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Abstract

The effects of Ce incorporation into ZpOon the catalytic performance of Cu/ZgClor the hydrogenation of CO were investigated.
A Cep 3Zrg. 702 solid solution was synthesized by forced hydrolysis at low pH. After calcination at 873 K, X-ray diffraction and Raman spec-
troscopy characterization indicated that they G2&rg 70, had ar” crystal structure. It was found that 1.2 wt% CugGE&rg 70, exhibited H
consumption peaks at low temperatuzel3 K) during H-TPR, indicating that a significant fraction-70%) of Cé™ is reduced to C&. The
1.2 wt% Cu/Ce.3Zrg.702 is 2.7 times more active for methanol synthesis than 1.2 wt%mrO, at 3.0 MPa at temperatures between 473
and 523 K and exhibits a higher selectivity to methanol. In situ infrared spectroscopy shows that, analogomsZo35uthe primary surface
species on Cu/Ges3Zrg 702 during CO hydrogenation are formate and methoxide species. A shift in the band position of the bridged methoxide
species indicated that some of these groups were bonded to ¥otra#id CE+ cations. For both catalysts, the rate-limiting step for methanol
synthesis is the reductive elimination of methoxide species. The higher rate of methanol synthesis gnZg/4® relative to Cuh-ZrOo
was due primarily to a-2.4 times higher apparent rate constagpp, for methoxide hydrogenation, which is attributed to the higher surface
concentration of H atoms on the former catalyst. The increased capacity of the Ce-containing catalyst is attributed to interactions of H atoms witt
Ce-0 pairs present at the surface of the oxide phase.
0 2005 Elsevier Inc. All rights reserved.

Keywords: Methanol synthesis; Cu; Zi) CO hydrogenation; Ce

1. Introduction ZrOy (m-ZrO2, monoclinic zirconia) was shown to be nearly
an order of magnitude more active for methanol synthesis than
Several studies have indicated that support composition atZu/t-ZrO, (z-ZrOs, tetragonal zirconia) for equivalent zirconia
fects the activity of Cu-based catalysts for CO hydrogenatiorsurface areas and surface concentrations of dispersed Cu. This
to methanol[1-6]. Zirconia has proven a particularly promis- difference is attributed primarily to the presence of oxygen va-
ing support for such applications, because CufZoatalysts  cancies on the surface af-ZrO,, which facilitate the reaction
can be operated with or without the presence 0L¢B-11]  of CO with neighboring hydroxyl groups to generate formate
Mechanistic studies have shown that for such catalysts, C@pecies and provide additional sites for hydrogen activation and
adsorbs preferentially on the surface of zirconia to form for-storage. These properties result in higher CO adsorption ca-
mate species, which then undergo hydrogenation to produggacities and higher rates of reductive elimination of methoxide
methanol. The hydrogen atoms required for this process argpecies on Cui-ZrO, relative to Cuf-ZrO,. Because the avail-
produced by dissociative adsorption of bh the surface of the  apility of atomic H on the surface of zirconia is essential for
dispersed Cu and then spill over onto the zirconia surface. Rghe hydrogenation of adsorbed CO, a motivation exists for ex-
cent work by Bell et alf12,13]has demonstrated that the phasep|oring ways to increase the hydrogen adsorption capacity of
of zirconia can also influence catalyst activity. Thus #2u/  zjrconia.
CeQ has been used in automotive three-way catalysts to
" Corresponding author. serve as an oxygen-buffering component during rich/lean oscil-
E-mail address: bell@cchem.berkeley.edi. T. Bell). lations of exhaust gas¢$4—18] The ability of CeQ to either
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donate its oxygen or adsorb and store oxygen derived frorwas maintained at 573 K for 1 h before switching to a flow of
molecular sources stems from the facile, reversible redox cycl&00% H for an additional 1 h.

Ce = Ce*. Reduction of Ce@to CeG_, stoichiometries

results in the generation of oxygen vacancies throughout the ox- o

ide lattice. Incorporation of 2t into the CeQ lattice enhances 22 Catalyst characterization

reducibility and increases the oxygen-storage capacity of the

solid squF|0n[_14,15,17,19.]Spectroscop|c SFUd'eS suggest_that The crystallographic phase of each material was determined
the coordination number of the smaller Zr ion decreases in th

mixed oxide, increasing oxygen mobility and the creation ofo both XRD and Raman spectroscopy. XRD patterns were ob-
vacancie:{ZOi 9 0Xyg y tained with a Siemens D5000 diffractometer, using Guridi-

The present study was undertaken to examine the inﬂu@tlon and a graphite monochrometer. Scans were made i the 2

ence of Ce incorporation into ZgOon the catalytic activ- range c?f 10to 12.0> with a step size of 0. n_dat|m¢step of

ity of Cu/Ce Zr1_, O, for methanol synthesis from CO#H 11 s. Rietveld refinement was performed using EXPGUI GSAS
—X .

