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Abstract

The effect of the ceria—zirconia (CeO,—ZrO,) support composition of a gold (Au)
catalyst (Au/Ce,_,Zr,O,, where x is the molar ratio), prepared by deposition—pre-
cipitation, on its catalytic activity was investigated in the preferential carbon mon-
oxide (CO) oxidation. A maximum CO conversion level of 94% was obtained with
1% by weight Au/Ce 1571, ,50, at 50 °C, while the presence of water and carbon
dioxide in the feed stream had only a slight effect on the catalytic activity. Cata-
lyst characterizations were performed to investigate the effect of the Ce:Zr molar
ratios on the redox properties and physicochemical properties of the obtained Au/
CeO,—ZrO, catalysts. It was found that a certain amount of Ce in the Au/CeO,-Zr0O,
catalyst promoted solid solution formation and facilitated the activity of Au** and
Au® nanoparticles with a small crystallite size. The enhanced catalytic activity of
Au/Ce 1571, ,50, was attributed to the presence of more oxygen vacancies, easier
reducibility, and appropriate amount of Au>* species, as confirmed by Fourier trans-
form Raman spectroscopy and hydrogen-temperature-programme reduction analy-
ses, respectively. The catalytic activity showed a high stability for a long period of
time (28 h).
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Introduction

Gold (Au) is normally considered as the most inert of all metals. However, since
the pioneering work of Haruta [1], Au deposited on various metal oxides has been
shown to have a high activity towards carbon monoxide (CO) oxidation. These Au-
based catalysts have been shown to be very active and have received much atten-
tion for numerous applications, especially for proton exchange membrane fuel cell
(PEMFC) applications using hydrogen (H,) as an energy source. Typically, a fuel
processor consists of a reformer, a water—gas shift (WGS) reactor, and a CO removal
unit. An efficient method to reduce the CO content in the reformed gas is the pref-
erential CO oxidation (CO-PROX). The attractive research area of Au catalysts in a
variety of reactions, including the WGS [2], CO-PROX [3], and the oxidative steam
reforming of methanol (OSRM) [4] reactions have been reported, but a careful prep-
aration procedure is crucial in order to obtain the Au as well-dispersed nanoparticles
(NPs) on the oxide support. The activity of a catalyst literally depends on the size
and shape of the AuNPs, a strong contact between the AuNPs and the support, and a
suitable selection of the support.

Ceria (CeO,) has been regarded as one of the most ubiquitous supports in cata-
lytic systems and has been widely used for many applications due to its remarkable
redox properties and a high oxygen storage capacity (OSC). Recent studies [3, 5, 6]
have shown that Au supported on reducible oxide supports, such as CeO,, iron oxide
(Fe,03), and titania (TiO,), exhibited a markedly enhanced CO-PROX performance.
Among those supports, Au supported on nanocrystalline CeO, exhibited a catalytic
activity of two orders of magnitude more than the Au/TiO, and Au/Fe,O; catalysts
[7], owing to the surface/interface structures. However, it has been well-documented
that the Au particle size, composition, electronic structure, and facet structure of the
noble metal and reducible oxide are considered as important factors in determining
their catalytic performance [5, 8, 9].

Clearly, peripheral Au species are required for this reaction and the reaction rate
will increase as the particle size is decreased. The main contention is the oxidation
state of the Au as the active species. Although this includes Au’ and Au®", the rela-
tion of the Au oxidation state to the CO oxidation activity remains unresolved. It
has previously been reported that a high Au®*/Au® ratio may be one of the impor-
tant factors determining the catalytic activity of AuNPs [3]. A CeO, containing Au-
based catalyst is able to oxidize CO molecules at a low temperature due to its high
OSC and good redox properties. The CeO, NPs can stabilize cationic Au®* species
and improve the charge transfer by redox processes, including the oxidation of Au’
to Au®".

Modification of the CeO, support by addition of zirconium (Zr) has been inten-
sively investigated in recent years as a means to obtain an improved thermal stability
and a CeO,—ZrO, solid solution formation [4, 10]. This can lead to the formation of
mixed oxides with smaller crystallites, good redox properties [11], and an enhanced
reducibility of Ce** compared to a single metal oxide [12]. However, the activity of
Au catalysts on these mixed-metal oxide supports was found to be strongly depend-
ent on not only the morphological structure of the mixed oxide but also on having

@ Springer



Preferential oxidation of carbon monoxide in a hydrogen-rich... 4175

a suitable Ce:Zr atomic ratio in the mixed oxide and the preparation route used to
obtain the solid solution [11, 12]. In recent years, mixed Ce—Zr oxides have been
used as a support for Au catalysts in many reactions. We have recently investigated
the catalytic activity performance in the OSRM [13] and SRM [14] reactions of
Au and Au—Cu supported on mixed Ce—Zr oxides with Ce:Zr atomic ratios of 3:1
(Ceg75Zrg05), 1:1 (Ceys5Zrys), and 1:3 (Ce,,5Zr,-5) prepared by co-precipitation
(CP). The presence of an active uniform Ce ;5Zr 55 solid solution was found to be
clearly beneficial in terms of a high stability of the Au/Ce5Zr,,5 catalyst in the
OSRM reaction at 350 °C [4]. Inspired by our previous work, the objective of the
present study was to investigate the effect of Zr on the physicochemical properties
and catalytic activity of Au/CeO,—ZrO, for the CO-PROX.

