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a b s t r a c t

The Rh-catalyzed CO hydrogenation to hydrocarbons and C2-oxygenates over Rh/ZrO2 and Rh/SiO2 was
studied. Catalytic reaction tests show a support effect with a faster steady state reaction rate over Rh/
ZrO2 compared to Rh/SiO2. Temperature programmed hydrogenation (TPH) experiments reveal that
the CO dissociation on the metal surface is rate limiting, and the support effect thus accelerates the CO
dissociation on the metal. Combined TPH and diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies after low-temperature CO pre-adsorption reveal a H-assisted C-O bond breakage
through CH3O species on the Rh surface. Transient measurements indicate that this mechanism is also
likely to be in operation during the steady state reaction at higher temperatures, although here the
methoxide is too short-lived to be detected at steady state. This hydrogen-assisted CO activation can help
to explain that previous studies have observed an inverse H/D isotope effect for Rh despite CO dissocia-
tion being the rate limiting step. TPH studies show that both CO pre-adsorption at 30 ℃ and CO/H2 expo-
sure at 250 ℃ lead to so high CO coverages that it restricts the CO activation, which only starts once part
of the CO has desorbed. The near-complete CO coverage on the working Rh surface is restricting the rate,
but is essential for the selectivity towards oxygenates. Studies of acetaldehyde conversion in various
atmospheres over Rh/SiO2 and Rh/ZrO2 catalysts show that acetaldehyde decomposes over a bare Rh sur-
face with a rate that greatly exceeds the oxygenate formation rate in CO hydrogenation. In the presence of
CO the acetaldehyde decomposition is strongly inhibited. The high CO coverage on the surface of the
working Rh catalysts thus prevents oxygenate decomposition and is therefore essential for the ability
to produce oxygenated products. The reaction temperature is observed to play a role for the establish-
ment of the high coverage. During exposure to CO/H2 at reaction temperatures (>200℃) an activated pro-
cess occurs whereby both the stability and coverage of the CO adlayer increases. This activated
stabilization of the CO adlayer shifts the CO activation up in temperature in a subsequent TPH. The results
contribute to a fundamental understanding of the reaction mechanism and support effects in the Rh-
catalyzed CO hydrogenation, which can assist the formulation of improved Rh-based catalysts. The
results, such as the identification of a H-assisted mechanism of CO hydrogenenation via methoxide, could
also be of general relevance for the understanding of CO hydrogenation over other metals.

� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Rhodium-based catalysts are active for syngas conversion and
are of particular interest due to their superior selectivity towards
C2-oxygenates [1,2]. Rh catalysts could therefore be of potential
use for the synthesis of fuel additives or value-added platform
molecules from sustainably derived syngas [3]. However, the unfa-
vorably low intrinsic activity of Rh-based catalysts and the high
cost of the metal are disadvantageous for their application at
industrial scale. Previous studies [4–7] have identified strong sup-
port and promoter effects that result in a markedly increased cat-
alytic activity for syngas conversion and substantial changes in the
product distribution. Although significant improvements in the
catalytic activity have been obtained by using favorable combina-
tions of support and promoting additives [8,9], the understanding
of support/promoter effects is still insufficient to enable catalysts
of an industrially acceptable activity. Despite a widely accepted
overall reaction mechanism being in place [10–12], involving CO
dissociation and subsequent CO insertion forming CHxCO species
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that lead to oxygenates, several aspects of the reaction mechanism
remain ambiguous [1,13,14]. Importantly, the nature of CO dissoci-
ation, the most likely rate determining step, is not yet clarified.
Experiments show that direct CO dissociation is possible on Rh
[10], but observations have also revealed the existence of an (in-
verse) H/D isotope effect [15,16], which suggests H to be involved
in the rate limiting reaction step. Studies employing density func-
tional theory (DFT) have suggested a (potentially faster) direct dis-
sociation of CO over stepped Rh surfaces [11], and H-assisted
pathways for CO dissociation that are especially important over
planar Rh terrace sites [12,17,18]. The extent of involvement of
hydrogen in the rate limiting step and the nature of the possible
hydrogenated CO species that facilitate C-O bond breakage thus
remain unclear. When it comes to the product distribution it is also
insufficiently understood how the catalytic reaction can yield any
C2-oxygenates, when experimental studies on Rh single crystals
[19–21] or supported Rh catalysts [22,23] as well as theoretical cal-
culations [24,25] consistently indicate a facile decomposition of
the oxygenates on Rh even at sub-ambient temperatures.

An understanding of how activity is enhanced by support/pro-
moter effects is intrinsically linked to a mechanistic understanding,
as support/promoter effects must impact the rate limiting step(s) in
the mechanism. Currently it is not yet clear whether the support/
promoter effect is primarily via the metal through a modification
of the electronic properties of Rh [26], through local interaction
between support-derived species and CO to facilitate CO dissocia-
tion [27], or through opening of newbifunctional reaction pathways
– for example via acetate species that include oxygen from the sup-
port/promoter [28–30]. When investigated together the reaction
mechanismand the support effectsmay thushelp to illuminate each
other and this is the purpose of the present study.