7r0, and Ce Zro 7Oz were prepared by forced hydrolysis software[21]. Raman spectra were recorded with a HoloLab

at low pH and Cu was dispersed on the surface of thesg000 Raman spectrometer (Kaiser Optical) at room tempera-

materials by deposition precipitation. Catalysts were charlUré at a resolution of 2 cmt. The stimulating light source

acterized by X-ray diffraction (XRD), Raman spectroscopy,Vas & Nd:YAG laser, the output of which was frequency dou-

and temperature-programmed reduction (TPR) jnahd cat-  bled to 532 nm. Laser power at the sample was approximately

alyst H, and CO adsorption capacities were measured by0 MW.

temperature-programmed desorption (TPD). Steady-state cat- The BET surface area of each Zr@upport was determined

alytic performance measurements were supplemented with dysing an Autosorb 1 (Quantachrome Instruments) gas adsorp-

namic surface studies using in situ infrared spectroscopy.  tion system with nitrogen adsorption/desorption isotherms. Be-
fore each analysis, samples were dried at 393 K under vacuum

2. Experimental for >2 h. BET surface areas were calculated using a five-
point isotherm. After calcination, the surface areas of Za@d
2.1. Catalyst preparation Cey 3Zro.70, were 143 and 120 fig, respectively.

The concentration of exchangeable hydrogen on each sam-
ZrO, was prepared by boiling a 0.5-M solution of zirconyl ple was quantified using H/D exchange. Fully reduced samples
chloride (ZrOC}-8H,0, 99.99%, Aldrich) under reflux for were purged with He at 298 K for 30 min, followed by temper-
240 h. The final solution had a pH 1. NH;OH was added ature ramping at 20 Kkmin from 298 to 623 K in 40 ciymin
dropwise to agglomerate the resulting fine particles, to faciliof D,. Both HD and H evolution were monitored using a mass
tate their filtration. The recovered precipitate was washed angpectrometer (Minilab, Spectra Products), but only HD genera-
redispersed in deionized water several times to remove resigipn was observed. For each sample, exchange was complete by
ual chlorine. AgNQ was used to test the filtrate for any re- _go3 k.
maining Cl anions. The material was then dried in air at 383 H,-TPR studies were conducted using 0.15 g of a calcined
K overnight before calcination. ©@Zro.70> was prepared by - sample purged with He at 298 K for 30 min. The flow was
boiling a 0.5-M solution (total metals basis) of zirconyl ni- ¢\ i~hed to 29 H/He at a flow rate of 60 cAymin and then
trate [ZIO(NQ); - 6H20, 99.99%, Aldric_h] and cerium(Ill) ni- ramped from 298 to 673 K while monitoringsHtonsumption
tzrzgeh[C%(]N(%)s ~|6H2|O: 9959%9%' Iﬁlin?\lhlL Lg]Hder reflu; df(()jr using a mass spectrometer. Cu surface areas were quantified
i e final solution had a p N vyas adde .. using NpO titrations followed by H-TPR [22]. A value of
dropwise to agglomerate the resulting fine particles to facili- 46 x 10° Cu atomgm? and a stoichiometry of 2 CufHwas
tate their filtration. The precipitated material was washed anésed[23] y

then dried overnight before calcination. Each sample was ca Ad i ities f d CO and determined
cined in dry air flowing at 100 cAYmin. The temperature was sorption capacities for kian and were determine
using TPD. In the case of Hhe sample was calcined and re-

ramped from room temperature at a rate of 21n to the fi- )
duced at 573 K. The sample was then cooled nt41298 K

nal temperature, which was maintained for 3 h. The Za@d - : )
Cep 32r0.702 samples were calcined at 738 and 873 K, respecand purged in He. Desorption was conducted by ramping the

tively. Then 1.2 wit% Cu/Zr@ catalysts were prepared with S@mple temperature at 2(/Kin from 298 to 773 K in flowing
each calcined support by deposition precipitation as described® While monitoring the desorbing gas using a mass spectrom-
previously[12]. eter. To determine the CO adsorption capacity, the sample was