Accordingly, a series of CeO,—ZrO, supports of different atomic ratios of Ce:Zr
were prepared by CP in order to obtain a defective fluorite structure and increased
oxygen mobility. The supported Au catalysts were prepared by deposition—precipi-
tation (DP) and their catalytic performance in the CO-PROX reaction in a H,-rich
stream was determined. The effects of the support composition and the feed stream
composition on the catalytic performance of the supported AuNP catalysts were
investigated, while the catalyst stability (deactivation) was evaluated. The relation-
ship between the composition and structural properties of the catalyst and its cata-
lytic performance was ascertained by diverse characterization techniques.

Experimental
Catalyst preparation

Procedures for synthesizing the Au-based catalysts followed previously published
methods [11]. A series of CeO,—ZrO, supports were prepared by CP using cerium
(IIT) nitrate hexahydrate (Ce(NO;);-6H,0; 99%, Sigma-Aldrich, CAS 10294-41-4)
and zirconium (IV) oxychloride octahydrate (ZrOCl,-8H,0; 98%, Sigma-Aldrich,
CAS 13520-92-8). The atomic ratio of the two metals (Ce/Zr) was varied to obtain
Ce,_,Zr 0O, solid solutions, where x was 0, 0.25, 0.5, 0.75, or 1.0 atom ratio. The
solution was then adjusted to pH 8-9 by adding an aqueous solution of 0.1 M
Na,CO; (99.5%, Sigma-Aldrich, CAS 497-19-8) and stirred for 1 h at 80 °C. The
precipitate was dried at 110 °C for 12 h and calcined in air at 400 °C for 4 h.

The DP technique was used to load 1% by weight (wt%) Au onto the CeO,—ZrO,
support. The appropriate amount of hydrogen tetrachloroauric (III) acid trihydrate
(HAuCl,-3H,0; 99.5%, Merck, CAS 16961-25-4) was weighed and dissolved in dis-
tilled water (DW) under vigorous stirring at 80 °C. The dried support (CeO,~ZrO,)
was added to the solution, and the pH was adjusted to pH 8-9 by the addition of
0.1 M Na,COj; solution and then aged at 80 °C for 1 h. The precipitate was washed
with an excess amount of warm DW, dried at 110 °C for 12 h, and calcined in air at
400 °C for 4 h.

For comparison, pure CeO, and ZrO, supports were also prepared by precipita-
tion using Ce(NO;);-6H,0 and ZrOCl,-8H,0 as precursors. Then, Au/CeO, and Au/
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ZrO, were prepared by DP as described above, except that the CeO, or ZrO, support
was added to the solution.

Catalyst characterization
X-ray diffraction (XRD) analysis

Powder XRD measurements were performed using a Rigaku X-ray diffractometer
system (DMAX 2200 HV, Crest Nanosolution Limited, Thailand) with CuK« radia-
tion (A = 1.5406 A) and operated at 40 kV and 30 mA. The intensity data were col-
lected over a 26 range of 20-80° with a step size of 0.02°min~". The crystallite size
was calculated based on Scherrer’s equation, shown in Eq. (1);

K2

B(29) = pcos’

(D

where S is the line broadening at half the maximum intensity (FWHM), 1 is the
wavelength (0.154 nm), 9 is the Bragg angle (20 = 39.7°), and K is Scherrer’s con-
stant of 0.9 [15]. Information on the Au species was attained by UV—-vis spectros-
copy, measuring the absorbance over a wavelength of 200—800 nm in a Shimadzu
2550 UV/vis spectrophotometer (Bara Scientific Co., Ltd., Thailand). The absorp-
tion intensity was expressed using the Kubelka—Munk function, F(Roo) = (1—Rco)?/
(2Ro0), where Roo is the diffuse reflectance from a semi-infinite layer [16].

Catalyst surface area measurement

Nitrogen (N,) physisorption isotherms were determined at —196 °C using an
Autosorb-1 Gas Sorption System (Quantachrome Corporation). The specific sur-
face areas of catalyst were calculated from the N, adsorption data according to the
Brunauer—Emmett-Teller (BET) method. Prior to measurement, all samples were
degassed at 250 °C for 12 h under a high vacuum condition to remove any surface
adsorbed residues.

Catalyst reducibility by H,-temperature-programmed reduction (TPR) analysis

The H,-TPR was performed in a quartz tube reactor using a TPDRO 1100 instru-
ment (Thermo Finnigan) equipped with a thermal conductivity detector (TCD). In
each trial, 100 mg of catalyst was preheated from room temperature (RT) to 200 °C
under a helium (He) flow of 50 mL min~" for 30 min. After cooling to RT in He, the
reduction temperature was raised from RT to 850 °C at a ramp rate of 10 °C min~!

under a reducing gas [1:9 (v/v) H,: argon] at a flow rate of 30 mL min~".