In this study silica-supported Rh is compared to Rh on zirconia,
as ZrO2 is a support which is known to exert a marked promotional
support effect on rhodium [31–33]. Steady state experiments and
temperature programmed hydrogenation experiments coupled
with infrared spectroscopy and mass spectrometry analysis of
the reactor effluent gases are employed to elucidate the reaction
mechanism and its interplay with the support.
2. Experimental section

2.1. Catalyst preparation

The catalysts were prepared by wet impregnation where the
desired amount of Rh(NO3)3 (Sigma Aldrich, ca. 36 wt% Rh) was dis-
solved in demineralized water and subsequently impregnated onto
pre-calcined (1 h in flowing air at 400 �C for silica and 550 �C for zir-
conia, rate: 10 �C/min) and sieve-fractioned (150 – 300 lm) SiO2

(Saint Gobain SS61138, 252 m2/g) or monoclinic m–ZrO2 (Saint
Gobain SZ 31163, 57.2m2/g) support material. Nominal Rh loadings
were 1wt% on ZrO2 as well as 1 and 5.5wt% on SiO2. For Rh/SiO2 the
mechanistic analyses focused on the more active 5.5 wt% sample,
which gave stronger product signals during TPH.

After impregnation, residual water was removed under reduced
pressure in a rotary evaporator. The dried, yellowish-colored cata-
lyst was calcined in flowing air at 400 �C when using silica, and at
550 �C in the case of zirconia (ramp rate: 5 �C/min, 60 min isother-
mal period). Before any experiments, the catalysts were reduced in
hydrogen in situ at 400 �C for 120 min (ramp rate: 5 �C/min).
2.2. Catalyst characterization and reaction testing

2.2.1. H2-Temperature programmed desorption (TPD) characterization
H2-TPD measurements were carried out on a Quantachrome

Autosorb iQ2 chemisorption station connected to a Hiden
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Analytical QGA MS. Pre-reduced 1 % Rh/ZrO2 was ramped in H2

to 400 �C (rate: 5 �C/min, 120 min), cooled down to 200 �C, evacu-
ated for 1 h, set under H2 flow for 1 h, switched to He atmosphere
to purge physisorbed hydrogen and then cooled down in He to
30 �C. The sample was kept in flowing He for 30 min and then
heated to 700 �C with 5 �C/min. The amount of chemisorbed hydro-
gen was determined from integration of the hydrogen desorption
signal. A 5 vol% H2/He (AGA) gas mixture was used to calibrate
the MS signal for H2.

2.2.2. Tests of the catalytic performance
Catalytic performance was evaluated using a high-pressure set-

up with product analysis by gas chromatography (GC) described
elsewhere [34]. In brief, a quartz tube (i.d.: 8 mm, o.d.: 10 mm) held
the catalyst (bed length ca. 2 to 6 cm)whichwasfixedbetweenwads
of quartz wool. The void volumewas filled by quartz glass rods. The
quartz tube was placed inside a TP347 stainless steel pressure shell
which always had nitrogen pressure (dosed via Brooks 5866 mass
flowpressure controllers) identical to the onewithin thequartz tube
to avoid pressure gradients across the quartz tube. The ensemble of
reactor tube and pressure shell was placed inside an Entech tube
oven with the catalyst within the isothermal zone of the oven. The
feed gases, N2 (Air Liquide), H2 (Air Liquide, N5.0), CO (Air Liquide,
N3.7), and 1598 ppm acetaldehyde in nitrogen (AGA, Linde), were
supplied from pressurized gas cylinders via Brooks 5850Smass flow
controllers and mixed before entering the reactor tube. All post-
reactor gas lines were heat traced at 135 �C. Downstream of the
set-up, the pressurewas relieved via a pneumatically operated pres-
sure reduction valve (Baumann 5115S) and the gas flow was direc-
ted to a GC (6890 N, Agilent Technologies). The GC was equipped
with flame ionization and thermal conductivity detectors and used
He as carrier gas. Calibration details and detected compounds are
listed in the supporting information.

Unless stated otherwise, the total CO/H2 (volumetric ratio:
V/V = 1/2) reactant pressure was set to 20 bar, reaction temperature
was 250 �C and225 �C for Rh/SiO2 andRh/ZrO2 respectively, the flow
rate of CO/H2 was 40 NmL min�1 with a flow rate to catalyst mass
ratio (F/W) of 4000 NmL min�1 gRh-1 and during catalytic reaction
tests the samples were held on stream for at least 8 h. Post-
catalysis microscopy analysis by the method described elsewhere
[37] showed that the size distribution for the spent catalyst had a
major overlap with the distribution for the freshly reduced sample,
which suggests that sintering is limited under these reaction condi-
tions. Additionally, re-calcination and re-reduction of a spent 1%Rh/
SiO2 catalyst restored the original performance. On this basis it is
concluded that the present results are not significantly affected by
sintering.

2.2.3. Conversion of acetaldehyde in different reaction atmospheres
The conversion of acetaldehyde when directed over supported

Rh catalysts under typical reaction temperature and pressure con-
ditions was investigated. Here, a gas mixture containing 1598 ppm
acetaldehyde in nitrogen (AcH/N2) was either co-fed with CO/H2,
with pure H2, or passed over the catalyst alone. To retain the same
partial pressure levels of the CO/H2 reactants (20 bar) when adding
AcH/N2 to CO/H2, the total pressure was increased to 27 bar under
these testing conditions. While directing AcH/N2 or AcH/N2/H2

over the catalyst, the total pressure was set to 20 bar. Co-feeding
the AcH/N2 gas mixture to H2 or CO/H2 leads to a dilution of the
original AcH concentration (1598 ppm). An overview of the applied
reaction parameters and the prevailing concentration levels of co-
fed AcH is provided in Table 1.

