of Au/CuxCryOz (DPU) and Au/CuxCryOz

(DPK) samples in CO oxidation is similar. Both samples contain
much higher gold particles and it is a reason of their much lower
activity in CO oxidation in comparison with Au/CuxCryOz (sol).
Au/CuxCryOz (DPU) has two  fractions of crystallites, very big (ca.
32 nm)  and small (ca. 1 nm), whereas the mean particle size for
Au/CuxCryOz (DPK) is ca. 6 nm (Table 2). Another important factor is
reducibility of the catalyst, which significantly increases after gold
modification. The higher the reducibility, the higher the concentra-
tion of the surface oxygen vacancies as the centres of the oxygen
activation and in a consequence a higher catalyst activity in CO
300 320 340 360 380 400 420 440 460 480

0

20

C
O

 c

Temperature, K

Au/CuxCryOz (DPU)

Au/CuxCryOz (DPK)

Au/CuxCryOz (sol)

0

10

20

30

40

50

3
2

3
 K

3
2

3
 K

3
0

8
 K

3
0

8
 K

Au/Cu
x
Cr y

O
z

3
2

3
 K

(DPK)
(DPU)

(sol)

3
0

8
 K

C
O

 c
o
n
v
e
rs

io
n
, 
%

Fig. 5. CO conversion on Au/CuxCryOz catalysts – effect of the reaction temperature.



54 I. Sobczak et al. / Catalysis Today 187 (2012) 48– 55

HO
OH

OH HO
OH

O HO
OH

OH
OH

OH

O

HO
OH

OH

ceric

+1/2 O2 +1/2 O2 +1/2 O2

-1/2 H2

+1/2 O2

-1/2 H2

-CO2

-H2O

OO O

n path

s
e
A
a
o
r
o
g
m
f
p
a
c
d
i
p
t

c
m
o
s
f
s
M
o
m
t
a
M
i
b
s
i
t
t
o
g
O
a
f
m
o
f

p
A

4

s
i
c
t
c

[
[

[

[

[

[
[

[
[

[
[
[

[

[

[

[
[
[
[
[

glycerol glyceraldeh yde gly

Scheme 1. Possible reactio

upport reducibility for high activity. However, it cannot be
xcluded that both parameters are important as shown for
u/CuxCryOz (sol) sample. Taking it into consideration, the mech-
nism typical of reducible oxides [1] can be proposed for CO
xidation on Au/CuxCryOz catalysts. This mechanism involves the
ole of gold particles and the support with the oxide ion vacancies
n the surface [1].  Such vacancies can be generated as a result of
old–support interaction (Section 3.1) or they are a result of ther-
al  desorption or reduction with carbon monoxide spilling over

rom the metal (CO adsorbed on metal surface spills onto the sup-
ort and removes oxygen from the lattice leaving anion vacancies
t the surface [40]). Oxygen molecules may  adsorb at these vacan-
ies as O2

− and then migrate by spill-over to gold particles. The
istance of migration is less as the particle size decreases and that

s why the number of activated oxygen species close to the gold
articles increases [41]. The O2

− superoxide ion can dissociate at
he particle edge before reacting with carbon monoxide [16].

The oxidation of methanol is a more complicated pro-
ess. Methanol oxidation involves the formation of chemisorbed
ethoxy groups on acidic sites [42–44] with participation of nucle-

philic oxygen (basic sites) or redox centres [44,45].  Methoxy
pecies are further transformed to formaldehyde (FA) resulting
rom the extraction of hydrogen [42,43]. If FA is chemisorbed
trongly enough on nucleophilic sites it can interact with the next
eOH molecule and form methyl formate (MF). The chemisorption

f MeOH on pairs of active centres is also possible and leads to for-
ate species which further interact with MeOH towards MF.  The

otal oxidation of MeOH to CO2, usually involving the radical mech-
nism, points to the basic character of the catalyst. The results of
eOH oxidation at 423 and 473 K on all Au/CuxCryOz catalysts stud-

ed in this work are shown in Table 4. It is clear that gold catalysts
ased on CuxCryOz mixed oxide are highly active in MeOH conver-
ion to CO2 at 473 K but the pristine support is also highly active
n this reaction. The oxidation of methanol to CO2 can proceed in
he radical reaction on basic centres or step by step with the oxida-
ion to formaldehyde and formic acid on redox centres. The basicity
riginates from nucleophilic oxygen on the support surfaces (oxy-
en bonded to copper in CuO and CuCr2O4 phases) or it can be
2 chemisorbed on the defect holes. It is important to note that
t lower temperature (423 K) and lower MeOH conversion, methyl
ormate is formed besides CO2. It suggests the participation of the

echanism of total MeOH oxidation proposed in [42] via formation
f formaldehyde (strongly adsorbed on the active centres) and next
ormic acid oxidized to CO2.

The results obtained indicate that the presence of gold and gold
article size do not play any role in the oxidation of methanol on
u/CuxCryOz catalysts.

. Conclusions

CuxCryOz mixed oxides prepared within this study contain both
pinel copper–chromium oxide and CuO phases. The gold load-

ng creates oxygen vacancies, causes partial removal of chromium
ations and migration of copper from the bulk to the surface. All
hese effects are determined by the method applied for the modifi-
ation with gold. The use of gold–sol technique leads to the highest

[

[

tartronic acid glycoli c acid acid

way for glycerol oxidation.

oxygen deficit and copper concentration on the surface. It also
causes generation of the smallest metallic gold particles.

The size of gold particles is a key feature determining the activity
in the oxidation of CO. Glycerol oxidation is also sensitive to this
parameter but to a lesser degree than CO oxidation. The oxidation of
methanol is not influenced by the presence of gold and it occurs on
the CuxCryOz support. The slight increase in methanol conversion
after gold loading can be correlated with the increase in reducibility
of the support resulting from the presence of gold species.
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