Before testing or characterization, each catalyst sample weglcined and reduced, then cooled to 523 K and flushed with
calcined in a 10% @He mixture flowing at 60 ciymin.  He for 30 min. Then 4.0% CO/He was flowed over the cata-
The sample was heated from room temperature to 573 K dyst at a flow rate of 60 cymin for 20 min. The sample was
0.5 K/min and maintained at 573 K for 2 h. The sample wasthen cooled to 298 K in 4.0% CO/He before being purged with
then cooled to 323 K, swept with He, and reduced in a 10%e to remove any weakly adsorbed species. Desorption of ad-
H,/He mixture at a flow rate of 60 cfyimin while increasing sorbed CO was carried out in a manner identical to that used for
the temperature by 2 Knin up to 573 K. The 10% pHe flow  adsorbed Hl.
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2.3. Catalyst testing
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monoclinic ZrQ was confirmed by Rietveld refinement in the
monoclinic symmetry,P21/c (Figs. Id and e). The XRD pat-

Activity and selectivity measurements for CO hydrogenationtern for Ce 3Zrg 702 exhibited a primary diffraction peak cen-
were carried out in a continuous-flow, fixed-bed reactor as detered at 2 ~ 30°, characteristic of both the tetragonal and cubic

scribed previously12]. Reactions were carried out with 0.15 g

phases of Zr@ (¢-ZrO, and c-ZrOy, respectively) Fig. 1a).

of catalyst at a pressure of 3.0 MPa. Total reactant gas flow wabhe position of the main peak, §Zro 70-, occurred at 295

60 cn?/min, with a H/CO ratio of 31. Product gas mixtures

as opposed to 3¢ 2for ¢-ZrO, and c-ZrO,, consistent with

were analyzed after 2 h on stream at a given temperature. Temn increase in the lattice cell parameter with the substitution
perature was then ramped to the successive temperature at a retezr*+ (radius 0.86 A) by C&" cations (radius 0.97 A). The
of 2 K/min. Conversion and selectivity were referenced to COsymmetry of the diffraction peaks and the absence of features

the limiting reactant.

2.4. Infrared spectroscopy studies

associated with Cefdsuggest the formation of a C&r1_, Oz
solid solution[25,26] The thermodynamically stable phase of
Ce, Zr1_, 0> solutions is monoclinic for Zr-rich compositions
(<10 at% Ce) and cubic for Ce-rich compositions80 at%

In situ transmission infrared spectroscopy experiments werge)[27,28] Intermediate compositions are reported to exhibit

conducted using a low-dead volume infrared cell with £aF

a number of stable and metastable phases of tetragonal sym-

windows[24]. Infrared spectra were recorded with Magna 750metry [29-31] The phase of GesZrg7O» was analyzed by

Series Il IR spectrometer (Nicolet) at a resolution of 2¢trin

Rietveld refinement of the measured diffraction pattern. Re-

an effort to remove any residual surface species before testingnement was performed in both cubiEni3m, a = 5.20 A)

each sample was calcined in a 10%/l@e mixture flowing at

and tetragonal®4s/nmc, a = 3.68,¢ = 5.19, as/c = 1.00(3),

60 cn¥/min. Th_e sample_was_ heated from room temperature thhereaf — a+/2) symmetries Kigs. I and c, respectively).
523 K at 2 k/min and maintained at 523 K for 8 h. The §amp|ta()The broadness of the diffraction peaks made it impossible to
was then cooled to 323 K, swept with He, and reduced in @ 10%enify the displacement of oxygen ions from their ideal flu-

Ha/He mixture at a flow rate of 60 clyimin while increasing
the temperature at the rate of 2/#iin up to 523 K. The flow
of 10% Hy/He was maintained at 523 K for 1 h before switch-
ing to a flow of 100% H for an additional 1-3 h. The sample
was then flushed with He for 1 h before sample testing.

3. Resultsand discussion
3.1. Material characterization of ZrO, supports
XRD patterns of the Zr@ and Ce 3Zrp.702 are shown in

Fig. 1L The diffraction pattern for Zr@exhibited peaks charac-
teristic of monoclinic ZrQ (m-ZrOy). The occurrence of pure
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Fig. 1. XRD patterns for Zr@ and Ce 3Zrg 70,. (a) Observed profile for

Cep.32rg.702, (b) and (c) difference between observed and calculated profiles

in cubic symmetryFm3m space group, and tetragonal symmetPy,/nmc
space group, respectively; (d) observed profile for Zr&hd (e) difference be-
tween observed and calculated profiles in monoclinic symmegy/c space
group).

orite positions by Rietveld refinement; hence a more definitive
assessment of the crystalline structure of &g 702 was at-
tempted using Raman spectrosc§pg].