Fourier transform infrared spectroscopy (FT-IR)

The carbonate species present in the catalysts were identified via FT-IR measure-
ments using a Thermo Nicolet Nexus 670 FTIR spectrometer in absorbance and
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transmittance mode at 32 scans with a resolution of 4 cm™!. To determine the forma-
tion of oxygen vacancies, Fourier transform Raman spectra (FT-Raman) of the sam-
ples were obtained using a Perkin Elmer (Spectrum GX) FT-Raman spectrometer
with an Nd-YAG laser (1064 nm) in absorbance mode. In total, 2000 scans with a
resolution of 16 cm™! were used to cover a frequency range of 3500-200 cm™".

Atomic absorption spectroscopy (AAS)

A Varian model SpectrAA 300 atomic absorption spectrometer was used for meas-
uring the Au content in an air-acetylene flame.

Catalytic activity measurements

Catalytic activity measurements in the CO-PROX reaction were performed in a
fixed-bed quartz micro-reactor containing 100 mg of the respective sample at a reac-
tion temperature range of 50—190 °C under atmospheric pressure. The reactant con-
sisted of, all (v/v), 1% CO, 1% oxygen (O,), 40% H,, and 58% He, and was passed
through the catalyst bed at a total flow rate of 50 mL min~' (gas hourly space vol-
ume [GHSV] = 30,000 mL g~! h™!). The product gases were analysed by on-line
gas chromatography (GC; HP 5890) equipped with a packed carbosphere column,
80/100 mesh, and 10 ft X 1/8 inch and a TCD. The CO conversion level was based
on the CO consumption and the selectivity of carbon dioxide (CO,) was calculated
from the carbon and oxygen mass balance.

Results and discussion
Catalyst characterization

Representative XRD patterns of the 1 wt% Au/Ce,_,Zr O, supports are presented
in Fig. 1, where the XRD pattern of CeO, corresponded to a face-centred cubic,
fluorite-type structure and that of ZrO, corresponded to both a monoclinic and
tetragonal one. For pure CeO,, eight characteristic diffraction peaks were detected at
28.5°,32.9°,47.4°, 56.2°, 58.8°, 69.2°, 76.6°, and 78.8°, which are indexed to (111),
(200), (220), (311), (222), (400), (331), and (420) crystal faces, respectively [14].
The diffraction peaks were shifted slightly to higher diffraction angles and the peaks
became broader, or of lower intensity, with the incorporation of increasing amounts
of ZrO, into CeO,. This reflects that the Zr** cation (ionic radius 0.84 A) had a
smaller radius than the Ce** cation (ionic radius 0.97 A), and indicated the forma-
tion of a solid solution. This is in accord with previous studies, where an increased
ZrO, content in the CeO,—ZrO, supports resulted in the presence of bulk defects or
distortions in the oxygen sublattice [17]. However, the Au peaks, such as Au (111)
at 38.5°, were not very distinct in all the supported Au catalysts, suggesting that the
AuNPs were well dispersed on the support, of a small size, or at a relatively low
content [18].
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The actual Au loading level of the 1 wt% Au/CeO,—ZrO, catalysts was measured
by AAS, and was found to be lower than the nominal Au loading level (Table 1),
presumably due to the non-attachment of the Au complex anions ([AuCl(OH);]™
and [Au(OH),]™) on the support surface [19]. However, the actual amount of Au
deposited on CeO, was higher than that on Au/ZrO,. For the CeO,~ZrO, supports,
the actual amount of Au deposited decreased with increasing Zr contents, which
might reflect that the Au deposition depended on the point of zero charge (PZC)
value and the surface charge of the support. The PZC values for pure CeO, and ZrO,
were 7.72 and 4.87, respectively. If the PZC value of the support is higher than the
pH of the solution, the surface will be positively charged (protonation of the surface
hydroxyls), resulting in electrostatic adsorption of the Au complex anions. Whereas,
if the PZC value of the support is lower than the pH of the solution, the surface
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Table 1 Chemical-physical properties of the Au/CeO,—ZrO, catalysts

Catalyst Actual Au  Surface Crystallite ~ Lattice constant® (nm) Isos/Tio3

loading® (%) area” size® (nm)

Mg ceo, CeO, (111)  CeO, (200)

Fresh
CeO, n/a n/a 7.60 0.550 0.550 -
1 wt% Au/CeO, 0.97 106.6 7.56 0.549 0.550 0.018
1 wt% Au/Ce ;57r,,50, 0.98 121.5 5.59 0.548 0.549 0.039
1 wt% Au/Ce sZrysO,  0.96 127.8 438 0.543 0.542 -
1 wt% Au/Ce 571y 750, 0.87 129.6 2.65 0.518 0.518 -
1 wt% Au/ZrO, 0.60 169.0 - - - -
Spent
1 wt% Au/CeO, n/a n/a 7.60 0.544 0.544 0.290
1 wt% Au/Ce ;57ry,50, n/a n/a 5.83 0.544 0.547 0.072

All of the samples were calcined at 400 °C. Data are shown as the mean, derived from three different tri-
als

4The percentage of each metal was measured quantitatively by AAS
The surface area was measured by BET

“The mean crystallite sizes were calculated from the average values of the (111), (200), (220), and (311)
CeO, planes

94The unit cell parameters, as calculated from Bragg’s equation
®Calculated from the intensity ratio of FT-Raman bands at 463 and 598 cm™!

will be negatively charged (removal of protons from the surface hydroxyls) result-
ing in the electrostatic repulsion of the Au complex anions [11, 20]. In this study,
the solution was adjusted to pH 8 for precipitation, and so the pH was higher than
the PZC value of the support. Therefore, in the case of the mixed oxide support,
the PZC value of CeO,—ZrO, decreased with an increasing Zr content leading to a
stronger repulsive force. Thus, the highest Au loading was obtained for the 1 wt%
Au/Ce 7571, ,50, catalyst.

