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Nanostructured Au—CefTatalysts for low-temperature
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The composite system of nanostructured gold and cerium oxide, with a gold loading 5-8 wt%, is reported in this work as a very good
catalyst for low-temperature water—gas shift. Activity depends largely on the presence of nanosized ceria particles. Various techniques of
preparation of an active catalyst are disscussed. The presence of gold is crucial for activity bel@v A@amatic effect of gold on the
reducibility of the surface oxygen of ceria is found by-fIPR, from 310-480C to 25-11CC. All of the available surface oxygen was
reduced, while there was no effect on the bulk oxygen of ceria. This correlates well with the shift activity of the Au—ceria system.
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1. Introduction and methane oxidation [4—6], and, in recent work in this lab,
it was found promising for low-temperature WGS [7,11].
There is presently a renewed interest in the water—galke Au—ceria catalyst [7] is more stable than the well-
shift reaction for application to fuel processing for fuel cellstudied Au-TiQ [13-15] system for low-temperature CO
power generation. Advanced low-temperature shift (LTS)xidation.
catalysts are needed to produce essentially CO-free hydro-Gold on other reducible oxides has been reported to be ac-
gen to feed the PEM fuel cells under development for atve for low temperature water—gas shift [16-19]. Andreeva
tomobiles. Desired catalyst characteristics include higihd coworkers [16,18] found good WGS activity in fine
activity and stability over a wider operating temperaturgetallic gold particles on iron oxide (Au/FeQOs) pre-
window than is currently possible with the commercial LT$ared by coprecipitation. Sakuret al. [17] reported that
catalysts. AU/TiO,, prepared by deposition—precipitation, has compa-
Catalysts based on cerium oxide are promising for theggble LTS activity to that of commercial Cu/ZnOH0; cat-
applications [1,2]. Ceria is widely used as an oxygen stagtysts. More recently, Au supported on ZnO and Zi@s
age component in the automobile three-way catalyst, releagso been found active for the water—gas shift reaction [19].
ing/accepting oxygen under fuel-rich/lean conditions in the |t is interesting to evaluate these systems from the point
exhaust gas stream. Additionally, ceria is a better choieg view of the gold particle structure as well as the struc-
than alumina as a support for the noble metals in the care of the reducible oxide. The importance of nano-
alytic converter because it drastically improves their lownsized Au particles for a variety of reactions has been
temperature activity for CO oxidation [3] and the waterrecognized and ample attention has been paid to their
gas shift reaction [2]. In recent work, we have shown thatudy over the past decade. Yet, much less attention has
similarly active are combinations of ceria with a variety oheen given to the properties of the reducible oxide sup-
base metals and metal oxides [1,4-7]. The enhanced acf¥rt [15,19,20], even though this is considered crucial as
ity of these catalysts has been attributed to a synergistic gesource of oxygen [15,20] or for otherwise stabilizing Au
dox reaction mechanism. Metal-modified cerium oxide has@ the active nanostructured form [15,21]. The Au par-
higher oxygen storage capacity (OSC) and reducibility thajgle size and structure are sensitive to a number of vari-
pure ceria [1,2,4,8,9]. We have recently reported that Ciples, including the preparation method [15], the state and
ceria is much more stable than Cu-ZnO-based LTS catalysigucture of the support [15,19,20], and catalyst pretreat-
retaining high WGS activity and structural stability at temment [22].
peratures as high as 630 [1,10,11]. The preparation method has been reported to directly af-
Gold supported on ceria is a very good, albeit much legsct the activity of the Au-reducible oxide system. The cur-
studied, catalyst system for redox reactions. It has begshtly employed methods of coprecipitation [13], deposi-
shown to possess h|gh aCtiVity for CO oxidation [4—7,121i0n_precipitati0n [23]’ impregnation [22], co-sputte-
* Present address: Department of Chemical Engineering, University %pg [24]_’ and chemical vgpor de_p03|_t|on [25] can achieve
California, Berkeley, USA. highly dispersed gold particles with diameters below 5 nm.
** To whom correspondence should be addressed. However, a different preparation method is preferred for
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each reducible oxide support. Recently, Kozlov and coworklurry of the thus prepared ceria. The pH of the aqueous
ers [21,26] reported a new synthesis method, which emplaglsirry had already been adjusted to the value of 8 using
Au phosphine complexes and clusters and as-precipitai®étH4)2CO3z. The resulting precipitate was aged at room
wet metal hydroxides as precursors. The simultaneous demperature for 1 h, then filtered, washed and heat treated as
composition of Au complexes and phase change of suppaktove. Unlike the deposition—precipitation method reported
achieves more efficient Au—support interaction, and therey Tsubotaet al. [23] which uses NaOH base and excess