The Raman spectra of Zgand Ce 3Zrp. 70, are presented
in Fig. 2 ZrO, exhibited peaks at 182, 333, 377, 475, 559,
and 623 cm?, characteristic ofn-ZrO; [33-35] Thus both
XRD and Raman spectroscopy confirmed that the xZs@m-
ple wasm-ZrO;. The Ce 3Zrp.702 sample exhibited a prin-
ciple peak at 474 cm' and two smaller peaks at 316 and
621 cnTl. The peak at 474 cmit was characteristic of a cu-
bic fluorite structurg¢36,37} however, the presence of peaks at
316 and 621 cm! and the absence of the characteristic tetrag-
onal peak at-275 cnt ! indicated that CgsZrg 70» was in the
" phas€[29]. This phase is intermediate between the tetrago-

.
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Fig. 2. Raman spectra for Zgand Ce 3Zrg 70, at room temperature.
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Table 1
Cu surface area and exchangeable H for 1.2 wt%n<ZvO, and 1.2 wt%
Cu/Ce) 3Zrg.702 |

Sample Cu surface areaCu dispersion Exchangeable - ]
(m?/g) (%) H (umol/m?) 5
1.2 wt% Cuf-ZrO, 0.87 111 109 g ]
1.2 wt% Cu/Ce 3Zrg 70, 0.73 93 7.8 E=J 1.2 wt% Cu/Ce_.Zr O
g | 03707 "2
=]

nal and cubic phases, in which the oxygen atoms are displace@ _
from the positions of these atoms in an ideal fluorite structure,
Whereas the” phase is commonly reported to exist at Ce com-

positions between 65 and 80 af2®], others have reported the -
. . . - 1.2 wt% Cu/m-ZrO
generation of this phase at lower Ce content for small particles ] A’wv“z—‘

[38,39]

. o 350 400 450 500 550 600
3.2. Material characterization of Cu/m-ZrO, and
Cult"-Cey3Zro 70z Temperature (K)

. . Fig. 4. Ho-TPR spectra for 1.2 wt% Cu/-ZrO2 and 1.2 wt% Cu/Cg3Zrg.705.
A loading of 1.2 wt% Cu was deposited onto Zr@nd  eating rate= 20 K/min; 2% Hy/He flow rate= 60 cn/min.

Cey.3Zr0.702. The Cu surface area and associated dispersion for

each sample are given Table 1 The Cu particles dispersed on were very similar to those for 1.2 W% Gu/ZrO, (3668

m-ZrO7 had a slightly higher overall Cu surface area, but eachomd 3729 cm?). Analogous to 1.2 Wt% Cui-ZrOp, 1.2 wt%
catalyst had a very similar Cu surface area to support surfacé '

for each sample, quantified by H/D exchange, is also listed ir\}vere similar to those reported previously for OH bands on
Table 1 In situ infrared studies have shown that this quantityt_Zroz and m-2r0, [39-41] Although the exact positions of

indicates the concentration of hydroxyl groups on the cata- .
lyst surface[40.41] The surface concentration of OH groups such bands can depend on the degree of surface hydroxylation,

was ~40% higher on 1.2 wt% Cui-ZrO, than on 1.2 wi% the higher-frequency band is commonly aSS|gngd to terminal
, . hydroxyl groups, and the lower-frequency band is commonly

Cu/Ce 3Zr0.70,. The infrared spectra of the O—H stretching ianed to either bi- or tri-bridai 121 R tth

region after calcination and reduction for 1.2 wt% @eZrO,  oo>'dnea o elther bi-oriri-braging grouj#d, 42} Recent the-

and 1.2 wt% Cu/CgsZrp 70, are shown irFig. 3. The spec- oretical studies of the surfaces of both Zrolymorphs also
tra were referenced to the empty cell in He. Each sample e ead to the conclusion that a combination of terminal and both

hibited two types of isolated hydroxyl groups 3600 cnt?). >{)i' and tri-bridged OH groups should be presg-46}

Despite a pseudo-tetragonal/cubic crystal structure, the peak The H-TPR profiles for the catalysts are shownfig. 4.

