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A Rh/Zrt& catalyst has been studied in the hydrogenation. of CO in an in situ IR cell operating at high temperature and 
pressure, and using FTIR to follow the formation of surface ar,d gas phase species as a function of reaction time. The reaction 
between CO and hydrogen was studied by varying the catalyst reduction temperature, reaction temperature, tot4 pressure zmd 
hydrogen/CO ratio. Surface species identified were cubonyls on the rhodium surface, formates, carbonates and hydroxrbons. 
The relationship between adsorbed carbonate and fomate is discussed in detail. 
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rsion ofsynthesi gas to produce oxy- 
een shown to be igbly selective only 

in the case of methanol formation. Many differem 
catalysts have been tried, and many &tempts have 
been made to determine operating conditions 
which would favour the selectivity to higher alco- 
hi=-! formation [ ! ]. hiong the vmoiis ca:a!ysts 

tested, rhodium has bezn shown to exhibit spe&G 
behaviour in the CO/I& reaction, in that it appears 
very sensitive to many operative and preparative 
parameters [2]. Amongst the many variables 
which may cause changes in selectivit:! and activ- 
ity of these catalysts, the role of the s 
appears to have a marked influence [2,3]. 
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c.ase of a zirconia support, this has been shown to 
,produce a product distribution with almost 60% 
selectivity to ethanol [4]. The role of zirconia in 
the hydrogenation of CO over r 
received attention [ 4-71, but little 
detail is available [5,8]. For Rh/Zr 
it has been proposed that (CH,), species, giving 
IR bands al 3000-2800 and 1450 cm- ‘, react with 
CO ~0 form the acyl precursor of ethanoi 15 ] ) and 
that carbon monoxide bonded via both the C and 
0, giving an and at 1620 cm-’ [S] may 
to enhanced dissociation probability an 
increase i9 C2 ox:rgenate formation [ 71. It is 
apparent that IR spectroscopy is an ideal metho 

catalysts, and by op 
igh temperature arad F igh 

er such specie9 exit 
peculate as to whk 

lay a part in the overall reaction 



The catalyst was prepared by using a co 
cial zirconia supplied as the hydroxide b 
nesium Electron Ltd (XZ8645/ 1) . This material 
had a particle size of 1 pm and contained 3.5% 
Si@ as a stabihsing agent. This material was con- 
verted to the oxide F;ior to impregnation with 
rhodium salt, by calcining in air at 773 K for 2 h. 
The resultant support had a BET surface area of 
100 m’ g - ’ , an average pore volume of 0.13 cm3 

an pore radius of 20 A. An aqueous 
odium nitrate was added to this zir- 

flowed by beating to dryness wh 
is was then dried overnight at 383 

calcination for 3 h ar 773 K. Catalyst 
r calcination at 773 K gave BE?’ sur- 

essed powder discs of 

K for 30 min in a 

en was then replaced 
efore maintaining the 

temperature at 573 or 7 K for 2 h. The s 
amic vacuum 

adjusting the reactor to reaction t 
lowed by introduction of tin C 
the desired ratio and total pressure. 

3.1. CL. t&sr chnractcrisation 

Catalysts which had been reduced in situ at 573 
and 773 K were chara erised by XPS and hydro- 
gen cherr.isorption. ydrogen adsorption iso- 
therms measured 
equivalent of 1.31 

lysts reduced ai 573 end 773 K, respectively. 
Assuming a stoichiometry 0 
I rhodium atom, these woul 
of 65.3 and 6ti.9%, r 
peak position in 

g energies of 308.2 and 307.5 eV in 

samples reduced at 573 and 773 K, respectively, 
compared with a value of 3 10. I eV for a sample 
outgassed at 300 K. The value of 3 10.1 eV com- 
pares favourably with other values for calcined, 
supported rhodium catalysts [ 91 and indicative of 
Rh3+, while the other values compare with 
reduced supported rhodium and rhodium foils 
191. The further lowering of binding energy by 
increasing the reduction temperature from 573 to 

has been observed for Rh/A1203 catalysts 

1101. 

3.2. Reactiora over ZrOz 

A pressed disc of the Zr0? support material was 
pretreated in the: ranner as Rh/ZrQZ and 
then exposed to a ( I :2) mixture at 20 bar 
and 513 K. Spectra obtained during the first 40 
mm of contact are shown in Fig. 1. Bands at 1420, 
1580, 144”=F(sh)F 1417, 1Ta86(sb)l 1365(&i) and 
1230 cm-’ are observed immediately on contact 

,i- 
‘--4% :I . 