2.2.4. DRIFTS experiments
Transient response experiments, monitoring changes to surface

species when switching from CO/H2 to H2 reaction atmosphere,



Table 1
Overview of reaction gas compositions when investigating the catalytic conversion of co-fed acetaldehyde (1598 ppm AcH in N2) in different reaction atmospheres. Catalyst
samples used: 1 % Rh/SiO2 and 1 % Rh/ZrO2, catalyst mass: 1.00 g, reaction temperature: 250 �C for 1 % Rh/SiO2 and 225 �C for 1 % Rh/ZrO2.

Reaction test
(Panel in Fig. 4)

Reaction atmosphere Atmosphere composition [V: V] Total flow rate [NmL min�1] Total pressure [bar] AcH concentration
[ppmv]

0 CO + H2 1: 2 40 20 –
1 (A) AcH/N2 1 40 20 1598
2 (B) AcH/N2 + H2 1: 2 40 20 533 a

3 (C) AcH/N2 + CO + H2 1: 1: 2 53.3 27 399 a

a These conditions are selected to yield the same molar feed flow of AcH.
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were conducted on a DRIFTS set-up described previously in more
detail [35]. In brief, experiments were carried out in a PrayingMan-
tisTM diffuse reflection optics unit equippedwith a high pressure cell
(Harrick Scientific Products). Spectra were collected with a Nicolet
iS50 FTIR spectrometer with a liquid-N2 cooled MCT detector and
averaged over 64 measurements with 4 cm�1 resolution. Effluent
gases were monitored by on-line mass spectrometry (MS) using a
Hiden Analytical HPR-20 EGA mass spectrometer. Four different
types of experimentswere conducted. For each experiment samples
were reduced in situ (2 h in H2 at 400 �C, rate: 5 �C/min). The total
flow rate for all flows was 40 mL min�1 and the pressure was 1 bar
unless specified otherwise. Temperature values refer to both cata-
lysts, 5.5 % Rh/SiO2 and 1 % Rh/ZrO2, unless specified otherwise.
The loaded catalyst mass was ca. 40 mg for Rh/SiO2 and ca. 120 mg
for Rh/ZrO2; differing due to the different densities of the oxides.
2.2.5. Transient response experiments: Changing atmosphere from CO/
H2 to H2

In a first experiment, the pre-reduced catalyst sample was
ramped to 250 �C in H2 atmosphere (a background spectrum was
recorded under these conditions) and the atmosphere was then
switched to CO/H2 (V/V = 1/2). The pressure was set to 16 bar by
closing the needle valve. DRIFTS spectra were continuously col-
lected and the sample was allowed to reach a steady state adsor-
bate coverage. The CO feed was then stopped and the sample
was kept in a pure H2 flow at 13 bar and 250 �C for ca. 4 h.
2.2.6. TPH after pretreatment under catalytic CO/H2 reaction
conditions

In a second experiment, the catalyst was pre-reduced and a
background spectrum was recorded in H2 atmosphere at 30 �C.
At atmospheric pressure the catalyst sample was then ramped to
250 �C in H2 atmosphere and the atmosphere was switched to
CO/H2/Ar (V/V = 1/2/9) in which the catalyst was held for ca. 1 h.
The pressure was increased to 16 bar and the catalyst held under
these conditions for 2 h; allowing the sample to reach a steady
state coverage as monitored by the IR signals. The pressure was
then released and the sample rapidly cooled down to 30 �C in reac-
tion atmosphere. Reactant gases were purged by a He flow for
30 min at 30 �C, and the sample was then kept in a H2 flow for
45 min. The sample was subjected to a TPH by heating to 500 �C
with a rate of 5 �C/min in flowing H2.
Table 2
Number-weighted, mean particle diameters and H/Rhtotal values for the Rh catalysts.
Particle diameters were calculated from statistical analysis of TEM images and
estimation of the metal dispersion was derived from H2-TPD.

Catalyst sample Particle diameter [nm] H/Rhtotal

1 % Rh/SiO2 1.7a 1.38 a

5.5 % Rh/SiO2 3.5a 0.71 a

1 % Rh/ZrO2 � 2.7b 0.96

a Number based average particle diameter from TEM measurements from
Schumann et al.[37].

b Estimated from the relation between hydrogen uptake and the TEM particle size
reported by Schumann et al. [37] (Fig. S1).
2.2.7. TPH after CO pre-adsorption at low temperature

In a third experiment, the catalyst was pre-reduced and a back-
ground spectrum was recorded at 30 �C in a H2 atmosphere. The
catalyst sample was then, at atmospheric pressure, exposed to a
9.5 % CO/Ar flow at 30 �C for 30 min to adsorb CO. Afterwards,
residual CO was purged by a He flow for 30 min and the sample
was then kept under a H2 flow for 45 min. The sample was sub-
jected to a TPH by heating to 500 �C with a rate of 5 �C/min in flow-
ing H2.
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2.2.8. Transient response experiments: Changing atmosphere from CO
to H2

In a fourth experiment, the pre-reduced catalyst sample was
ramped in H2 to 250 �C for 5.5 % Rh/SiO2, or 225 �C for Rh/ZrO2. A
background spectrum was recorded under these conditions and
theatmospherewas then switched to aflowof pureCO. Thepressure
was increased to 17 bar by closing the needle valve. After 20 min of
CO flow under these conditions, the CO atmosphere was displaced
by a He flow that was maintained until absorption bands ascribed
to gaseous CO could no longer be detected. The He flow was then
switched to H2 flow and the sample was kept in flowing H2 at
11.5 bar until no further changes in the spectra were detected.