positions of 1.2 wt% Cu/GgsZro 70, (3670 and 3731 cmh) The _1.2 wt% Cuh-ZrO; _exhibited one principle peal_< with a
maximum at 473 K, attributed to the reduction of highly dis-

persed CuO or CiT ions in an octahedral environmga®,43]
The amount of H consumed was slightly greater than the
1.2 wt% Cu/Ce, Zr, O, value corresponding to the complete reduction of CuO species
(H2/CuO~ 1.1). The 1.2 wt% Cu/’-Cey 3Zrg.702 exhibited
significantly greater bl consumption, due to the reduction of
Cée*t to Ce. If the Hp/CuO ratio is assumed to bel, then
the additional H consumption corresponds to a reduction of
~70% of the Ce atoms in the support. Reduction occurs with
two primary peaks at 403 and 443 K. The presence of ei-
ther noble or base metals facilitates reduction of Ce because
of spillover of H atoms from the metal surfap#4—46] Sim-
ilar reduction peaks have been reported duringTi®R with
CuO/Ce.44Zr0.5602 [47].
Table 2lists the B and CO adsorption capacities of 1.2 wt%
4000 3800 3600 3400 3200 3000 Cuim-ZrOz and 1.2 wt% Cu/’-Cep 3Zro 70, determined from
. TPD spectra. The amount ofHadsorbed per unit area was
Wavenumer (cm’) 3.3 times higher for 1.2 wit% Cuf/-Cey3Zrg70> than for
Fig. 3. Infrared spectra of the hydroxyl group stretching region taken forl-2 Wt% Cuf-ZrO,. Although the total amount of CO ad-
1.2 wt% Cu/ZrQ and 1.2 wt% Cu/Cg3Zrg 70, following calcination and re-  Sorbed was significantly higher than the amount gBldsorbed
duction. Spectra referenced to empty cell in He. on both catalysts, the ratio of CO adsorbed on 1.2 wt%'Cu/

1.2 wt% Cu/m—ZrO2

Absorbance (a.u.)
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Table 2
Effect of Ce incorporation on the adsorption capacity and binding strength of CO at 523 K
Sample CO desorbed Peak maxT CO;, desorbed Peak maxr Total CO; desorbed H> desorbed
(Hmol/m?) (K) (mol/m?2) (K) (Hmol/m?) (umol/m?)
1.2 wt% Cuf-ZrO, 0.51 620 077 590, 675 r8 026
1.2 Wt% Cu/Cg 3Zrp 702 0.94 575, 615 @0 635 154 087
100
N / * :EO\ o 12W%CuCe, 7r, O,
®. \.
304 1.2 wt% Cw/Ce, Zr, O, o T ~—
- 3 . ° 4 ~ .
s '\ \.
o} i
S 2 /‘ S 12 W% CumZ0, e
os) < 4
[5) 2.0 . g \‘
F / 1.2 wt% Cwm-Zr0, . g
E 154 o - 3 94+
S 101 —
/
_—* 92
05 ¢
0.0 T T T T T 90 T T T T T T T T T T
470 480 490 500 510 520 470 480 490 500 510 520
Temperature (K) Temperature (K)

(a) (b)

Fig. 5. Effect of temperature on the selective conversion (a) and overall selectivity (b) of CO to methanol during CO hydrogenation: catalydsngass, 0
p =3.0 MPa; H,/CO = 3; total flow rate, 60 criymin.

Cey.3Zrp.702 relative to that on 1.2 wt% Cul-ZrO, was only  frared spectroscopyFig. 6 shows spectra obtained during

a factor of 1.2. Thus it is apparent that the dominant effect ofCO adsorption on 1.2 wt% CutZrO, at 523 K. The cat-
incorporating Ce into the zirconia lattice is to increase the H alyst was exposed to a flow of 15% CO/He at a total pres-
adsorption capacity of the oxide. Although the physical reasosure of 0.50 MPa. The bands observed at 1563, 1386, and
for this effect is not known, we propose that it may be due t01366 cnt can be attributed to the,(OCO), §(CH), and

the increased ability of Ce—O bonds in the oxide to stabilize Hs(OCO) modes of b-HCOO-Zr, respectivgR;5,50-56] Ac-

atoms as B~ and H* specieg48,49] companying features for b-HCOO-Zr in the CH stretching
region occurred at 2969, 2883 ¢ and 2748 cm?, charac-

