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The effect of the cobalt additive on Rh/SiO2
catalysts prepared by co-impregnation was
examined to improve the reactivity in CO2
hydrogenation. The CO2 conversion increased
significantly with the amount of cobalt added.
Although the methanol selectivity was very low
over nonpromoted Rh/SiO2 catalyst, more than
10% selectivity to methanol was obtained over
the catalysts with cobalt added in the range of
Co/Rh = 0.1–1 (atomic ratio). The methanol
yield over Rh–Co/SiO2 catalyst was higher than
the sum of the yields of Rh/SiO2 and Co/SiO2
catalysts. Physically mixed Rh/SiO2 and Co/SiO2
catalysts did not promote methanol formation.
Based on the results of X-ray diffraction and X-
ray photoelectron spectroscopy, it was suggested
that Rh–Co alloy was formed on the catalyst
surface to change the electronic states of
rhodium, resulting in promotion of methanol
formation. Copyright # 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

Global warming caused by a remarkable increase of
carbon dioxide emission into the atmosphere is an
important and urgent problem to be solved.
Catalytic hydrogenation of CO2 has recently been
attracting considerable attention as one of the
chemical fixation and recycling technologies for
emitted CO2. Therefore, extensive studies on this
technology are now being conducted.1

Catalytic hydrogenation of CO2 has some ad-
vantages over other countermeasures such as CO2
deposit and disposal. It is noted that catalytic
hydrogenation can fix and convert CO2very quickly.
In addition to the reduction of CO2 emission into the
atmosphere, it can produce valuable chemicals from
emitted and useless CO2, resulting in saving of other
carbon resources, such as petroleum and natural gas.
The present industrial process for syngas (CO–H2)
conversion, such as methanol synthesis, provides
another advantage to CO2 hydrogenation, because
those production facilities may be easily applicable
to the CO2–H2 conversion process without any
significant replacement.1

Under these circumstances, CO2 hydrogenation
to methanol over Cu–ZnO catalysts has been
investigated most extensively.2 In contrast, the
direct conversion process of CO2 to more valuable
feedstocks, such as higher alcohols, carboxylic
acids, and light olefins, has not been pursued to
such an extent, except for a few studies over iron-
based,3 molybdenum-based4 and rhodium-based
catalysts.5–7

In our previous paper, the feasibility of CO2
hydrogenation to ethanol was studied over Rh–Fe/
SiO2 catalysts.8 Iron addition to Rh/SiO2 catalysts
improved the ethanol selectivity remarkably, as
well as the CO2 conversion.

In the present study, the effect of cobalt addition
to Rh/SiO2 catalysts was examined to improve the
reactivity in CO2 hydrogenation. Cobalt is well
known as one of the effective metals for alcohol
production by CO hydrogenation.9 Various kinds of
characterization method, such as H2 chemisorption,
X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy were also applied to determine
properties of catalysts.

Experimental

The support used in this work was SiO2 de-
rived from Fuji–Davison (#57). Rh(NO3)3 and
Co(NO3)2�6H2O purchased from Soekawa Chemi-
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calswereusedasprecursorsalts.Silica gel, which
wassievedinto the16–32meshsizerangeandwas
evacuatedat 473K for 2 h, was impregnatedwith
an aqueoussolutionof a mixture of Rh(NO3)3 and
Co(NO3)2�6H2O. After drying at 473K in vacuo,
the catalyst was reducedat 623K for 1 h in a
hydrogen flow at 100cm3minÿ1 to prepare the
Rh–Co/SiO2 catalysts.

Hydrogenationof CO2 wasconductedby usinga
pressurized fixed-bed, flow-type micro-reactor.
Prereducedcatalyst(1 g) waspackedin thereactor
tube and pretreatedin situ at 623K for 0.5h in a
hydrogenflow at 200cm3 minÿ1. After cooling to
room temperature,the gas was switched to the
H2–CO2 premixedone(H2/CO2 = 3) containing1%
argon as the internal standardfor gas chromato-
graphy(GC)analysis,andreactionwascarriedout.
The effluentgaswasanalyzedby on-lineGC.

Hydrogenchemisorptionwasmeasuredat 308K
usinga MicromeriticsASAP 2000.

PowderXRD analysiswas carried out using a
MAC ScienceMXP18. The diffracted X-ray was
theCu Ka line (l = 0.15405 nm).

X-ray photoelectronspectra(XPS) of catalysts
wererecordedwith aShimadzuESCA-850without
exposureto openair, afterpretreatmentat623K for
0.5h in a hydrogenflow of 200cm3 minÿ1 within
the prechamberof the apparatus.The binding
energiesof theXPSwerereferredto theevaporated
gold on thesurfaceasaninternalstandardwith the
Au 4f7/2 level at 83.8eV.