1 q,! 

‘f&-d 
,’ : 
IA i 
“, ii . . ,m ‘, L 
I/, 

III 
/!’ I/\ 

/,. i ,,I, 
,,” ‘! 

1600 1400 

Wavenumber/cm -’ 

Fig. I. FTIR spectra of reduced Z:G? in CO/H: ( 1:2) at 20 bar and 

513Kdtreactiontimesof(a) I (b)4,(c) 20, (d; JOand 

min. 
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between the reactant mixture and the Zr 
(Fig. la). All maxima grew up to a contact rime 
of 20 min (Fig. lc) whereafter only maxima at 
1580,1386 and 1365 cm- ’ continued to grow. As 
a result of this, resolution between the va;ious 
bands changed as a function of time with the 1628 
cm-’ maximum, for example, present as a shoul- 
der after extended contact times, but as a resolved 
feature at shorter times. The triplet at 1620, 1440, 
and 1230 cm-’ are assigned to the asymmetric 
z+o, the symmetric vco and the COH bending 
mode, respectively, of the bicarbonate ion 
(HCO; ) by comparison with the freyuericies of 
bands confirmed by isotopic substitution, to be 
due to bicarbonate ions on alumina [ 111. Similar 
maxima are reported for adsorption of C&, CO,/ 

2 and CO [ d 2,13 ] on ZrO, at pressures of up to 
atm. Maxima at 1580, 1386 and 1365 cm- ’ are 

consistent with bauds observed at 15 390 a 
I360 cm - ’ following exposure of to C 

2 at pressure of I atm or less 
and assigned to bidentate formate species by com- 
paring with bands observed for formic acid 
adsorption [ 13,141. The band at 1417 cm-’ was 
not observed in previous low m-essure studies 
[ 12,141. In agreement with He 
but in contrast to Tre’yakov et al. 
at ca. 1625 and 1300 cn- ’ due to carbonate spe- 
cies (CO:- ) were detected. 

3.3. W~2i-0~ UC 513 K in CO/H2 (6:2) at 20 bar 

Spectra of a rhodium zirconia catalyst which 
had il.:en reduced at 573 K and exposed to CO/ 
ii2 using the same conditions as for ZrQ are 
shrptvn in Fig. 2. Bands at 1440, 1423, is% and 
1376 cm-’ were observed (Fig. 2s) in addition 
tomaximaat 1582(sh), 1576and 1561 cm-” (not 
shown). Bands at ca. 1520 and 1230 cm-’ were 
not observed indicating that bicarbonate forma- 
tion was not favoured in the presence of rhodium. 
During the initial period of ConLsci. 

1423, 1394 and 1376 cm:- ’ al_! insr.eased in inten- 
sity whereas at longer reaction times, maxima at 
1440 and 1423 cm-’ decreased in intensity and 
were barely visible in s ectra recorded after 150 

2. .- 
145u 1400 1350 1300 

Waverumber/cm~’ 

1450 14oc 1350 13oc 

Wavenun;Ler/cm~” 

Fig. 2. RIR spectraofRh/ZIOz in CO/H, (1:2) at ?Obar and 513 

K at reaction times of H (a) OS, (b) 2, (c) 4. id) 8 mins and D (e) 

16. (f) 30, (g) 60, (h) 90 and (i) 150 min. 
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Fig. 3. Band intensities at 1440 and 1394 cm-’ as a ftmction of 
reaction time in CO/Hz ( 1:2) at 20 bar and at 5 I3 K over Rh/ZrOz. 

this period, bands in the 
- ’ txmhuzd to gmw, with 

is Iegion at 1394, 1386, 1380 and 
ing detected ( Fig. 2e-i) . A weaker 

feature at 1310 cm- 1 became apparent after 

etween band maxima at 1440 
on of time is illustrated 

3.4. z in C 2 (1:2) iat 20 ht”: 
ittjhence o$ reaction tempemturc 

e influence of react 
formation and reactivity of 
band maxima at 1440 and 1 
by monitoring the intensi 
during reaction at ,513, 533 and 583 
ante values have be9 no 
mum in intensity except in the case of the highest 
reaction tempe where the intensity had 
already passed ugh its maximum before the 
first scans were collected. ig. 4 illustrates the 
time taken for the band intensity to drop to below 

ucts 

at this stage. An ap roximate experimental acti- 
vation energy for reaction of the species giving 
the band at 1440 cm- ’ using rate constants cal- 
culated from tbe half-life of the species assuming 
first order, was 85 BtJ mol - ’ . 