3.3. Catalytic performance of Cu/m-ZrO, and teristic of [va(OCO)+ §(CH)] [49,50,53] v(CH) [2,5,46-51]

Cu/t”-Cep3Zro702 and [ps(OCO)+ §(CH)] [54,57] respectively. C-H stretching

features attributed to G#0—Zr (2934 and 2830 crii) [4,37,

The effects of reaction temperature on the activity ands0,51,53,55,58,59%ppeared almost immediately, even in the
selectivity of the 1.2 wt% Cut-ZrO, and 1.2 wt% Cu/’-  absence of gas phase.H hese features continued to increase
Cep3Zrp.702 catalysts are shown ifrig. 5 Conversion to for the duration of the CO adsorption experimertl(h). At
methanol increased over the temperature range 473-523 K atite same time, bands at 1039 and 1142 trappeared and
was accompanied by a decrease in selectivity. The only majdncreased in intensity at a rate similar to that for the bands
byproduct observed was methane. These conversion levels weae 2934 and 2830 crit. These peaks were assigned to C-O
far below the equilibrium values for the given temperatures, instretching vibrations of terminal (t-OGH and bridged (b-
dicating that the observed rate of methanol formation was noDCHz) methoxide species on ZpQrespectively[58,60,61]
influenced by methanol decomposition. The 1.2 wt%:Gu/ The shoulder located at approximately 1320 ¢mwas assigned
Cep.3Zro.70> catalyst exhibited higher conversion to methanolto b-CQs2~—Zr specie$41,56]
than then-ZrO, supported catalysts over the temperature range Fig. 7 shows spectra obtained during CO adsorption on
studied; for example, the methanol productivity of 1.2 wt% 1.2 wt% Cu/Ce 3Zrg702 at 523 K. The catalyst was exposed
Cult”-Cey 3Zrg 702 was approximately double that of 1.2 wt% to a flow of 15% CO/He at a total pressure of 0.50 MPa. As
Culm-ZrO, at 523 K. The higher activity of the @gZrg 702- for the 1.2 wt% Cuh-ZrO, here the primary bands can be
supported catalyst was also accompanied by a greater selectattributed to bidentate formate species with features at 1576,

ity to methanol. 1379, 1370, 2966, and 2878 cmh Each band shifted relative
to the position on pure Zr§) but bands reported for formate
3.4. Infrared spectroscopy studies species on CePwere noticeably abselfi62—66] A compar-

ison with Fig. 6 reveals that formate species were formed at a
The nature of surface species and the dynamics of C@aster rate on 1.2 wt% Cu/@GgZrg 702. Methoxide species fea-
adsorption and hydrogenation were studied using in situ intures at 1143, 1040, 2934, and 2828 ¢mvere nearly coinci-
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Fig. 6. Infrared spectra taken for 1.2 wt% @uZrO» at 523 K after switching feed from 0.50 MPa He to 0.05 MPa CO and 0.45 MPa He flowing at a total rate of
60 cm°’/min. Spectra referenced to 1.2 wt% @uZrO, under 0.50 MPa He flow at 523 K.
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Fig. 7. Infrared spectra taken for 1.2 wt% CufGZrg 70, at 523 K after switching feed from 0.50 MPa He to 0.05 MPa CO and 0.45 MPa He flowing at a total
rate of 60 cri/min. Spectra referenced to 1.2 wt% CugG&rg 70, under 0.50 MPa He flow at 523 K.