The BET surface areas of the prepared catalysts (Table 1) showed that Au
supported on pure CeO, and ZrO, supports had surface areas of 106.6 and
169.0 m?*/g, respectively, while on the mixed oxide supports they had surface
areas in the range of 121.5-129.6 m?/g, which were between those of the indi-
vidual CeO, and ZrO, supports. Among these Au/CeO,~ZrO, catalysts, the sur-
face area seemed to increase with an increasing Zr content in the mixed oxides,
implying that the surface area of the catalysts was influenced by the substitution
of Ce*™ with Zr*" ions [21]. It has previously been reported that variation in the
Ce/Zr composition led to the formation of a Ce,_,Zr,O, solid solution, where the
smaller Zr** ion incorporated and/or substituted inside the larger Ce** lattice to
cause shrinkage in both the ceria lattice and crystallite size [22]. The crystallite
size was small when the Zr content was high, which is supported in this study by
the fact that the mixed Ce/Zr oxide had a smaller crystallite size (2.65-5.59 nm)
than the pure CeO, (7.56 nm). The shifting of the CeO, diffraction peaks towards

@ Springer
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higher angles led to a decreased CeO, lattice constant from 0.549 nm for Au/
CeO, to 0.518 nm for Au/Ce »5Zr, 750,. As mentioned previously, the solid solu-
tion formation in the mixed Ce/Zr oxide support was considered as one of the
main factors to improve the surface area. On the other hand, many studies have
reported that the substitution of ZeO, into the CeO, structure slightly decreased
the surface area [23].

To identify the Au species (Au3+, Au cluster, and Auo) of the catalyst, UV—vis-
ible spectroscopy was used and the results are presented in Fig. 2. The pure CeO,
and ZrO, showed a band around 370 nm and 208-210 nm, respectively. For
the mixed oxide support, the peak in the range of the CeO, and ZrO, band was
observed at 260-290 nm, according to the full connectivity of Ce-Zr-O link-
ages via incorporation of Zr into the Ce lattice [24]. Moreover, the peak of CeO,
shifted to a lower wavelength after adding Zr, which was probably caused by the
Zr incorporation. The peak of ZrO, became strongly visible at 209-240 nm at
higher atom ratios of Zr, implying that it was possible to cause the formation of
Ce0,—ZrO, solid solution.

The absorption band of Au clusters (Au,; 1 < n < 10) and metallic Au (or
Iﬂamnon,Auo)cmlbeasmgnedat280—3001un[25]and500—6001nn[26Llespec—
tively, while cationic gold (Au") can be observed at a lower wavelength band
at around 250 nm [27]. The AuNPs (plasmon) appeared at 353 nm, but the gold
clusters and cationic gold species were not clearly observed because the Au
species band appeared in the range of the oxide support. Therefore, it was dif-
ficult to assign the gold species on the Au/CeO,~ZrO, catalysts using UV-vis
spectroscopy. Furthermore, multiple peaks in the UV spectra, which were likely
related to the charge transfer transitions, were observed. For example, the band at
275-375 nm can be ascribed to Ce** «— O,, while a Ce** < O, and/or Zr** « O,
charge transfer appeared at 228-275 nm [28]. Nevertheless, this technique can be

Overlapping
ibetween Ay Au plasmon band
! (1<n<10) or Au metallic
and:Ce—O—Zr Ibzmd species (Au®)
Lo '
' '
m—_ZrO: ! ! CeO2 Zr0;

M
s S, 1 wt% Auw/ZrO;

1 wt% Au/Cey.25Zr0.750;

1 wt% Au/Cey.5Zr.50:

1 wt% Au/Ceq.75Zr9.2502

Absorbance (a.u.)

1 wt% Au/CeO;

Rt Ce0;

|.!..|i|.||||||{..||||.|||...|

200 300 400 500 600 700 800
Wavelength (nm)

Fig.2 Representative diffuse reflectance UV—vis spectra of catalysts with various support compositions
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used to infer the change in the mixed oxide, which could be attributed to the for-
mation of a solid solution. Moreover, the catalytic activity could relate to the gold
species, in which both Au® and Au* species play an important role [29].