3. Results and discussion

3.1. Characterization of Rh particle sizes

The CO hydrogenation over Rh is highly structure sensitive for
smaller (<ca. 5 nm) particles [36,37], and knowledge of the particle
size is therefore critical for studies of this reaction. Table 2 shows
the average particle sizes for the investigated samples. For Rh/
SiO2 catalysts the particle sizes were extracted from statistical
analysis of TEM images as described in a previous study [37]. For
Rh/ZrO2 the hydrogen chemisorption capacity measured by tem-
perature programmed desorption (TPD) of H2 was used to estimate
the Rh particle size. Ligthart et al. [38] have shown a good agree-
ment between particle size estimates from H2 chemisorption and
TEM, which suggests that chemisorption results should be reason-
ably representative. TPD for the 1 % Rh/ZrO2 catalyst yielded a
molar H–uptake of H/Rhtotal = 0.96. This value cannot be directly
equated to a dispersion because the adsorption stoichiometry is
highly size dependent for small particles [37,39,40]. Thus, the Rh
particle size for 1 % Rh/ZrO2 was estimated on the basis of the
obtained H/Rhtotal value and the relation between H/Rhtotal and
the particle size found by TEM for Rh/SiO2 catalysts [37] (Fig. S1).

3.2. Catalytic reaction tests – Support effects

Fig. 1 shows an Arrhenius plot for the rate of CO conversion
under differential conditions (<3% CO conversion) on 1 wt%



Fig. 1. Arrhenius plot for the rate of CO hydrogenation over 1 wt% Rh supported on
SiO2 (squares) or ZrO2 (circles). Reaction conditions: 20 bar of CO/H2 (V/V = 1/2),
catalyst mass = 1.00 g for 1 % Rh/SiO2 and 2.00 g for 1 % Rh/ZrO2, F/W = 4000 NmL
min�1 gRh-1 . Detailed information about selectivities and conversions are summa-
rized in Tables S1-S2.
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Rh/ZrO2 and 1 wt% Rh/SiO2 and illustrates the strong support
effect. Fig. 2 compares the catalytic performance of the silica and
zirconia supported Rh catalysts and illustrates that the support
not only impacts the catalytic activity but also the selectivity. Here,
Rh/ZrO2 is more active toward CO hydrogenation than Rh/SiO2

regardless of the studied Rh particle size (see diameters in Table 2).
Structure sensitivity is therefore not the main reason for the activ-
ity differences. For further studies, 225 �C was selected as the reac-
tion temperature for Rh/ZrO2 because the formation of liquid
products from the more active ZrO2-supported catalyst created
practical difficulties at higher temperatures. The Rh/SiO2 catalysts
were tested at 250 �C, because the low productivity of the 1 wt%
catalyst Rh/SiO2 led to significant uncertainties at lower
temperatures.

Fig. 2 illustrates that the selectivity is also impacted by the sup-
port effect. For Rh/ZrO2 the selectivity towards the desirable C2-
oxygenate products is lower compared to Rh/SiO2. Moreover, the
Fig. 2. Conversions and selectivities in CO hydrogenation with different supported Rh cat
H2 (V/V = 1/2), T = 250 �C for Rh/SiO2 and 225 �C for 1 % Rh/ZrO2, flow rate: 40 NmL m
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relative distribution between acetaldehyde and ethanol is strongly
dependent upon the choice of support. Acetaldehyde is the domi-
nant oxygenate for Rh/SiO2, whereas ethanol (EtOH) is the domi-
nant oxygenate for Rh/ZrO2. A similar shift towards ethanol was
also reported for rare earth oxide supports [7]. The catalytic results
thus indicate that the support effect is an enhancement of the rate
determining reaction step and an altered hydrogenation capability
that shifts the oxygenate product from acetaldehyde towards
ethanol.
3.3. Catalytic reaction tests – Further conversion of acetaldehyde

The conversion of acetaldehyde was evaluated under various
reaction conditions in order to understand why oxygenated
products such as acetaldehyde and ethanol are formed in CO
hydrogenation despite the fact that decomposition of such oxy-
genates is reportedly [19,41] facile on Rh surfaces. Fig. 3 illus-
trates the stability of acetaldehyde when an AcH/N2 stream is
directed over Rh/SiO2 (Fig. 3A) or Rh/ZrO2 (Fig. 3B) at tempera-
ture and pressure relevant for the CO hydrogenation reaction.
For both catalysts, acetaldehyde decomposes readily when
brought into contact with the bare Rh surface (i.e. in the absence
of added CO/H2). The resulting CO and CH4 constitute the major
decomposition products, which is in line with previous reports
[19] of acetaldehyde decomposition via decarbonylation on rho-
dium. For 1 % Rh/SiO2, complete decomposition of acetaldehyde
into an approximately equimolar CO/CH4 mixture is observed
already after short time on stream (<3h). Given the full conver-
sion of acetaldehyde this experiment only gives a lower limit for
the decarbonylation rate of at least 169 lmol gcat.–1 h�1. By compar-
ison, the CO hydrogenation rate for 1 % Rh/SiO2 at the same con-
ditions (Fig. 2) is around 45 lmol gcat.–1 h�1, so the aldehyde
decomposition would be fast enough to remove all formed oxy-
genated products on a bare rhodium surface. For 1 % Rh/ZrO2 a
pronounced transient change can be seen in the product distri-
bution during the initial period of aldehyde exposure. Initially,
only CH4 escapes suggesting that the CO from decarbonylation
is retained on the rhodium surface. The CO selectivity in the
effluent gas then gradually approaches 50 % as expected from
complete decarbonylation. That CO begins to escape indicates
that the Rh surface is becoming saturated with adsorbed CO.
When approaching surface saturation by CO the aldehyde con-
version drops from 100 %, and acetaldehyde also begins to
alysts: 1 % Rh/ZrO2, 1 % Rh/SiO2 and 5.5 % Rh/SiO2. Reaction conditions: 20 bar of CO/
in�1, F/W = 4000 NmL min�1 gRh-1 .