fore, more active and stable Au catalysts. Other methods éabout five times) HAuG), the present method can deposit
under evaluation, for instance, the method of using gold cdhke desired gold loading on ceria using the exact amount of
loids whose particle size is established before deposition BiAuCl, solution [7]. One sample containing a large load-
the supports [27] to get better gold size control. ing (8 at%) of gold in ceria was prepared by the above urea
In this paper, two commonly used preparation methodgelation/coprecipitation technique (UGC), but at lower tem-
namely: coprecipitation and deposition—precipitation, weigerature (80C).
used to prepare gold on cerium oxide. Additionally, the urea All reagents used in catalyst preparation were analyti-
gelation/precipitation method [1,28] was used to prepare ooal grade. The samples reported here are denoted\as
of the Au—ceria samples reported here. Characterization@f (z, T'), wherea is the atomic % gold loading [10&
both the ceria and gold particles is reported. The WGS redé&u/May)/(Au/May + Ce/Mce + La/M )], z is the method
tion rate over these Au—ceria samples was measured at Dd@reparation: CP, DP, or UGC, aril is the calcina-
and 175C, and correlated to the catalyst structural propetion temperature. This will be noted only if it differs from
ties. 400°C, the typical catalyst calcination temperature used for
most samples. The lanthanum doping of ceria is around
10 at%. These samples are denoted as CL. A few samples
2. Experimental were prepared with 4 at% lanthanum in ceria for compari-
son. These are denoted as CAL.
2.1. Catalyst preparation
2.2. Catalyst characterization and activity tests
In the work on Au/ceria reported by Liet al. [4—6],
a conventional coprecipitation method using ammonium car- The bulk elemental composition of each sample was de-
bonate as the precipitant was used to prepare the catalystmined by inductively coupled plasma (ICP) atomic emis-
In more recent work, Weber [7] studied various prepargion spectrometry (Perkin—Elmer, Plasma 40). The total
tion methods and conducted a full parametric study of eaghmple surface area was measured by single-point BET N
method in his effort to optimize the activity of this type ofadsorption/desorption on a Micromeritics Pulse ChemiSorb
catalyst for CO oxidation. From that work, a deposition2705.
precipitation technique was found the most promising. X-ray powder diffraction (XRD) analysis of the samples
Based on the above findings [4—7], two preparation metivas performed on a Rigaku 300 X-ray diffractometer with
ods were examined in this work. Coprecipitation (CP) inotating anode generators and a monochromatic detector.
volves mixing aqueous solutions of HAuCEerium(lll) ni-  Copper k¢ radiation was used. The crystal size of ceria
trate and lanthanum nitrate with (N}COs at 60-70°C, and gold was calculated from the peak broadening using the
keeping a constant pH value of 8 and aging the resulting pi®eherrer equation [29].
cipitate at 60—70C for 1 h. After aging, the precipitate was The catalyst morphology and elemental distribution ana-
filtered and washed with distilled water until there were nlysis was performed with a Vacuum Generators HB603 scan-
residual Ct ions as tested by AgNgxsolution. Further, the ning transmission electron microscope (STEM) equipped
precipitate was dried at 100-120, then heated to 40C with a X-ray microprobe of 0.14 nm optimum resolu-
in air at a heating rate of Z/min; calcination at 408C tion for energy dispersive X-ray spectroscopy (EDS). For
continued for 10 h. STEM analysis, the catalyst powder was dispersed on a
Alternatively, deposition—precipitation (DP) was usedopper or nickel grid coated with a carbon film and el-
[7,11]. Unlike coprecipitation, the catalyst support was aemental maps were obtained on a 128128 data ma-
ready prepared and calcined prior to its use in the D#x.
method. The doped and undoped ceria was prepared byWGS reaction tests and kinetics measurements were con-
the urea gelation/coprecipitation (UGC) method describetlicted with the catalyst in powder forre{50 xm) in the
in [1]. The cerium salt used was (MpCe(NGs)6. In brief, microreactor assemblies described in a previous paper [1].
urea (BhN-CO-NHR) was added into the aqueous nitrate sAll samples were used in the prepared form without activa-
lutions and heated to 10C under vigorous stirring and ad-tion. The total gas flow rate used in the reaction tests was
dition of deionized water. The resulting gel was kept for 8 00 cn¥/min (NTP), and the space time was 0.09 g sicm
at 100°C; the subsequent filtering, and heating steps welre the kinetic tests, the conversion of CO was kefit5%
as described above. Some samples were calcined a65Wy adjusting either the amount of the catalyst or the total gas
for 4 h. Deposition—precipitation took place by addindlow rate. Both the consumption of CO and the production
the desired amount of HAugldropwise into an aqueousof CO, were in balance and either could be used to calculate
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the reaction rate. The feed and product gas streams we o
analyzed by a HP-6890 gas chromatograph equipped witt 400 nm
thermal conductivity detector (TCD). A Carbosphere (All-
tech) packed column (6 ft 1/8 inch) was used to separate
CO and CQ.