The H,-TPR profile was used to evaluate the reducibility of the catalysts, as
shown in Fig. 3. The pure CeO, support presented two reduction peaks. The first
reduction peak at a low temperature (476 °C) was ascribed to the reduction of oxy-
gen on the ceria surface Ce** — Ce®*, while the other one at a higher temperature
(836 °C) generally corresponded to the reduction of bulk CeO,. However, no ZrO,
reduction peak was observed for the pure ZrO, support in the studied temperature
range. In the presence of Au, the reduction profiles of the Au catalysts shifted to
a lower temperature, and the appearances of the lowest reduction peaks at 77-100
°C corresponded to the reduction of AuxOy species (or Au hydroxide) [30]. For Au/
CeO,, it has been suggested that Au modified the properties of CeO, by enhanc-
ing the reducibility of CeO, surface oxygen, which caused a decreased strength of
the surface Ce—O bonds adjacent to the gold atoms [31], and so led to an increased
surface lattice oxygen mobility and reducibility. Moreover, the reduction peak of the
support also shifted to a lower temperature, due to the strong interaction between the
metal and support [32]. In the TPR profiles of the Au/CeO,—ZrO, supports, the shift
in the reduction of bulk CeO, from 836 °C to lower temperatures resulted from the
creation of oxygen vacancies due to the solid solution formation [33]. Similar low-
temperature shifts in the reduction of supports by the presence of Ni and Au metals
have frequently been reported due to the hydrogen spill over effect [34, 35].

The area under the reduction peak can be related to the amount of reducible sur-
face oxygen species. Since Au’ is normally less reductive than Au®*, the presence of
Au® results in less H, consumption in the reduction process compared to that with
Au®*. When focusing on the change in the Au reduction area with increasing Zr con-
tent, it was found that the H, consumption (or area/intensity) decreased significantly

Fig.3 Representative H,-TPR

profiles of the CeO,, ZrO,, Au/
CeO,, Au/ZrO,, and Au/CeO,— 1 wt% Au/ZrO;
Zr0O, catalysts with various

Zr0;

L. 100 1 wt% Au/Cey.25Zr0.750:
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90 1 wt% Au/Cey.5Zr.502
S~

84

1 wt% Au/Ceq.75Zr0.2502
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H, Consumption (a.u.)

1 wt% Au/CeQO;
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476 CeO: s36
N
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when increasing the Zr atomic ratio from 25% to 75%. This suggested that the gen-
eration of Au® species was more favourable in the Zr-rich catalysts. As to the exist-
ence of Au” species with excess Zr**, the excess Zr** possibly dissolved inside the
Au®" to form an Au, cluster or Au’ species [36]. Not only the reduction area but also
the position of the Au reduction peak changed, shifting towards a higher tempera-
ture (77 to 100 °C), with higher Zr contents. This represented the strengthening of
the metal-support (Au-support) interactions, while the existence of two reduction
peaks at a temperature range of 50-200 °C might indicate the different gold species.
Hence, it was reasonable to speculate that the changes in the amount of Au® and Zr
content as being due to the Zr** solubility inside the Au®* after forming the strong
interaction. However, the exact amounts of Au’ and Au®* were not determined in
this study since the gap difference in the Au reduction area was not large enough to
measure this species.

When correlating the variety of Au species to the catalytic activity, several previ-
ous studies have found that active catalysts always contained metallic Au® particles
[8], whereas the high activity AuNPs contained the coexistence of Au®* and Au’
species [37]. In this work, both Au® and Au®* species likely acted as the catalytic
active site, with Au®" acting as the dominant active species but the combination of
Au” and Au®* being responsible for the active sites in the reaction. The metallic Au’
activated the O, and hydroxyl molecules, while the gold cation (Au’") linked the
metallic Au® on the support and provided the pathway for the reaction [38]. This
agrees with the UV—vis analysis.

Catalytic activity measurement

The effect of the support composition was varied as 1 wt% Au/Ce,_Zr,O, (x = 0,
0.25, 0.5, 0.75, or 1) and the catalytic activity, in terms of the CO conversion level
and selectivity towards CO oxidation, of the 1 wt% Au/Ce,_,Zr O, catalysts was
examined. The catalytic activity depended on the Ce/Zr atomic ratio of the oxide
support, where the 1 wt% Au/CeO, and 1 wt% Au/ Ce55Zr,,50, catalysts had a
similar catalytic performance, in that they had a high activity at a low temperature
that then decreased with increasing temperature (Fig. 4). The trend for these two
catalysts was quite similar to that reported for a Au/CeZr10 catalyst, which gave a
maximum CO conversion level of 65% at 75 °C in a reaction mixture containing, all
(v/v), 2% CO, 1% O,, 50% H,, and 47% N, [39].

In contrast, the catalytic activity of the 1 wt% Au/Ce,sZr,s0,, 1 wt% Au/
Ceq 1521y 750,, and 1 wt% Au/ZrO, catalysts increased with increasing temperature
until they reached a maximum CO conversion level and thereafter began to decrease.
That there was a decreased selectivity at higher temperatures reflects the higher acti-
vation energy for H, oxidation than for CO oxidation [40], and the Ce-rich catalyst
gave a stable selectivity with changing operating temperatures.