Fig. 3. The selectivity towards formed products (left Y-axis) and the AcH conversion level and the carbon balance (right Y-axis) when directing a reactant feed of 1598 ppm
AcH in N2 over 1 % Rh/SiO2 (A) or 1 % Rh/ZrO2 (B). Reaction conditions: 20 bar, T = 250 �C for 1 % Rh/SiO2 and 225 �C for 1 % Rh/ZrO2, catalyst mass = 1.00 g, flow rate = 40 NmL
min�1 (see Table 1).
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escape the reactor. The declining activity for aldehyde decompo-
sition as the Rh surface is becoming filled with CO suggests that
a sufficiently high CO coverage on the metal surface can protect
the oxygenates from decomposition. Another interesting aspect
of the aldehyde conversion over Rh/ZrO2 is that, while the CO
selectivity (50 %) suggests that all converted aldehyde is decar-
bonylated, the hydrocarbon products are a mixture of CH4 and
C3-hydrocarbons. This can be understood from part of the
acetaldehyde undergoing aldol condensation (likely ZrO2-
catalyzed) to croton aldehyde (CH3CH=CHCHO) [42], prior to
decarbonylation [43], which yields CO and a C3-hydrocarbon.

For 1 % Rh/SiO2, the carbon balance closes reasonably well (ca.
90 %) within the uncertainty that is to be expected when consider-
ing possible formation of stable carbonaceous species. In the case
of 1 % Rh/ZrO2 the carbon balance is more open - particularly dur-
ing the initial period. A control experiment monitoring the effluent
products when directing a flow of AcH/N2 over metal-free m-ZrO2

led to a comparable delay for the detection of acetaldehyde, which
is therefore attributed to the uptake of AcH on the zirconia surface
(see Fig. S2). This uptake of AcH on the support and the indicated
tautomerization of acetaldehyde (crotonaldehyde was not fol-
lowed by the gas product analysis) may be part of the reason for
the poor mass balance in Fig. 3B.

The conversion of AcH was also investigated when co-feeding
AcH with H2 or with CO/H2 over the 1 % Rh/SiO2 and 1 % Rh/ZrO2

samples. Fig. 4 shows an overview of the different compounds that
were detected when directing AcH over the catalyst bed in the dif-
ferent reaction atmospheres. In an AcH/N2 atmosphere a near com-
plete decarbonylation of AcH occurs and yields an equimolar
mixture of CO and hydrocarbons (Fig. 4A). When feeding acetalde-
hyde together with hydrogen (Fig. 4B) there is also full conversion,
and CH4 becomes the near-exclusive product, indicating a rapid
methanation of CO formed via the decarbonylation of acetalde-
hyde. These results corroborate observations found in Rh single
crystal studies [19,41] where oxygenates such as acetaldehyde
were readily decomposed over the bare Rh surface. Fig. 4C shows
the selectivity in AcH conversion, when AcH was co-fed with the
CO/H2 reaction feed (see also Tables S3-S6). This result is obtained
by subtracting the productivity levels obtained in CO/H2 from
those in AcH/CO/H2. Thus, a selectivity to acetaldehyde signifies
that a fraction of the fed acetaldehyde passes unconverted through
the reactor. Although a minor decomposition of the aldehyde also
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occurs in the presence of CO, Fig. 4C clearly indicates that the pre-
dominant fraction of oxygenates is preserved. When compared to
the complete AcH decomposition in the absence of CO (Fig. 4A
and 4B) these results illustrate that a highly CO-covered metal sur-
face is required to enable the preservation of oxygenate products.
When co-fed with CO/H2 acetaldehyde primarily passes through
the reactor without being converted in the case of Rh/SiO2 or is
hydrogenated to ethanol in the case of Rh/ZrO2. This illustrates that
under high CO coverage conditions Rh/ZrO2 maintains a hydro-
genation activity that far exceeds the one of Rh/SiO2. The prefer-
ence for ethanol over acetaldehyde for Rh/ZrO2 in steady state
CO hydrogenation (Fig. 2) can thus be ascribed to an increased abil-
ity to hydrogenate formed acetaldehyde into ethanol rather than to
the existence of a parallel pathway leading to ethanol.

The reason for the superior hydrogenation activity caused by
the support effect from ZrO2 cannot be fully identified on the basis
of the presently available information. An indirect electronic effect
of the adsorbates on the metal cannot be ruled out. The hydrogena-
tion of acetaldehyde by hydrogen diffusing from the oxide support
to the metal surface (i.e. spillover) can also not be ruled out in this
case. The sticking coefficient of H2 on Rh is normally orders of mag-
nitude higher than on an oxide [44–46], and consequently the sup-
port would normally have a neglible contribution to hydrogen
activation for Rh-containing catalysts. However, during CO hydro-
genation the CO coverage on Rh may be so high that it limits the
hydrogen activation on the metal to an extent that could make
spillover of activated hydrogen from the support important.