3.5. Adsorbed rhodium carbonyl species 

The spectrum in the region 2300-1900 cm- ’ 

where adsorbed rhodium carbonyls are expected 
is shown in Fig. 5a for a t/ZrQ, catalyst reduced 

and in a reaction mixture of 2: I 
H2/C0 at 513 K at 2(! bar pressure_ After 2 h 
contact between catalyst and gas mixture, the 
region is dominated by the P ( 2115 cm - ’ ) 
( 2 175 cm - ’ ) branches of gas phase CO. 
tionally, a lower fre uency band at 2015 cm-’ is 
observed, which re ains after reducing the pres- 
sure to 1 bar (Fig. 5b) and after brief evacuation 
at 5 13 K (Fig. 5~). The two latter treatments 
allowed a further component at 2089 cLm-’ to be 

presence of these two bands due to 
ational modes of the rhodium gem- 

icarbonyl species [ 15,14] at 5 13 
tton of the lower frequency co 

the reaction mixture at 20 bar 
icates that the species is present 

under reaction, c~~d~t~o~s. Similar maxima were 
tected for :e.action temperatures of 533 and 583 
when tb;: total reaction pressure was 2 or 40 

oo’ 4 
d 1”“” ZMJO 3000 400” 5000 6000 

Fig. 4. Normalised band intensities at 1440 cm-’ as a function of 
reaction rime for Rh/Zr02 in CO/H? ( 12) at 20 bar and reaction 

temperatures of 5 I3 ( A ), 533 (0 j and 583 K ( 
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2300 2200 2100 2000 1950 1900 

Wavy Jmber/cm -1 

Fig. 5. Spectra of Rh/ZrOz, reduced at 573 K then exposed to CO/ 

Hz t 12) at 20 bar and 5 I3 K. C a) After 2 h reaction time, ( b) after 

24 h reaction time and pressure lowered to I bar, and (c) evacuation 

at513Kfor 1 min. 

bar instead of 20 bar, and when the reduction was 
performed in pure 
mixture. The detect 
reduced at 573 K is in agreement with one study 
[ 17 ] but in contrast to other results [ 8 1. 

In the case of Rh/ZrOz cataiyst reduced at 773 
K, the feature resolved from the gas phase C 
bands showed components at 2026 and 2015 
cm-!. On reducing the pressure to 1 bar9 an addi- 
tional maximum at 2100 cm-’ was detected 
(Fig. 6a). Evacuation at 5 13 K to remove gaseous 
CO, left species t&at gave bands at 2100( sh) 9 

2089, 2026( sh) and 2015 cn-. i (t!ig. 6b). The 
re of the lower fr:$tency component 
with its counterpiut for the 573 K 

reduced sample (Fig. 5c), indicates that :n i&i- 
tion to the rhodium gem-dicarbonyt species, 
favoured for the lower reduction temp 
ear?y adsorbed carbonyi species on rho 
also present under reaction conditions for the 

bigher temperature re 
sistent with previous 
at room temperature 
at 573 and 773 K [ 1 

sion measured for the 773 K reduced sample (see 
catalyst characterisation) simx a 
persion favours the formation of linear bound car- 

e expense of gem-~~-dic~bo~yl species 
[ 3,18 ] . The detection of gem-dicarbonyl species 
at 5 li 3 to 583 K and in CO/I& mixtures at up to 
40 bar pressure is significant given that above 473 
K in CCB at low pressures, rhodium sites for this 
species on an alumina support are lc,t by agglom- 
eration with the formation of linear carbonyl 
bonding sites [ 191, and this process is enhanced 
by the presence of II2 [20]. 

3.6. Rate of,fonnation ad reaction of species 
OH 573 and 773 K reduced samples 

As samples reduced at 573 an 773 K displayed 
differences in the nature of the dispersed metallic 

2300 2200 2100 2000 1950 1%l0 

Wavenumber/cm -’ 

Fig. 6. Spectra of RhlZQ. reduced at 773 K then exposed to CO/ 
H, ( 12) at 20 bar and 5 13 K. (a) After 24 h reaction lirnt and 

pressure !o~er~:1 to 1 bar. sod ( h) evomation at 5 13 K for ! r.%in. 
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Fig. 7. Band intensities as a function of reaction time in reaction at 
533 K in CO/Hz (1"2) pn:ssure 20 bar tbr RI1/ZrO., reduced at 573 
K ( El 1394, A 1440) and reduced at 773 K ( l l  1394, O 1440). 