The maximum CO conversion level for a 1 wt% catalyst was obtained at 50 °C for
Au/CeO, (92.4% with 48.4% selectivity) and Au/Ce;5Zr, 150, (94.1% with 49.1%
selectivity), 70 °C for Au/Ce sZr, sO, (85.6% with 42.3% selectivity), and 90 °C for
Au/Ce 5571750, (61.7% with 30.4% selectivity) and Au/ZrO, (53.7% with 31.5%
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selectivity). Thus, the support had a significant effect on the catalytic performance,
where the catalytic activity (all at 1 wt%) could be ordered as Au/Ce ;521 ,50, >
Au/CeO, > Au/CesZrys0, > Au/Ce,5Z1,750, > Au/ZrO,. While the incorpo-
ration of Zr was beneficial for an enhanced oxygen mobility, the performance of
the catalyst depended on an appropriate Zr content. In this work, the 1 wt% Au/
Ce 7521250, catalyst exhibited a slightly higher catalytic activity than the 1 wt%
Au/CeO, one at a high temperature. It was previously revealed that the Ce,_,Zr,0O,
composite with a low Zr content exhibited a good OSC and high oxygen mobility
[41]. The high H, consumption peak of the Au/Ce,5Zr, ,50, catalyst can be attrib-
uted to the better reducibility, suggesting better redox properties as well as a better
thermal stability of the prepared catalyst. This can be ascribed to the fact that the
AuNPs at the surface might be preferentially in contact with Ce/Zr more than with
Ce atoms.
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Consequently, the highest catalytic activities for the 1 wt% Au/Ceg 1571150,
catalyst could be attributed to the improved catalytic activity and increased oxygen
vacancies of the solid solution, as confirmed by the XRD and FT-Raman analyses.
The presence of oxygen vacancies allowed a more effective O, adsorption and acti-
vation for CO oxidation [42]. Therefore, the Ce,_,Zr,O, material with a low Zr con-
tent exhibited a larger amount of oxygen vacancies than the pure CeO,, which was
found to enhance the oxygen mobility and promoted a high OSC. In addition, the
presence of the highest amount of Au deposited on the support may promote the
reaction. Furthermore, the catalytic performance could be attributed to the gold spe-
cies of the catalyst, where both Au® and Au>* were responsible for the activity. In
this work, the 1 wt% Au/Ce, ;5Zr,,50, exhibited the highest activity and had the
coexistence of Au®* and Au® species on the support.

It was clearly seen that these catalysts exhibited a high CO conversion level and a
high selectivity compared to previous reports for other catalysts with a comparable
feed composition and reaction conditions. For example, Au/CeO,—ZrO, catalysts,
where the support was synthesized by a pseudo sol—gel method [43], exhibited a
95% CO conversion level at a high temperature (100-150 °C) under reaction condi-
tions that consisted of, all (v/v), 2% CO, 2% O,, 50% H,, and 46% He, whereas the
temperature for the maximal catalytic activity of Au/CuO-CeO, was 50 °C under a
feed composition of, all (v/v), 1.33% CO, 1.33% O,, 65.33% H,, and 32% He [44].
The catalytic performances of the supported Au catalysts were comparable to or
even better than those supported on different materials and other conventional cata-
lysts from previous studies [45-48], with representatives shown in Table 2. Most of
the catalysts reached a high catalytic activity with a 90-100% CO conversion level,
but the temperature required to attain the maximum CO conversion level of our cata-
lyst can be achieved at a lower temperature of 50 °C.

Effect of water vapour and CO,

In the present work, the reaction was performed at a constant 50 °C or 110 °C with
time-on-stream. The effect of 10% (v/v) CO, and 10% (v/v) H,0 on the CO conver-
sion level and selectivity of the 1 wt% Au/Ce ;5Zr,,50, catalysts was evaluated at
50 °C and 110 °C (Fig. 5). Although the highest activity was obtained at 50 °C, it
has previously been suggested that the presence of water in the feed stream leads to
a high CO conversion level at a reaction temperature above 100 °C [49]. The higher
activity at 110 °C than at 50 °C was due to the WGS reaction (H,0 + CO < H, +
CO,) [50]. In contrast, the best result was obtained at a low temperature for the Au/
ZnO and Au/ZnO-Fe,0; catalysts [51].

The temperature was found to have a significant effect on the performance of
both the CO conversion level and selectivity. In the presence of H,O or CO, in the
feed stream, a lower CO conversion level and higher selectivity were obtained at
the low temperature (50 °C) compared to at 110 °C. However, the effect of CO, and
H,O0 is controversial due to the competitive adsorption of both H,O and CO, on
the active sites. Generally, CO, negatively affects the CO conversion and selectiv-
ity, while the addition of H,O sometimes results in a positive and at other times in
a negative effect on the CO conversion. That the CO oxidation activity increased at
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temperatures lower than 120 °C was ascribed to the improved control of the redox
reactions, whereas the effect of H,O is negative at higher temperatures [52].

The addition of H,O in this work dramatically decreased the CO conversion level
at 50 °C, whereas at 110 °C the CO conversion level remained almost the same as in
the dry feed stream. The CO conversion level has been reported to strongly depend
on the H,O vapour content, where a negative effect on CO oxidation was noted with
a higher H,O vapour content of up to 6000 ppm [49]. In this study, the CO conver-
sion level was rapidly decreased upon adding CO, to the feed stream at both temper-
atures studied, but with a greater impact at the low temperature (50 °C). The addi-
tion of both CO, and H,O had a significant negative impact on the catalytic activity
at the low temperature (50 °C), where CO, had a more negative effect than H,O.
Although the selectivity was increased at 50 °C, the O, conversion level was lower
at 50 °C than at 110 °C. So, the O, consumption in the conversion of CO to CO, was
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lower at 50 °C and the selectivity had no significant effect on the activity compared
with the CO conversion level. This result agrees well with a previous report that the
addition of 2% (v/v) H,O and 2% (v/v) CO, in the feed stream reduced the activity
of the Au/CeO,—ZrO, catalyst [43].