While the results presented in Fig. 4 clearly show that a high CO
coverage can prevent the otherwise readily occurring decomposi-
tion of C2-oxygenates, they also underline that even over a highly
CO-covered metal surface some decomposition occurs. Part of the
oxygenates formed during CO hydrogenation reaction must thus
be expected to decompose before escaping from the reactor. Con-
sequently, the oxygenate selectivity levels that are determined
from the reactor effluent, such as those in Fig. 2, are most likely
lower than the selectivity in the primary reaction forming the oxy-
genates from CO and H2.

3.4. Involvement of surface species on the support

It is well-established [23,47,48] that support/promotor materi-
als leading to increased activity (such as ZrO2) also result in an



Fig. 4. The product distribution obtained from catalytic reaction tests studying the stability of AcH in different atmospheres over 1 wt% Rh supported on SiO2 or ZrO2. A:
Selectivity in conversion of 1598 ppm AcH in N2 (full AcH conversion is observed). B: Selectivity in conversion of 533 ppm AcH in 67 vol% H2/33 vol%N2 (full AcH conversion is
observed). C: The net selectivities in conversion of 399 ppm AcH in a CO/H2/N2 (1/2/1) atmosphere. The results are corrected for the production from CO/H2 alone under the
same condition. Full reaction conditions are provided in Table 1.
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increased presence of adsorbates on the support/promoter such as
formates, acetates and alkoxides. The promotional effect could
therefore arise from the emergence of bifunctional pathways via
such species. If these species on the oxide are important reaction
intermediates, they must be expected to react and disappear, if
CO is removed from the feed. Fig. 5 shows DRIFTS spectra obtained
from transient response experiments for Rh/ZrO2. Here the catalyst
was allowed to reach steady state during reaction in H2/CO, where-
upon the feeding of the CO reactant was stopped, while the hydro-
gen flow was maintained (retaining temperature and pressure).
Fig. 5. DRIFTS spectra from transient response experiments over 1 % Rh/ZrO2. Black
line: spectrum recorded during catalytic reaction in a CO/H2 atmosphere (16 bar of
CO/H2 (V/V = 1/2), T = 250 �C). Red line: spectrum after subsequent fading out of CO
and running with pure H2 at 13 bar and 250 �C for several hours. In addition to the
assignments in the text the band at 1838 cm�1 is attributed to bridging bound CO
on Rh [53] and the bands at 2015 and 2045 cm�1 are attributed to linear Rh-CO
species. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Spectra recorded in the CO/H2 atmosphere (black line) illustrate
a substantial population of the Rh/ZrO2 catalyst sample with differ-
ent adsorbates. Intense absorption bands around 1460 and
1600 cm�1 indicate the presence of bicarbonate (HCO3) species
[49,50] on ZrO2, and bands at 1346 and 1540 cm�1 indicate acetate
(CH3COO) species on ZrO2 [51]. The presence of such adsorbates
suggests a basic character of the ZrO2 support. Weaker but distinct
bands at 2855 and 2929 cm�1 also suggest the presence of methox-
ide (CH3O) species [49,50,52] on ZrO2. The presence of gaseous CH4

was observed by an absorption band at 3016 cm�1. The spectrum
recorded several hours after switching from CO/H2 to a pure H2

atmosphere (red line) is nearly unaltered. This indicates a high sta-
bility of the adsorbate species that form on the support during the
CO/H2 reaction and strongly suggests the predominant fraction of
these adsorbates to be spectator species. Species such as methox-
ide and acetate most likely form when C1- and C2-oxygenates cre-
ated on the metal subsequently readsorb on the oxide. Because of
their high stability these species on the oxide remain as spectators
during the reaction. Similar observations were made for Rh/SiO2,
where methoxide on SiO2 was the primary adsorbate on the sup-
port in CO/H2 (see Fig. S3). Only slight decreases in the IR absorp-
tion band intensities for methoxide on SiO2 were observed after
switching to pure H2 suggesting that the species on the support
also possess a spectator role for Rh/SiO2. From these results there
is no indication that a bifunctional mechanism via adsorbate spe-
cies associated with the support plays a major role for the support
effect.

3.5. Temperature programmed hydrogenation experiments

To obtain further insight into the reaction mechanism and its
dependence on the support, the catalysts were subjected to tem-
perature programmed hydrogenation experiments. Catalysts were
allowed to reach steady state in CO/H2 at 16 bar and 250 �C reac-
tion, and then rapidly (�3 min) cooled down to 30 �C in the reac-
tion atmosphere to preserve the species on the surface. After
residual gaseous CO was purged by He the samples were subjected
to temperature programmed hydrogenation (TPH) in flowing H2 at
atmospheric pressure, while the surface species were monitored by
DRIFTS (see Fig. S4-S6) and the reactor effluent was monitored by
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MS analysis. Fig. 6 shows the MS signal signals associated with
methane (m/z = 15) and C2-oxygenates (followed by the acetyl
CH3CO fragment, m/z = 43) along with the normalized IR signal
intensity for the linearly bound Rh-CO species during the TPH for
Rh/SiO2 (Fig. 6A) and Rh/ZrO2 (Fig. 6B). Under certain conditions
Rh gem-dicarbonyls can form in CO containing atmospheres
[54,55]. However, in the present work IR spectroscopy (Fig. S4 –
S7, S9) only showed linearly bound CO on the surface of metallic
Rh nanoparticles. Hence all conclusions in the present work must
relate to surface species on metallic Rh nanoparticles.