Temperature-programmed reduction (TPR) of the at
prepared catalysts in fine powder form¥50 um) was car-
ried out in the Micromeritics Pulse ChemiSorb 2705 instru
ment. The samples were first oxidized in a 10%/He
gas mixture (50 ciimin (STP)) at 350C for 30 min. Af-
ter cooling down to 200C in the Q/He mixture, pure ni-
trogen (grade 5) was switched in and cooling continue
down to room temperature (RT). Then the sample holde
was immersed in liquid nitrogen. A 20%HN, gas mixture
(50 cré/min (STP)) was next introduced over the sampl
causing a hight desorption peak, at the end point of whic 5% AuCe(4%l.a)Ox
the liquid Np was removed and the sample temperature we D iti ivitati
raised to RT. A second big desorption peak was recorded ... vposinon-precipl ol
that time. Those two peaks appeared with all samples, even (a)
for pure ceria alone, and were identical; thus, they are &t
tributed to desorption of physically adsorbed nitrogen au=
hydrogen. From RT on, the sample was heated at a rate 1000 am
5°C/min to 900°C. The change of hydrogen concentratiol
was detected by the TCD of the instrument. A cold tra
filled with a mixture of isopropanol and liquid nitrogen was
placed in the gas line upstream of the TCD to remove tt
water vapor.