The water vapour may condense on the catalyst surface and block the active sites.
On the other hand, it will dissociate to form OH, and react with CO to produce for-
mate and subsequently decompose to H, and CO, [53]. The formation of carbonate
and formate species was higher at 50 °C than at 110 °C, as evidenced in the FT-IR
results. Therefore, the accumulation of these species could block the active sites and
so have a significant inhibitory effect on the catalytic performance in the CO-PROX
reaction.

Catalysts stability (deactivation test)

The stability of the 1 wt% Au/CeO, and 1 wt% Au/Ce, 1571, ,50, catalysts was eval-
uated in dry and wet conditions at a reaction temperature of 110 °C for 33 h (Fig. 6).
Both the 1 wt% Au/CeO, and 1 wt% Au/CesZr,,50, catalysts exhibited a good
stability in the simulated dry condition and showed similar results, maintaining their
activities without loss for 28 h. However, in the simulated wet condition their stabil-
ity, as determined by the CO conversion level and CO, selectivity relative to the
fresh catalyst, was significantly decreased to 70% after 5 h, due to the formation of
carbonate and formate species from CO, and H,O. However, they otherwise exhib-
ited the same results as the fresh catalysts and maintained a 70% relative activity
during the reaction time. In contrast, Au/Fe,O; and Au/TiO, were reported to lose
their initial catalytic performance during the first hours of reaction. It is known that
a strong metal-support interaction might lead to catalyst deactivation. The support
is partially reduced under reaction conditions and has a high affinity for the metal
particles to fully cover the active surface of metal particles.

Fig.6 Deactivation test of the 100
1 wt% Au/CeO, and 1 wt% Au/
Ce, 7521, ,50, catalysts. Reac-
tion conditions, all (v/v): 1%
CO, 1% O,, 40% H,, and 58%
He for the dry condition and 1%
CO, 1% O,, 40% H,, 10% H,0,
10% CO,, and 38% He for the
wet condition
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Figure 1b shows a comparison of the representative XRD patterns between the
fresh and spent (33 h reaction time) 1 wt% Au/CeO, and 1 wt% Au/Ce 1571, ,50,
catalysts. The spent catalyst had almost the same XRD pattern as that of the fresh
catalyst, implying that there was no change in the crystallite structure of both Au
and CeO, [54]. There was a small increase in the CeO, crystallite size for both the 1
wt% Au/CeO, (7.56 to 7.60 nm) and 1 wt% Au/Ce 7521, ,50, (5.59 to 5.83 nm). No
Au reflection peak was observed in both the fresh and spent catalysts. Considering
the lattice constants of the spent catalysts, both the 1 wt% Au/CeO, and 1 wt% Au/
Cey 7521 250, showed a decreased lattice constant from 0.550 to 0.544 nm and from
0.548 to 0.545 nm, respectively. It has been suggested that the gas feeding stream
possibly affected the ceria lattice, where it varied significantly, being increased after
exposure to CO and decreased after exposure to H,O [55]. Therefore, this could be
related to the complex mechanisms during the reaction that changed the CeO, lattice
and helped restructure the solid solution phase. Regardless, the exact mechanism is
still unclear for the solid solution recovery.

Representative FT-Raman spectra of the fresh and spent Au/CeO, and Au/
Cey 7521, 250, catalysts are presented in Fig. 7. The main band at 463 cm™' corre-
sponded to the oxygen vibrations around each Ce** cation in the metal oxides (F2g
mode), and the weak band at around at 598 cm™! was associated with the formation
of oxygen vacancies in the ceria lattice [22, 56]. The oxygen vacancies increased
after exposure to the CO-PROX reaction, and, as these provide the reaction sites
for the reaction, this led to an excellent catalytic stability. The presence of oxygen
vacancy sites was also previously confirmed by FT-Raman studies of (Ce—La—xCu)
O, catalysts with well-dispersed Cu—O species [57]. The ZrO, bands typically
appeared at 176, 380, 475, and 640 cm™! for the monoclinic phase and at 266, 313,
470, and 640 cm™" for the tetragonal phase [58].

In the case of Zr incorporation, the weak bands of zirconia appeared at around
380 and 313 cm™" and no strong FT-Raman peaks of zirconia were observed, which

Fig.7 Representative FT- 0.8
Raman spectra of the (1, 2) C
fresh and (3, 4) spent (1, 3) 1 0.7+
wt% Au/CeO, and (2, 4) Au/ r
Cey 7521250, catalysts 0.6+
S 05+
) 3 R S g g
- _E Raman Shift 1) (4)
= 0.4 : :
S I ; 3)
= 0.3 i
= r ! (2)
0.2+
0.1%
0.0 -lIl}lIl}lll{[!lA{lll}llt;}lll{lll
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Raman Shift (cm™)
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is in accord with the XRD measurements of Au/Ce,;sZr,,50,. The incorporation
of the Zr** cation into the lattice of CeO, resulted in a broadening of the F2g band
(Fig. 7, lines 1 and 2), which is related to the decreased crystallite size or lattice
constant [59], and shifted to higher wave numbers, where the intense bands were
attributed to the overlapping of the CeO, and ZrO, phases. A marked decrease in
intensity of the FT-Raman band at 463 cm™! was observed, which likely depended
on several factors, including the grain size and morphology. The band at 598 cm™!
disappeared for the doped catalyst due to the interaction of Zr** ions placed at inter-
stitial positions of the fluorite structure with the oxygen vacancies [60].