Fig. 6A clearly shows that for Rh/SiO2 the methane formation
correlates well with the disappearance of adsorbed CO. As no other
surface species could be observed to change in this temperature
range this suggests that CO dissociation is the rate limiting step
in the reaction, and that all intermediates between CO and CH4

are too short-lived to be followed by IR spectroscopy at tempera-
tures above ca. 200 ℃ where the CO activation occurs in Fig. 6A.
A minor evolution of C2-oxygenates also occurs in the early part
of the conversion of the adsorbed CO. For the parallel experiment
with Rh/ZrO2 (Fig. 6B) the main observation is that elimination of
the CO surface species is shifted down in temperature relative to
Rh/SiO2. Negligible molecular CO desorption was observed in the
temperature region where the major decrease in IR signal intensity
for Rh-CO is observed (Fig. 7). This shows that the elimination of
CO primarily is by dissociation. That CO in disappears at a lower
temperature on Rh/ZrO2 (ca. 200 ℃) than on Rh/SiO2 (ca. 250 ℃)
in Fig. 6 therefore suggests that the rate limiting C-O dissociation
on Rh is accelerated by the ZrO2 support. This is in agreement with
the faster steady state reaction over Rh/ZrO2 (Fig. 1). For Rh/ZrO2

the methane formation in the TPH experiment is larger and
extends to far higher temperatures. This can be correlated to the
gradual conversion of the high concentration of carbon-
containing surface species present on the support during the reac-
tion (see Fig. 5) and potentially also conversion of carbonaceous
deposits on the surface. Since numerous species contribute to
methane formation in the TPH for Rh/ZrO2 it is difficult to fully
delineate the methane formation arising from CO on the Rh
surface.

Fig. 6 shows that catalysts exposed to reaction conditions do not
yield significant CO dissociation during subsequent TPH until ca.
200 �C. Interestingly, previous work on promoted Rh/SiO2 catalysts
Fig. 6. Comparison of the the MS signals assigned to CH4 (m/z = 15, black line) and C2-o
intensity of infrared absorption bands for Rh-COlin species (right Y–axis, red line) that we
the TPH sequence in H2 (ramp rate: 5 �C/min, 1 bar, 40 mL min�1), the catalysts were trea
rate = 40 mL min�1) for 2 h. The amounts of Rh surface sites present in the experiments ar
colour in this figure legend, the reader is referred to the web version of this article.)
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has shown that methane formation during TPH can occur below
200 �C and the major difference is that those studies pre-
adsorbed CO at ambient temperature [56,57]. To gain further
insight into the CO dissociation we compared the TPH after
exposure to reaction conditions in Fig. 6 to a TPH after
CO-preadsorption at 30 �C. Fig. 7A shows a comparison of the
CH4 formation and the relative CO coverage during TPH after
exposure to reaction conditions (CO/H2 at 16 bar and 250 �C) or
exposure to 9.5 vol% CO at 30 �C and atmospheric pressure.
Fig. 7B shows the evolution of gaseous, molecular CO during the
two TPH experiments. Fig. 7A illustrates that after low-
temperature CO adsorption, the CO activation, evidenced by
methane formation, sets in at around 75 �C, whereas after the
high-temperature adsorption CO activation only sets in at ca.
200 �C. This can be rationalized by the CO desorption in Fig. 7B,
which illustrates that in both cases an initial desorption of molec-
ular CO has to take place. The completion of this initial desorption
occurs at 75 �C after low-temperature adsorption and at 200 �C
after high temperature adsorption, which correlates very well to
the emergence of CO activation/methane formation in the two
cases. In both cases, the Rh surface thus adsorbs so much CO, that
it is prohibitive to the CO activation, and part of the CO has to des-
orb before any CO hydrogenation can occur. After high-
temperature adsorption, this initial desorption is not completed
until higher temperatures, which suggests an increased stability
of the adsorbed CO. The adsorption of CO from synthesis gas at
the higher temperatures is therefore concluded to lead to a rear-
rangement in the adsorbate layer that results in a stronger bonding
of the adsorbed CO. As a result of the stabilization of the CO adlayer
at higher temperature, the onset of CO activation in the subsequent
TPH thus becomes dependent on the adsorption conditions. Since
the integral amount of CO that has to desorb before CO activation
can take place is also greater after high-temperature adsorption,
the coverage with inhibiting CO must also be increased by this
rearrangement. The results thus indicate an activated rearrange-
ment in the adsorbate layer that increases both the stability and
possibly also the coverage of adsorbed CO. Whether this rearrange-
ment only involves the adlayer or also the underlying metal sur-
face cannot be determined from the present data. This activated
adsorption of CO does not appear to be limited to Rh. Loveless
et al. [58] observed an increased CO uptake with increasing
xygenates (CH3O fragment, m/z = 43, black dashed line) and the normalized signal
re obtained during TPH sequences for 5.5 % Rh/SiO2 (A) and 1 % Rh/ZrO2 (B). Prior to
ted to CO/H2 reaction conditions (16 bar of CO/H2/Ar (V/V/V = 1/2/9), T = 250 �C, flow
e 6 lmol for Rh/SiO2 and 4 lmol for Rh/ZrO2. (For interpretation of the references to