3. Resultsand discussion
3.1. Catalyst characterization

Figures 1 and 2 show STEM micrographs and elemen
maps, respectively, of CP and DP samples of 5Au-CA4L. Fi
ure 1 clearly shows a large difference in the structure of ¢
ria between the CP and DP samples. Although both poss
the fluorite oxide structure as evidenced by XRD analysi
see figure 3, the samples prepared by coprecipitation h
a needlelike and layered bulk structure while the DP sar 5% AuCe(4%La)Ox Coprecipitation
ples have a uniform spherical structure. The 4 at% La-doped ()
ceria used in the DP sample had been prepared by urea gela-
tion/precipitation, and calcined in air at 650. The Crystal Figure 1. STEM micrographs of Au—ceria samples prepared by (a) de-
habit of ceria is thus a function of the type and conditions @bsition—precipitation and (b) coprecipitation. See table 1 for sample iden-
precipitation. tification and preparation conditions.

Figure 2 shows a uniform distribution of gold on ce-
ria for the DP sample, while the CP sample contains rdic gold crystal phases, which agrees with the STEM/EDS
atively large gold particles with a lower dispersion. Thignalysis. The distinct fluorite oxide-type diffraction pattern
difference of DP over the CP method was also found f@f CeQ was observed in all samples. Lanthanum is in ox-
gold deposited on several other oxides [14]. Based dge solid solution with ceria, so there are no separate re-
the EDS analysis, metallic gold was present in both sarflections from La compounds, in agreement with previous
ples shown in figure 2 [17]. From the STEM analyses agork [1,4—6]. The addition of La inhibits the crystal growth
well as independent high resolution TEM [30], we foundf ceria made by either the CP or the UGC methods [31,32].
that the gold particles in the CP sample have an averafjee calculated average gold and ceria crystallite size are
size of 8 nm, while in the DP sample, gold particles arsted in table 1. With increasing calcination temperature,
<5 nm. the particle size of ceria and gold increased and the spe-

The XRD patterns of samples prepared by different methiic surface area decreased. Since gold was deposited on
ods are shown in figure 3. These comprise g€a@d metal- the UGC pre-calcined ceria in the DP samples, the addition
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Figure 2. STEM/EDS elemental maps of Au—ceria samples prepared by coprecipitation and deposition—precipitation. See table 1 for samptmidentificat
and preparation conditions.

of gold should have no effect on the size and structure of ageld loading, the gold diffraction peak is more pronounced,
ria. This is seen in table 1 by comparing the crystallite sizsut the width at half peak maximum (FWHM) remains un-
of ceria before and after the deposition of gold. However, fahanged. Thus, the gold particle size does not increase with
the CP samples, the incorporation of gold or copper duritngading. This indicates a strong interaction between gold
coprecipitation may suppress the growth of ceria crystallitesd ceria.
during the calcination step [30]. This is seen in table 1 by When the 4.7Au-CL (DP) sample was calcined at 860
comparing the particle size of ceria in the Au—ceria and see table 1, the gold particle size grew to 9.2 nm, which
neat ceria samples prepared by CP. This effect has also besemuch larger than that of the sample calcined at “4D0
reported for Au/FeO3 [33—-35]. Szeet al. proposed that Au (4.6 nm). Thus, there is a significant effect of calcina-
can substitute into the E®3 unit cell as ions in 3 state tion temperature on the growth of gold particles [23]. Fig-
as evidenced by XPS and Mdéssbauer spectroscopy [33]. ére 3 also shows the reflections from sample 8Au-CL(UGC),
explained by Harutat al. [35], Fe and Au can form an in- which was prepared by urea gelation/coprecipitation, as de-
termetallic bond, since Fe has a slight solubility in gold anstribed above. The peaks corresponding to Au(111) and
the Au—Fe distance is close to but lower than the sum of ti&(200) are big and sharp, with a corresponding average
metal radii of Au and Fe. gold particle size of 43 nm, table 1. The ceria particle size,
In figure 3, a small broad peak corresponding to Au(111hpwever, was very small (4.5 nm), similar to the size of neat
and a barely visible peak corresponding to Au(200) are seegria made by the same gelation method at400r his find-
in the X-ray diffraction patterns of all samples except 0.9AuRg is interesting, because it indicates an independent rate of
CL(DP), which has a very low gold loading. With increasinghe growth of the gold and ceria crystals.
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Figure 3. XRD patterns of Au—ceria samples: (a) 8Au-CL(UGC), (b) 8.3Au-CL(DP), (c) 4.7Au-CE®RY) 4.7Au-CL(DPY, (e) 4.5Au-CL(DPY,
(f) 3.8Au-CL(CP). See table 1 for sample identification and preparation conditions.

Table 1 3.2. Ho-TPR
Physical properties of ceria-based materials. (All catalysts calcined at

400°C for 10 h, unless otherwise noted. CL: Ce(10% Lg)CGC4L:

Ce(a% La)Q.) Temperature-programmed reduction bytés been used

extensively in the literature to characterize the oxygen re-

Sample BET Particle sifgnm) ducibility of doped Ce@. Yao et al. [8] reported that the
surface area Au Cep CeQ reduction peaks of the surface capping oxygen and the bulk
(m?/g) (113 (11) (220 oxygen of CeQ are centered at 500 and 80D, respec-
8.3Au-CL(DPJ 936 45 71 6o tively. Itis well known that the TPR profile of ceria as well
4.7Au-CL(DPP-€ - 9.2 71 69 as that of other solid materials is determined by four main
4.7Au-CL(DPY 827 4.6 71 69 factors, namely, the thermodynamics and kinetics of reduc-
716l 6.8 73 72 tion, the textural changes of the material and oxygen diffu-
g.gﬁﬂcét&(tl))gg 22 ] 4.6 ?1 22 sion in the lattice structure [36]. For low specific surface area
4.5Au-CL(DP} 1558 50 £o 49 CEria, Johnson and Mooi [37] developed'a simple model,
12849 6.2 53 49 Which stated that hydrogen consumption is only related to
3.8Au-CL(CP) 718 6.7 58 53 the specific surface area of ceria. However, this model is re-
613" 7.2 7 64  stricted to a narrow surface area range. Chiang. [38]
3.9AuCAL(CP) - 7.9 1 70 reported that high surface area nanocrystalline ceria has a
5Cu-CL(UGCY: 891 - 52 49 Jower reduction enthalpy than that measured for the bulk
5Cu-CL(UGC}' 1871 - 40 35 . . .
8AU-CL(UGC) 1581 49.1, 36.6 45 45 material. T_rovarelll a_nd his coworkers [9,39] have re_ported
CL(CPP 722 _ 74 -0 that reduction of ceria strongly depends on the ceria crys-
cL(CPp 480 - 116 99 tallite size. The reduction behavior of ceria can be dramati-
CL(UGCy 1616 - 51 48 cally changed by the addition of a small amount of Pt met-
cLuGey 03 - 71 69  als [8,9,40] or base metals [1,4,31,32]. The first peak corre-
CAL(UGCP 691 - 81 85 sponding to the reduction of surface oxygen can be shifted
CLueC 419 — 1 108 to much lower temperatures, although the reduction of bulk
aCL calcined at 400C in air. oxygen still remains near 80C. Jenet al. [40] showed that
2CL or C4L calcined at 650C in air. the 500°C-peak was shifted to below 160 by the addition
d‘éata_'VS‘ calcined at 651 in air. of PdO. The hydrogen consumption is partially due to the
alcined at 800C in air. . . . .
€ Determined by XRD, using the Scherrer equation. reduc'qon of metal oxide and p_arually due to the redu_ct_lpn
f Used in 7% CO-38% pD—-11% CG—40% H—He for 120 h. of ceria [9,40,41]. In turn, ceria enhances the reducibility
9Used in 2% CO—-10% pD-He for 70 h. of supported metal oxides [1,4,32]. While bulk CuO is re-
"No copper compounds detected by XRD. duced at 200-30%C, the reduction peaks of ceria-supported

' Au(200. copper oxide are all below 18C [1,31,42].
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Figure 4. b-TPR profiles of ceria-based samples. (A) (a) CL(CP) calcined at@9() CL(UGC) calcined at 400C; (c) CL(UGC) calcined at 650C.
(B) () 4.7Au-CL(DP%; (b) 4.5Au-CL(DP¥; (c) 3.8Au-CL(CP); (d) 5Cu-CL(UGC) (e) 8Au-CL(UGC). 20% H/N>, 50 ci/min (NTP), 5°C/min. See
table 1 for sample identification and preparation conditions.

Table 2

.EZ_TPR has aISfO b(?gn used to identify pOtentclia"y high ducibility of ceria-based materials. (Measured By THPR; 20% H/N,
oxidation states of gold on supports. Kang and Wan [4 s mixture (50 cimin (NTP)), 5°C/min. All catalysts are as prepared

reported that Au/Y-zeolite possessed two reduction peaksind calcined at 400C, unless otherwise noted; CL: Ce(10% La)P
(at 125 and 528C) and one shoulder peak (at 149D).
They attributed the first peak to oxygen adsorbed on st
face metallic gold and the second to reduction of Au(lll)

located in sodalite cages. For supported Ag@y sam-

H consumption gmol/g-cat) x in CeO¢
Peak1 Peak?2 Peak 3 Peak1l Peak 2 Peak 3
(T,°C) (1,°C) (T,°C)