In addition, the intensity ratio of the band of oxygen vacancies and the F2g mode
of the fluorite-type structure (I594/1443) Were also calculated to evaluate the amount
of oxygen vacancies in the sample, with the results shown in Table 1. The intensity
ratio increased with increasing incorporation levels of Zr, implying that doping of
Zr in CeO, increased the concentration of oxygen vacancies due to the change in the
lattice structure of CeO, by substitution of Ce** with Zr**. This change can promote
lattice deformation and the formation of oxygen vacancies. In general, an oxygen
vacancy is produced by the reduction of the cationic Ce** to Ce**. The addition of
the smaller Zr** atoms could provide some spare space for accommodating the big-
ger Ce* cations and increasing the formation of an oxygen vacancy [12].

Moreover, the intensity ratio of the fresh catalysts was lower than that for the
spent catalysts, indicating that it may have acquired some defect structure or
restructure during the reaction. This defect could have resulted from lattice param-
eter changes and increased oxygen vacancies. These results are not in accord with
previous work on supported Au catalysts in the OSRM [13] and for a CeZrO,_;
oxide catalyst in the oxidative dehydrogenation of ethylbenzene to styrene [61].
The intensity ratio of both fresh catalysts increased markedly after exposure to the
CO-PROX reaction, implying that the concentration of the oxygen vacancies in the
CeO,—ZrO, support was dramatically increased. The disappearance of the weak
peak at 313 cm™! (Fig. 7, lines 2 and 4) of the spent Au/Ce,, ,sZr,,50, suggested the
displacement of oxygen atoms from fluorite lattice positions.

Thus, the FT-Raman and XRD analyses revealed a change in the CeO, lattice in
the presence of Zr in accord with the formation of solid solutions and an increased
number of oxygen vacancies [62]. On the other hand, the reduction of the oxide
caused the formation of surface vacancies, which then migrated into the bulk. The
reduction progressively emptied the surface of active Ce** sites, which then limited
the amount of oxygen reduction. Although the catalyst surface created more oxygen
vacancies, they cannot diffuse O* in the lattice, which is the rate-determining step
[63]. Accordingly, high oxygen vacancies do not per se mean a high catalytic activ-
ity due to the limitation of the OSC.

Nevertheless, the FT-IR spectra in Fig. 8 were assigned to species that could
block the active sites after the reaction. The FT-IR spectra were observed in two
regions, which were a broad band region ascribed to the O—H stretching mode at
2500-3700 cm™! [64] and the second region at 1200—1800 cm™ that was ascribed to
the chemisorption of carbonate species [65]. After the catalyst was tested in a simu-
lated wet condition (with H,O + CO,), the intensity of the O-H peak at 3400 cm™"
was higher and broader than that for the fresh catalyst. This may have been caused
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Fig.8 Representative FT-IR 1530 2350 2890 3400
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by the presence of undissociated water molecules or the water produced from the
oxidation of H, on the catalyst surface.

The spent catalysts also showed a strong peak at 1343 cm™!, ascribed to CO
molecules adsorbed on the surface by chemisorption. The formation of carbon-
ates is an indication of CO oxidation by surface oxygen species and was presented
by bands at 1582, 1413, and 1220 cm™!, assigned to bicarbonate species (HCO;™)
[53]. Bands were also observed at 1640 cm™', corresponding to the O—H bending
mode of molecular water, and at 2351 cm™!, implying that gaseous CO, molecules
were linearly adsorbed on the surface cations of the support [53]. Bands at 2840 and
2940 cm™!, which corresponded to the formation of the formate species on the cata-
lyst surface [64], also appeared. In addition, the spent catalysts from different oper-
ating temperatures were compared, where at a low temperature (50 °C) there was a
stronger accumulation of both carbonate and formate species than at the high tem-
perature (110 °C). This suggested that these species decreased at temperatures above
100 °C and so the temperature had a significant effect on the catalytic activity [64].

Conclusions

A series of Au-based catalysts supported on mixed-metal oxides (Au/CeO,—ZrO,)
were investigated in the PROX reaction in comparison with Au/CeO, and Au/ZrO,.
The 1 wt% Au/Ce, 571,50, catalyst, with the coexistence of Au®" and Au’ species
on the support, exhibited the highest catalytic activity with a 94.1% CO conversion
level and 49.1% PROX selectivity at 50 °C, even in the presence of H,O and CO,
in the feed stream. It was found that the incorporation of Zr enhanced the catalytic
activity, due to a solid solution formation, and this increased the amount of oxygen
vacancies and active oxygen species. The catalytic activity of both the 1 wt% Au/
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CeO, and 1 wt% Au/Ce 521, ,50, catalysts was maintained in a dry condition at
110 °C for 28 h.
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