RESULTS

Reaction behavior

Table 1 showsthe effect of cobalt addition to a

5 wt% Rh/SiO2 catalyston theCO2 hydrogenation
reaction.The amountof cobalt addedwas 0–2 to
rhodium by atomic ratio. The CO2 conversion
increasedsignificantly with the amountof cobalt
added. Co/SiO2 catalyst, for which the cobalt
loading was the sameas for the catalystin which
Co/Rh= 1 (by atomic ratio), itself was active in
CO2 hydrogenation.This result suggestsas if the
reactivity of Rh–Co/SiO2 catalystsmight be the
simple sum of the reactivity of Rh/SiO2 and Co/
SiO2 catalysts.

However, more than 10% of methanol was
formedover the catalystswith cobaltaddedin the
range of Co/Rh= 0.1–1 (atomic ratio). Although
the methanol selectivity was very low over
nonpromotedRh/SiO2 catalyst,theyield of metha-
nol over the Rh–Co(1:1)/SiO2 catalystwas much
higherthanthesumof thoseoverRh/SiO2 andCo/
SiO2 catalysts.Thereactivity to hydrocarbon,such
asmethane,increasedmonotonouslyandthatof CO
decreasedwith theamountof cobaltadded.

In order to confirm whetherthe reactivity over
Rh–Co/SiO2 catalystwassimply the sumof those
of Rh/SiO2 and Co/SiO2 catalystsor not, CO2
hydrogenationover the physical mixture of Rh/
SiO2 andCo/SiO2 catalystswastried. As listed in
Table1, productselectivityover physicallymixed
catalystwassimilar to thatoverCo/SiO2 ratherthan
Rh/SiO2, and methanol promotion was not ob-
served.

Hydrogen chemisorption

In orderto investigatethe mechanismof methanol
promotion effect brought about by the cobalt
addition, various kinds of characterizationfor
catalystswereperformed.

First of all, hydrogen chemisorption on the

Table 1 Effect of cobaltadditionon catalyticperformance(5 wt% Rh)a

Co/Rh CO2
Productselectivity(%)

Chemisorbed Turnover
(atomicratio) conversion(%) MeOH EtOH CO CH4 C2H6 C3H8 H2 (cm3 gÿ1) frequency(hÿ1)

0 3.0 3.3 0.3 70.3 26.1 0.1 0 1.83 12
0.1 6.0 14.2 1.2 57.2 27.3 0.1 0 1.86 24
0.5 15.9 19.9 1.4 21.8 55.8 0.8 0.3 1.76 68
1 25.2 13.4 1.2 9.8 73.1 1.7 0.8 1.51 126
2 42.8 2.2 0.7 1.5 86.6 4.2 4.1 1.47 218
Co/SiO2

b 26.9 3.2 0.6 2.3 89.3 2.6 1.8 0.07 2989
Rh/SiO2� Co/SiO2

c 27.3 3.8 0.4 2.6 88.3 2.4 1.6 — —

a Reactionconditions:temperature,533K; pressure, 5 MPa;H2/CO2 ratio, 3; flow rate,100cm3 minÿ1.
b Cobalt loadingwasthe sameasthecatalystof Co/Rh= 1.
c Physicalmixture of Rh/SiO2 andCo/SiO2.
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catalystswascarriedout. As listed in Table1, on
the whole, the amountof chemisorbedhydrogen
decreasedslightly with theamountof cobaltadded.
It was speculatedthat most of the hydrogenwas
chemisorbedon the rhodiumsurfacebecausethere
was little chemisorptionon the Co/SiO2 catalyst.
The results of CO2 hydrogenationreaction and
hydrogenchemisorptionindicatethat the turnover
frequency(specificrateper unit activesite) of the
catalystsincreasedwith cobaltaddition(Table1).

XRD

Secondly,XRD measurementswerecarriedout in
order to investigate crystallite structure. The
diffraction peakof Rh (111)at 2� = 41° shiftedto
higherangleswith cobaltaddition.Figure1 shows
the lattice constantof Rh (111) determinedby the
Bragg’s formula. The rhodium lattice constant
decreasedwith cobaltaddition,becomingcloseto
Co (111) (d = 0.20467 nm).

The rhodiummeanparticlesizesdeterminedby
hydrogenchemisorptionandXRD line broadening
of theRh(111)peakwidth from Scherrer’sformula
are depictedin Fig. 2. It was noteworthythat the

mean particle size of rhodium determined by
hydrogenchemisorptionwassomewhatlargerthan
that determinedby XRD line broadening.In the
methodof hydrogenchemisorption,the hydrogen
couldnot beadsorbedon rhodiumparticlesurfaces
attachedto silica,sotherhodiummeanparticlesize
determinedby hydrogenchemisorptionmight be
somewhatlargerthanthatdeterminedby XRD line
broadening. The rhodium mean particle size
estimatedby both methodsdecreasedwith cobalt
addition in the Co/Rh range 0–0.1, and then
increased.