dent with those observed on 1.2 wt% @u4ZrO, and increased approximately 3-8 cmt, presumably due to interactions be-
over the duration of the transient. In addition to formate andween surface species with increasing surface coverage. The
methoxide species, the appearance of broad feature380—  §(CH) feature for CHO—-Zr (1446 cmt) [5,54,58]was evident
1450 and 1350-1250 cm is indicative of various carbonate initially but remained relatively small throughout the transient.
and carboxylate specifs4,67], suggesting that the presence of  Fig. 9 shows transient response spectra obtained during CO
Ce favors the formation of these species. Similar broad bandsydrogenation on 1.2 wt% Cuf-Cey 3Zr 70, at 523 K. Spec-
have been observed after CO adsorption at high temperature tva were obtained by introducing ;Hnto the flowing 15%
CeQ [67]. CO/He (total pressure 0.50 MPa) to achieve aHCO ratio
After CO adsorption for 1 h, transient response spectra weref 3/1. After the introduction of K, the broad bands ascribable
obtained during CO hydrogenation by introducing iHto the  to carbonate and carboxylate species decreased rapidly. The
flowing 15% CO/He (total pressute 0.50 MPa) to achieve a features for b-HCOO at 1576, 1379, and 1370 érgenerally
H,/CO ratio of ¥1. Fig. 8shows spectra obtained on 1.2 wt% decreased over the course of the transient, wherea®©G&h-
Culm-ZrO, after the switch at 523 K. The features of b-HCOO-tures at 1148, 1061, 2923, and 2816 ¢rincreased rapidly and
Zr at 1564, 1385, and 1367 crh decreased rapidly in inten- then approached steady-state levels. T{@0) mode of ter-
sity as soon as Fwas introduced and simultaneously peakedminal CH;O species was nearly coincident with that observed
for CH3O—-Zr at 1147 and 1047 cm. In the C—H stretching  with m-ZrO,, but thev(CO) mode of bridged CkD species
region, bands for CkD—-Zr increased until reaching a steady- occurred at a higher wave number (1061 vs. 1047 YoBinet
state level after approximately 80 min, analogous to the patet al.[68,69] reported C—O stretches of bridged &Bispecies
tern observed for the corresponding C—O stretching vibrationson Ce* sites at~1080 cnt!. Because B TPR demonstrates
During CO hydrogenation, each C—H stretch red shifted apthat most surface G cations are reduced to &g the upward
proximately 1015 cm® whereas each C—O stretch blue shiftedshift of the bridgedv(CO) mode likely reflects the presence
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of methoxide species bonded to botifZrand Cé*t cations. ~1550-1450 and 13501250 ch Hydrogenation of carbon-
Consistent with a reduction of most of the Ce atoms in theate species to formate species was previously observed during
Cep.3Zro 70- lattice, no terminal CHO was observed on ¢é studies of CQ hydrogenation on Cu/Zrg)70]. On both cata-
cations at~1105 cnt 1 [68,69] lysts, the concentration of methoxide species increased rapidly
Fig. 10 compares the evolution of the principle surfacefrom the levels observed during CO adsorption, reaching values
species on 1.2 wt% Cu-ZrO, and 1.2 wt% Cu/’-Cey 3Zrg 702  within 95% of the steady-state concentrationdf h.
during the CO hydrogenation experiments presentdegdn. 8 The relative rates of consumption of formate and methox-
and 9 Thev(CHs) andv,OCO) bands were used to track the ide species were examined by switching from a Chixture
development of CHO-Zr and b-HCOO-Zr species, respec-to only Hy. Fig. 11 compares the dynamics of consumption of
tively. Peak areas for both b-HCOO-Zr and £§+-Zr were  b-HCOO-Zr and CHO-Zr species on 1.2 wt% GutZrO,
normalized to the observed values after approximately 12 hand 1.2 wt% Cu/’-Cey 3Zrp.70,. Transient response spectra
The concentration of formate species on 1.2 wt%rGdfO,  were obtained by replacing the 15% CO/He in thié 8i,/CO
decreased rapidly from the level observed in the absence dliow with He while maintaining the total pressure at 0.50 MPa.
gas phase pduring the first 15 min, before declining more Peak areas for both b-HCOO-Zr and £M+-Zr were nor-
slowly over the remainder of the transient. In contrast, the conmalized to the value observed at the beginning of the tran-
centration of formate species reached a maximum&itmin  sient. The b-HCOO species decreased more rapidly initially on
on 1.2 wt% Cu’-Cep 3Zr.70» before decreasing more slowly 1.2 wt% Cufn-ZrOs, al though the overall decrease in inten-
over the course of the experiment. The maximum formate consity was similar for both materials at the end of the transient.
centration is attributed to the rapid hydrogenation of surfac&he concentration of C§D species decreased more rapidly
carbonate and/or carboxylate species to produce new formatm 1.2 wt% Cu/’-Cey 3Zrg.702 than on 1.2 wt% Cuit-ZrOo,
groups, as evidenced by the rapid decline in the broad bands ahd there was a significant disparity in the relative concentra-
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observed at the beginning of the transient.