ples made by deposition—precipitation [44], three reducti@PAu-CL(DPP 165 (69) 329 (109) 197 1.9
peaks (af; = —90, 30, and 726C) were found by -TPR 4 7Au-CL(DPP 213 (51) 198 (68) 196 1.92
4.7Au-CL(DPP© 132 (84) 289 (107) 197 191

and, respectively, assigned to reductions of@UAUSCI,
. ! .3Au-CL(DP 4 1. 1.91
and Al ions. Neriet al. [45] reported two separated peaksigAﬂ_gLEDP; 522 ((52)) igg gg)) % 19

1.89 1.85
(125 and 178C) for “as-prepared” Au/FgD3 without cal- 38au-cL(CP) 803 (96) 1.84
cination. However, after oxidation at 30G, only one peak 0.9Au-CL(CP) 672 (160) 1.87
(165°C) was observed. It was surmised that the first pe&Ru-CL(UGC) 903 (110) 1.81

belongs to the reduction of Au oxide or hydroxide, whicRCU-CLUUGCH 275 (126) 282 (132) 175(145) 195 1.89 1.86
decomposes in calcination above 3aD[13,14]. 5CU-CL(UGCS 633 (150) 396 (224) 39 (246) 1.88 1.80 1.79

) . ! CL(CP 431 (310) 455 (497 192 1.83

In this work, TPR was carried out with several CL(UGQ:LEUG)::)a (310) 706 (287)) 187

or CP) and Au-CL(DP or CP) catalysts. A copper—cerig_(uccy 425 (437) 1.92
sample, 5Cu-CL(UGC), was also included in this study fareo,(CPP 782 (405) 1.87

comparison. Figure 4 shows the hydrt_)gen consumption RY calcined at 400G in air.

some of these materials. The reduction peak temperatdfg .,icined at 650C in air

and corresponding hydrogen consumption are listed in ¥&sample calcined at 65 in air.

ble 2. The key finding from this analysis is that the surfackr is calculated after subtracting the oxygen from CuO reduction to Cu.

oxygen of ceria is substantially weakened by the presence

of gold nanoparticles, its reduction temperature shifting dgut a much smaller peak area, attributed to the lower sur-

several hundred degrees to P@or lower. Exactly how face area of this sample. CL(CP) calcined at 20Ghows

much weaker this oxygen becomes depends strongly on ti® reduction peaks for surface oxygen, one at31@nd a

preparation method, metal loading, and calcination tempeecond at 497C. The latter is at the same position as for CL

ature. made by UGC. The first peak maybe due to the interaction of
The onset of oxygen reduction changes with the tyganthana with ceria as reported by Grogpal. [46] for the

of support, as shown in figure 4(A). CL(UGC) calcined daernary CeQ/LaO,/Al,03 material. This is also supported

400°C, began to reduce at 35Q with a peak at 487C, by the absence of a first reduction peak at 3Lon the TPR

which is assigned to the surface capping oxygen of 80D profile of undoped ceria (CP), table 2. The total hydrogen

CL(UGC) calcined at 650C has the same reduction profileconsumption is larger for the CP sample than for CL made
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Figure 6. Water—gas-shift reactivity of several ceria-based catalysts.

Figure 5. H-TPR profiles of Au-ceria catalysts prepared by depositionQ-09 gs/cn (NTP), 2% CO-10.7% bWO-He; (a) equilibrium line at this

precipitation:  (a) 8.3Au-CL(DP®} (b) 4.5Au-CL(DPY; (c) 0.9Au- condition, (b) 4.5Au-CL(DP), (c) 3.8Au-CL(CP), (d) 4.7Au-CL(DP)

CL(Dp)b; 20% Hy/No, 50 cs/min (NTP), 5°C/min. See table 1 for sam- (e) 5Cu-CL(UGCS, (f) CL(UGC)b. See table 1 for sample identification
ple identification and preparation conditions. and preparation conditions.