function, it may Ize assumed that these samples 
should display differences in the rate at which 
bands grow or diminish, should the species 
responsible for these bands participate in the reac- 
tion. The intensities of bands at 1394 and 1440 
cm-~ a.~ a fi~nction of time in reaction at 533 K, 
CO/H2 = 2' 1, total pressure 20 bar for Rh/ZrO2 
catalyst reduced at 573 and 773 K are shown in 
Fig. 7. The rate of formation of formate species 
( 1394 cm - t )  on the 573 K reduced sample fol- 
lows the trend shown for the sample in reaction at 
513 K (Fig. 3) although the time taken to attain 
an equivalent absorbance value is clearly less for 
the higher reaction temperature. The general form 
of the plots produced for the 773 K reduced sample 
follow those of the 573 K reduced satnple with an 
initial rapid growth in the band at 1394 cm-~ and 
then a slow continual increase while for the 1440 
cm-~ band, a maximum is followed by a decrease 
in intensity. However, Fig. 7 clearly shows the 
amount of both species produced (i.e. maximum 
intensity) is considerably subdued for the higher 
temperature reduced sample. 

4. Discussion 

The absence ofbica~bo~ate species on Rh/ZrO2 
in contrast to ZrO2 and maxima due to formate 
species at 1394 in addition to those at 1386 and 
1365 cm-~ observed for ZrO2 alone exposed to 
CO/H2 ,nixtures at high temperature and pressure 

indicates that the type of adsorbed ~pecies 
detected are influenced by the presence of the 
metal function. Of interest is the species giving 
the band pair at 1440 and 1423 cm-~ whose for- 
mation and reaction are influenced by reaction 
temperature and reduction temperature, as these 
fulfil some of the criteria required for assignment 
of the species as a reaction intermediate. Bands 
within this range have been observed for CO2 
adsorption on Cu/SiO, [2! ] and assigned to car- 
bonate species. Carbonate species give bands 
within the region 1630-1200 cm- ~ with the posi- 
tions and separation of the vibrational modes 
depending on the mode of coordination. However 
as d v =ca. 160 cm-~ between the asymmetric 
and symmetric stretching modes of a unidentate 
carbonate and ca. 320 cm-~ between the C=O 
stretcll and the asymmetric stretching mode of a 
bidentate carbonate [22,231 it is unlikely that the 
species is ligated in these modes. As a result of its 
D3, symmetry, uncoordinated carbonate species 
shows only one IR band due to the asymmetric 
stretching mode at ca. 1470-1420 cm-~ with the 
symmetric stretching mode at 1063 cm-t being 
infrared forbidden [221. Unlike the case of Cu! 
SiO, [21], two maxima at 1440 and 1423 cm -~ 
are detected here. One possibility is that two 
slightly different types of simple carbonate spe- 
cies exist, adsorbed on different types of site for 
example. These might then react further to form 
different types of formate species. Support for this 
would be the detection of 4 bands at 1394, 1386, 
1380 and 1376 cm-~ which grow as the 1440/ 
14.23 cm- ~ pair diminish (Fig. 2). However if 
this were the case, it is unlikely that their rates of 
formation and reaction would be identical (bands 
grow and decrease concomitantly) as seen here. 
The most likely explanation is that there is only 
one type of species that lays flat on the surface, 
but which involves a weak interaction between the 
surface and one of the oxygens resulting in a low- 
ering of the symm=try f r t~  D3~,. The cafoon-oxy- 
gen bonds involving the unperturbed oxygens 
would give rise to asymmetric and symmetric 
stretching modes ( 1440 and 1423 cm-~, respec- 
tively) akin to a unidentate adsorbed carbonate, 
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Fig. 8. Relationship between band intensities due to carbonate ( 1440 
CIll- I ) and lbrmate ( 1394 cm - ' ) species generated over a Rh/ZrO~ 
cat~llysts reduced at 573 K at~d exposed to a 1:2 CO:H~ mixture at 
20 bar total pressure and at reaction temperatures of 513 ( A ), 533 
(A), and 583 K (El), and at a reaction temperature of 513 K in a 
1:10 ( m )  and 2:1 ( + ) CO/H2 mixture and a catalyst reduced at 
773 K in a 1:2 CO/H.-, mixture at 20 bar and reaction temperature 
513 K ( 6 ) .  

but with a limited (17 cm-~) value of Zi u. The 
carbon oxygen bond (perturbed oxygen) would 
give a stretching mode at lower frequencies 
(unidentified). 