tion of these species at the conclusion of the 6-h experimenparent first-order rate constants for the removal of methoxide
The initial decrease in methoxide species intensity also ocspecieskapp determined from the initial portion of the tran-
curred more rapidly on 1.2 wt% QUECep 3Zrp 702 (~2.5min)  sient were 41 x 10~2 min~! for 1.2 wt% Cu-ZrO, and
than on 1.2 wt% Cuit-ZrO, (~4 min); seeFig. 11c. The ap- 1.0 x 1072 min~! for 1.2 wt% Cut”-Cep 3Zrg.70>.
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Fig. 12shows the evolution of the O—H stretching region for Cufm-ZrO,. The higher value ok app for the former catalyst is
both 1.2 wt% Cuh-ZrO, and 1.2 wt% Cu/’-Cey 3Zrp 70, dur-  quite possibly due to the greatep lddsorption capacity of’-
ing the H reduction experiments presentedrig. 10 Eachma-  Cey 3Zrg 702, becausekapy is the product of the intrinsic rate
terial exhibited hydroxyl group consumption bands~&728  coefficient for reductive elimination and the coverage of the
and~3670 cnt! at the conclusion of CO hydrogenatian£0  oxide surface by H atoms. If the intrinsic rate coefficients on
in Fig. 12. After the switch to an Bonly feed, the bands both catalysts were assumed to be the same, then the observed
decreased in negative absorbance over time, indicating a ngdtio of apparent coefficients would imply a 2.9 (corrected for
recovery of hydroxyl groups over the course of the experithe ratios of oxide surface areas) higher H-atom coverage on
ment. This is consistent with removal of formate and methoxide;//_Ceero_?oz' which is consistent with the measured ratio
groups adsorbed at these sites during reaction through hydrgy H, adsorption capacities (3.3). Based on the peak areas of
genation to methangb]. Notably, a greater portion of the hy- the terminal and bridged methoxide C—O stretches, the ratio of
droxyl groups on 1.2 wt% Cul/-Cep 3Zro.70, was recovered  methoxide species adsorbed ongG2ro 70z relative to ZrQ
during the course of the transient. Based on the changes |8 1 3 (corrected for the ratios of oxide surface areas) under
peak intensity, the recovery rates for hydroxyl groups after 6 fye 4y state reaction conditions. Hence, the ratio of the prod-
were ~35% on 1.2 wt% Cu#-ZrO, and ~75% on 1.2 wt% UCtkappf CHy0 iS ~3.8 in favor of 1.2 wt% Cu/’-Cey 3Zr0.70,.

" 1 H
Cult”-Cep.3Zr0.70,. These values agree well with the fraction ¢, figure is in reasonable agreement with the observed ratio

of methoxide species removed during the same experiment (s%? : -
: methanol synthesis activities-2.7) once the measured rates
~ 0, \N‘[O - ~ 0 0,
Fig. 12) (~42% on 1.2 wt% Cu#-ZrO, and~78% on 1.2 wi% are corrected for differences in the surface areas of the oxide

Cult”-Cey 3Zrg 702), and suggest that most of the recovery in )
OH band intensity)is associgzaa?ed with the removal of metho);idgnd the dispersed Cu.
groups. Such a result would be expected from a consideration
of the relative intensities of the band intensities for methoxides, conclusions
and formate species (sé&s. 8 and R

In their studies of methanol synthesis over €xfO, and
Cuim-ZrO,, Bell et al.[13] established that the rate-limiting The activity for methanol synthesis from CO and Hf
step is reductive elimination of Zr—OGHspecies. As a re- Cult”-Cey3Zrp 70, is approximately two-fold higher than that
sult, the observed rate of methanol synthesis is proportiondbr Cu/im-ZrO,, assuming the same surface areas of the ox-
to the product of the apparent first-order rate coefficient foides and the dispersed Cu. Although‘Ceations replace 2t
methoxide reductive eliminatiork,pp, and the surface con- cations isomorphously in the zirconia lattice during synthesis,
centration of methoxide group8ch,o. The same reasoning the substituted cations are readily reducible t6'C&he pres-
can be used to interpret the higher rate of methanol synthesigshce of Ce increases the adsorption capacity of the oxide for
on Cut”’-Cep 3Zrq.70; relative to Cui-ZrO, observed in the H atoms produced by dissociative adsorption efd# the dis-
present study. The values bfipp based on the initial data of persed particles of Cu and spillover onto the oxide surface. The
the transient shown ifigs. 1b and c were 4 x 103 min™'  concentration of adsorbed methoxide species is also somewhat
for 1.2 wt% Cufn-ZrOz and 10 x 10-2 min~ for 1.2 Wt%  higher when Ce is substituted into the zirconium lattice. These

Cult”-Cep.3Zro.702. Hence the apparent rate coefficient wastwo factors appear to account for the higher activity ofCu/
2.4 higher for 1.2 wt% Cu/-Cey 3Zrg.70, than for 1.2 wt% Cep.3Zro.705.
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