XPS

The electronicstatesof rhodium and cobalt were
analyzedby XPSmeasurement.Figure3 illustrates
the percentagereduction to Rh0 and Co0 deter-
mined by peakseparationat the Rh 3d5/2 and Co
2p3/2 levels.The percentageof Co0 was lessthan
under10% and the percentageof Rh0 was about
80% after hydrogenreductionat 623K, indicating
that cobalt was far more difficult to reducethan
rhodium.The percentageRh0 reacheda minimum

Figure 1 Effect of cobalt addition on lattice constantof Rh
(111)determinedby XRD measurement.

Figure 2 Effect of cobaltadditionon rhodiummeanparticle
sizes determinedby hydrogenchemisorptionand XRD line
broadening.
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andthat of cobalt reacheda maximumat the ratio
Co/Rh= 1.

DISCUSSION

The effect of cobalt addition to Rh/SiO2 catalyst
wasobservedon the reactivity of CO2 hydrogena-
tion. UnpromotedRh/SiO2 catalyst showed low
activity and alcohol selectivity. Cobalt-promoted
Rh/SiO2 catalystsimproved methanol selectivity
remarkably,aswell asCO2 conversion.In orderto
elucidatethe reasonwhy cobalt addition changed
reactivity, the properties of the catalysts were
investigatedby variouskindsof characterization.

As listed in Table 1, Co/SiO2 catalyst itself
showed high activity, so the reason why CO2
conversionincreasedwith cobalt addition may be
anincreaseof activesiteson thecatalystsby cobalt
addition.In otherwords,theactivesitesof rhodium
andcobaltmay exist on the surfaceindependently
and the reaction may occur on these sites
separately.In the formation of CO and hydro-
carbons, this hypothesis holds well, but the

methanol yield over Rh–Co(1:1)/SiO2 catalyst
was much higher than the sum of the yields over
Rh/SiO2 andCo/SiO2 catalysts.Fromtheseresults,
it was speculatedthat new active sites where
methanolis producedpeculiarly were formed on
Rh–Co/SiO2 catalysts.

As shownin Fig. 1, the lattice constantof Rh
(111)determinedby XRD measurementdecreased
with cobalt addition,becomingcloseto Co (111).
This resultsuggestedthatRh–Coalloy wasformed
on theRh–Co/SiO2 catalysts.As a result,themean
particle sizedeterminedby both hydrogenchemi-
sorptionandXRD line broadening(Fig. 2) became
smaller by cobalt addition in the rangeCo/Rh=
0–0.1.

If the sites of the Rh–Co alloy on the surface
promote methanol formation, physically mixed
Rh–Cocatalystwill not promotemethanolforma-
tion. As expected,methanol formation was not
promotedoverphysicallymixedRh–Cocatalyst,as
shownin Table1.

In addition, the XPS resultssuggestedthat the
electronicstateof rhodiumonthecatalystschanged
with cobalt addition (Fig. 3), correlating with
methanolyield qualitatively.This effect of Rh–Co
alloy is what is calleda ligandeffect.10

CONCLUSION

In thecatalytichydrogenationof CO2 overRh–Co/
SiO2 catalysts, the amount of cobalt added
influenced methanol selectivity as well as CO2
conversion.Basedon theresultsof XRD andXPS,
it wassuggestedthat Rh–Coalloy wasformedon
the catalystsurfaceto changethe electronicstates
of rhodium, resulting in promotion of methanol
formation.

REFERENCES

1. ArakawaH. Stud.Surf.Sci.Catal. 1998;114: 19.
2. ArakawaH, Dubois JL, SayamaK. EnergyConv. Mgmt.

1992;33: 521.
3. KasparJ, Graziani M, RahmanAM, Trovarelli A, Vichi

EJS,Silva EC. Appl. Catal. A 1994;117: 125.
4. TatsumiT, MuramatsuA, TominagaH. Chem.Lett. 1985;

593.
5. InoueT, Iizuka T, TanabeK. Appl. Catal. 1989;46: 1.
6. IkeharaN, Hara K, SatsumaA, Hattori T, Murakami Y.

Chem.Lett. 1994;263.

Figure 3 Effect of cobaltadditionon percentagereductionto
Rh0 and Co0 determinedby peakseparationof XPS binding
energy.

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 836–840(2000)

ALCOHOL SYNTHESISBY CATALYTIC HYDROGENATION 839



7. SolymosiF, Erdohelyi A, BansagiT. J. Catal. 1981; 68:
371.

8. KusamaH, OkabeK, SayamaK, ArakawaH. Energy, 1997;
22: 343.

9. Catalysis Society of Japan.C1 Chemistry. Koudansha:
Tokyo, 1984;45–49.

10. SachtlerWMH, PlankPVD. Surf.Sci.1969;18: 62.

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 836–840(2000)

840 H. KUSAMA ET AL.