If carbonate species are an intermediate in some 
process during CO hydrogenation, then the rate of 
its disappearance must be linked to the formation 
of some other species. Previous studies of zirconia 
in the absence of rhodium s~ggest that eitller a 
bicarbonate t |  3 ], a unidentate carbonate [241 or 
a bidentate carbonate [25] is converted into an 
adsorbed formate species. A linear relationship 
between bands ascribed to uncoordinate(i carbon- 
ate and bidentate formate species was established 
for Cu/SiO2 [21], and between unidentate car- 
bonate and formate species during CO,.. hydrogen- 
ation over ZrO2 [24]. The relationship between 
formate and carbonate for a range of CO/H2 ratios 
and temperatures and for two reduction tempera- 
tures is shown in Fig. 8. Results show that the 
general tendency is similar in all cases, although 
t~Ju position of the maximum vanes according to 
conditions. This establishes that a relationship 
does exist between the two adsorbed species. The 
absence of a linear correlation between the two 
species [21,24] may be related to the fact that the 

reaction here was studied under high pressure, 
high temperature conditions unlike those used in 
previous studies [21,241. 

The form of the plots in Fig. 7 indicate that the 
relationsllip b-.ween the uncoordinated carbonate 
and the adsorbed formate species is of the consec- 
utive reaction type where; 

kl k2 

A ~ B ~ C ~ D  (1) 

B and C are carbonate and formate species respec- 
tively, and the rate constant k2 is less than k~. The 
attainment of maximum carbonate concentration 
at shorter reaction times (Fig. 7) indicates that an 
increase in reduction temperature leads to an 
increase in k~. Since all sa,nples were heated at 
773 K prior to reduction, and e×hibited no differ- 
ence in BET area whether reduction was per- 
formed at 573 or 773 K, it is possible that k, was 
altered due to a change in particle size that would 
inherently affect morphology and the number of 
interface sites. Certainly, a reduction in the num- 
ber of interface sites for the 773 K reduced surface 
would be consistent with the diminished concen- 
trations of formate and carbonate specie;, should 
these species be adsorbed at these sites Studies 
by Balker et al. [26] using Group IB metals and 
zirconia strongly suggest that ZrO2 is involved in 
the reaction sequence and supports the proposal 
that the adsorbed species is located at the metal/ 
support interface. The interrelationship between 
the two species as given in Eq. ( l ) relates to the 
two species adsorbed at the same type of site, 
hence the lesser quantities of both species on the 
high temperature reduced surface. High tempera- 
ture reduction clearly modifies the surface in some 
nma~ner as to restrict the number of adsorption 
sites available. Recent studies of Pt supported on 
an identical zirconia sample [27] indicate that at 
ca. 823 K, hydrogen is spilled over from the metal 
to the support. Some of this is adsorbed by the 
support while the rest results in a partial reduction 

° 

of the zirconia. These processes may be those 
responsible for the modification of the surface 
indicated here leading to the depleted concentra- 
tions of adsorbed species. 



A further possibility is that hig 
reduction resuitcd in a more fully d 
surface that would hinder the transfer of spillover 

hydrog to hydrogenate the carbonate species, 

should is be located on the support s&ace. 
ead to a build up 
reduced sample, 

which is not in keeping with the results present 
in Fig. 7. Information regarding the formation 

ties was unob- 

be determined. 
The role of these species in the overall mecha- 

nism should be mentioned siilce. for 
Ig:.ast. an equivalent change in disper 
observed here does not lead to significant changes 
in selectivity [2]. Although a link 
bonate and formate has been established here, the 
role of these species in the overall reaction process 
is less clear, ie. the rcla?ionshi and identity of A 

in Eq. ( I ). Millat et al. 121 

ory, proposed tbat gaseous car 
and adsorbed oxygen generated the carbonate 
ties that were subsequently hydrogenated to give 
adsorbed formatc that was the pivotal intermediate 
in methanol synthesis over @u/M.& and Cu/ 
II&K&/SKI, catalysts. The importance of carbon- 
ate species in the synthesis of methanol over Cu- 
Z&-Al catalysts has been identified [29], 
whereas, HCOQm~ was not considered to be an 
active intermediate for Group lBiZrOz [26] or 
We/ZrO, catalysts 1301. It is known that a rela- 
tionship exists between surface ca.rboxylate 
concentration and formation of the corresponding 
alcohol [ 23 although whether these carboxy 
are reaction intermediates or merely an adso 
form of eke real reaction intermediate remains 
unclear. Should formate concentration be linked 
to methaTlO1 synthesis selectivity, results obtained 

here would predict widely diffe 
Rh/ZrOz reduced at 573 and 
activity measurements are currently being carried 
out to determine whether this is in fact the case. 
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