by UGC, which might due to the different structures formelle better followed by a pulse titration technique [40]. Ac-
during preparation by the CP and UGC techniques. cordingly, addition of gold was found to increase dramati-
Regardless of the type of ceria or addition of metal, a pegRlly the oxygen storage capacity of ceria, especially at tem-
at 700°C corresponding to reduction of bulk oxygen operatures below 350 [30].
Ce(Q, remains unchanged for all samples. This is similar to
the case of Pt metals supported on ceria [9,40] or on cerid3. Activity studies
zirconia oxide solid solutions [40]. Other transition metals
and metal oxides on ceria have a similar effect [1,4—7,31,42]. Figure 6 shows CO conversions over ceria, Cu-CL, and
In previous work, we found a clear reducibility enhanceAu-CL samples at contact time 0.09 gs/ml, and a feed gas
ment of ceria by copper in the Cu/ceria system [1,4,31,42} 2% CO-10% HO-He. Kinetics data at two temperatures,
Presently, from the TPR data of figure 4(B) and table 2, #00 and 175C, are shown in table 3. No activation was nec-
is observed that the effect of gold on ceria reducibility isssary for these catalysts. As shown by the shift of the reac-
stronger than that of CuO. The reducibility is expressed Hltipn light-off temperature to lower values, both copper and
the value ofx in CeQ, in table 2. This is calculated from gold-containing cerium oxide are superior WGS catalysts
the hydrogen consumption. For the Cu-containing samplesmpared to CL. Notably, higher than 80% CO conversion
a complete reduction of CuO is assumed before calculatas measured at 35C over the metal oxide-containing ce-
ing thex value. The peaks corresponding to the reductiora, while the corresponding CO conversion over CL was less
of surface capping oxygen of ceria in the Au—ceria santhan 5% at this temperature.
ples became much sharper and shifted to lower temperatureskFigure 7 shows the CO conversion profiles with temper-
The DP sample started to reduce around room temperatatere over samples containing different gold loading (pre-
with a peak at 59C. Reduction on the CP sample began gtared by DP) and the 8Au-CL(UGC) sample. For the DP
70°C with a peak at 96C. The peak areas were similar tosamples, this figure and table 1 show that with a similar
the peak area of the corresponding Au-free ceria sample,gadd particle size, the conversion increases with gold load-
seen in table 2. This suggests that most gold is in metallitg. The ceria patrticle size in the DP samples is also the
state. same, 7 nm. It is interesting to explain the improved con-
Figure 5 clearly shows that gold facilitates the reductioversion over the 8Au-CL(UGC) sample, which has the same
of ceria surface oxygen species. Increasing gold loadidg loading as one of the DP samples. The conversion over
in the DP samples, weakens this oxygen further. For ithis sample is higher, despite the much larger size (42 nm)
stance, the 8.3Au-CL(DP) sample has two reduction peab&its gold particles. What is different in this sample is the
with peak temperature at 40 and 83, while 0.9Au-CL(DP) small particle size (4.5 nm) of ceria. Thus, a key parameter
has two reduction peaks with peak temperatures at 69 dod WGS activity is the ceria particle size. However, in the
109°C. All these samples have similar total peak areas, absence of gold, the same size ceria material, figure 7, is not
shown in figure 5 and table 2. Thus, the addition of goldctive at low temperatures.
does not increase the hydrogen consumption. However, itBollinger and Vannice [47] reported that a Hi@overed
drastically increases the oxygen reducibility. Since the TP&Ru powder, which contained large Au (10m) and small
technique is not as sensitive to surface oxygen titration, th@, crystallites, showed high activity for CO oxidation.
effect of gold loading on the surface oxygen reducibility caAu/TiO> made by impregnation with-25 nm gold parti-



94 Q. Fuet al. / Nanostructured Au—CeO, catalysts

Table 3
WGS reaction rates over various catalysts. (All catalysts are as prepared and calcinetiGituless otherwise noted;
CL: Ce(10% La)Q.)

Sample Reaction conditions Rate10’ Ratex 10° Ref.
(mol/g-cat s) (mol/(m-caf)s)

CU/ZNO/ALOZ2 100°C, 1% CO—2% HO 12 - [17]
5% AU/TiOzb 100°C, 1% CO-2% HO 14 2.8 [17]
3.8Au-CL(CP) 100C, 1% CO-2% HO 4 56 This work
4.5Au-CL(DP¥ 100°C, 1% CO-2% HO 29 19 This work
Rh/CeQd 175°C, 2.5% CO-2% HO 0.2 23 2]
5Cu-CL(UGCF 175°C, 1% CO—-2% HO 15 17 1]
3.8Au-CL(CP) 175C, 1% CO-2% HO 22 31 This work
4.5Au-CL(DP¥ 175°C, 1% CO-2% HO 34 22 This work
4.7Au-CL(DPJ 175°C, 1% CO-2% HO 14 17 This work

a[17] commercial catalyst provided by Catalysts and Chemicals Inc., Far East (Japan).
b [17] Au/TiO2, prepared by deposition—precipitation, calcined at4D0

CCL calcined at 400C in air.

d [2] prepared by vapor deposition, calcined at 2&7

€ Catalyst calcined at 65 in air.

f CL calcined at 650C in air.

During a 120 h-long stability test, the 4.7Au-CL(DP) cat-
—a alyst activity remained the same, in a reformate-type gas
mixture containing 7% CO-38%40-11% CQ—40% H—

. Bl bal. He at 300C. No significant changes were observed in

8 i the conversion of CO in this test period. Catalyst charac-
) d terization after this test, found that the ceria particle size in-
8 B creased only slightly, while the gold particle size grew to
P —f 4 6.7 nm, as shown in figure 3 and table 1.

On the basis of all the above findings, we conclude that
the Au particle size is not the most important factor for the
WGS reaction, because the oxygen for the WGS reaction
— T is supplied by ceria. The particle size of the latter is very
100 200 300 400 500 important, however, for oxygen transfer [38]. The presence
of gold is important because CO adsorption takes place on
gold. It is known that on hydroxylated ceria, CO adsorp-
Figure 7. Effect of gold loading and ceria particle size on WGS convetion is completely hindered [48]. Thus, a cooperative redox
sion; 0.09 gs/crh (NTP), 2% CO-10.7% HO-He: (a) equilibrium line, mechanism for the WGS reaction on Au—ceria is plausible,
(b) BAU-CL(UGC), (c) 8.3Au-CL(DP), (d) 4.7Au-CL(DPY, (¢) 0.9AU-  gimilar to what we have found for Cu—ceria [11] and sim-
CL(DPY, (f) CL(UGC)°. See table 1 for sample identification and prepa: .

ration conditions. ilar to what has been reported for the Pt metals/ceria [2].
Detailed kinetic and mechanistic studies to test this are cur-

cle size, produced comparable activity as Au/Ji®Bade by rently underway.

coprecipitation [22,47]. They suggested that the interfacial

effect to get more active sites created by metal-support in-

teraction is more important than the electronic effect by d

creasing gold particle size. Schubetral. [20] hypothesized

that the TOF of CO oxidation is independent of the size of o o

gold particle supported on reducible oxides, since the reac- 1 "€ structure, reducibility, and WGS reactivity of gold-

tive oxygen is provided by the support. On the other hangeria materials made by deposition—precipitation, coprecip-

dissociative oxygen adsorption on Au particles supported #ation or gelation methods were examined in this work.

inert oxide is controlled by the gold particle size. Nanosized ceria and gold particles co-exist in the Au—ceria
Compared with other supported gold catalysts for whicPmposites. The addition of gold significantly increases the

WGS reaction rates have been measured, as shown inrggucibility of the ceria surface oxygen. The amount of sur-

ble 3, Au—ceria is comparable to Cu—ceria [11] and bettéce oxygen available for reduction is controlled by the crys-

than Au/TiQ; [17]. The WGS rate of Au—ceria prepared bytal size of ceria.

CP is twice as high as the rate over Au/3iQ@Vhile both of Au—ceriais a very active and stable catalyst for the water—

these supports are reducible, the storage capacity of cerigés shift reaction. Its catalytic activity correlates well with

much higher than that of Ti© its reducibility.

Temperature, °C

% Conclusions
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