Fig. 7. TPH experiments for 1 % Rh/ZrO2 after CO pre-adsorption at 30 �C or after
CO/H2 at 250 �C. A Methane formation (m/z = 15) and normalized IR absorption
band intensity for Rh-COlin species (2067 cm�1) as functions of temperature during
TPH. B The evolution of gaseous CO (m/z = 28) during TPH. Dashed lines illustrate
the correlation between completion of the initial CO desorption and the onset of CO
activation evident from methane formation. The low temperature CO desorption
(<200 �C) is attributed to molecular desorption of pre-adsorbed CO, whereas the
major CO desorption peak at 200–350 �C is attributed to recombination of already
dissociated C and O since this desorption occurs after disappearance of the CO IR
signals. Different pretreatments were applied before TPH. Black line: 30 min
exposure to 9.5 % CO/Ar at 30 �C, red line: catalytic reaction treatment in 16 bar of
CO/H2/Ar (V/V/V = 1/2/9) at 250 �C before being quenched in reaction atmosphere.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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temperature for Ru/SiO2, but did not investigate the stability of the
adsorbed CO. Similarly, Falconer and co-workers inferred an
increased CO coverage from TPH results after high-temperature
CO adsorption for Ru/Al2O3 [59], Ni/Al2O3 [60,61] and Ni/TiO2

[62]. That part of the CO coverage has to desorb before CO activa-
tion becomes possible was also observed for silica supported Rh
(see Figure S8), so this prohibitively high coverage is not support
dependent. The phenomenon is also not specific to Rh, as the same
behavior is evident in previous studies of Ni/Al2O3 [61] and Pd-
based catalysts [63]. However, the correlation between the desorp-
tion of this blocking CO and the onset of an ability to activate CO
does not appear to have been identified previously, but is clear
from the results in Fig. 7. Given the generality of this activated
CO adsorption behavior, and the necessity for desorption of pro-
hibitive CO, prior to CO activation, the conclusions made here for
Rh are very likely to be relevant for CO hydrogenation over other
metals as well.

Because CO desorption and hydrogenation occur at a lower
temperature after CO pre-adsorption at 30 �C, it is possible to
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observe surface species that are too short-lived to be monitored
during steady state reaction at higher temperatures. Here, this
allows the detection of a hydrogen-assisted pathway of CO activa-
tion. Fig. 8A shows the methane formation and the development in
selected IR signals during TPH after CO adsorption on Rh/ZrO2 at
30 �C. The results illustrate that the initial CO conversion at 75 –
120 �C leads to a species characterized by two IR bands at
2821 cm�1 and 2927 cm�1. These bands correspond well to C-H
stretches in methoxide species on a metal surface [64–69] and
are clearly different from the bands arising frommethoxide species
on the ZrO2 surface (as shown in Fig. 8B). At 120 – 175 �C the
methoxide on the metal is then converted into methane as evident
from the correlated disappearance of methoxide IR signals and
appearance of a methane MS signal. These results provide clear
evidence for the existence of a H-assisted CO dissociation pathway
via CH3O on the Rh surface. This is in good agreement with DFT cal-
culations on Rh(111) by Choi and Liu [17], which identified a H-
assisted pathway via methoxide with surmountable barriers.
Moreover, the observation of C-O scission via CH3O is in good
agreement with the detection of methoxide species on Rh(111)
and Rh(211) single crystal surfaces in a CO/H2 atmosphere during
operando ambient pressure X-ray photoelectron spectroscopy
experiments [70]. This observation of a hydrogen-assisted CO acti-
vation via methoxide also reconciles why the CO conversion on Rh
exhibits an inverse H/D isotope effect [15,16] despite the C-O dis-
sociation being rate limiting. Furthermore, the observation of a
mechanism via a rate limiting C-O bond breakage in methoxide
can explain the nature of the isotope effects. In adsorbed methox-
ide the stronger bonds to the heavier deuterium lead to a weaker
C-O bond (evident from a lower C-O stretching frequency [64]) in
CD3O compared to CH3O, and this weakening of the C-O bond is
the reason for the higher reaction rate from D2 compared to H2.

The observation of the methoxide pathway after low tempera-
ture CO pre-adsorption raises the question of whether this path-
way is also relevant for the steady state reaction at higher
temperatures. For the Rh/ZrO2 catalyst subjected to steady state
reaction in CO/H2 (Fig. 8B) or to subsequent TPH (spectra shown
in Fig. S9) there are strong bands at 2851 cm�1 and 2921 cm�1

attributable to species on the ZrO2 support which prevent detailed
monitoring of the methoxide species on the metal. Additionally,
the results in Fig. 8A suggest that conversion of methoxide on
the metal is rapid above 175 �C, which should lead to a small pop-
ulation of such species at higher temperatures. However, methox-
ide on Rh could be observed transiently, when changing from a CO
feed to pure H2 under reaction temperature and pressure condi-
tions (see Fig. S10). Combined with the fact that the hydrogen
assisted pathway can explain the inverse H/D isotope effect
observed [15,16] for both Rh/ZrO2 and Rh/SiO2 this would suggest
that the methoxide pathway is important for the steady state CO
hydrogenation over Rh catalysts.

Since the rate-limiting CO activation appears to be hydrogen
assisted (via CH3O), there is a consistency between the higher rates
with Rh/ZrO2 and the shift in oxygenate distribution towards etha-
nol for this catalyst. Both observations suggest that at least part of
the support effect from ZrO2 is that it enables a higher hydrogena-
tion activity of the Rh surface during reaction conditions. However,
DRIFTS spectra recorded for the supported Rh catalysts after expo-
sure to CO at elevated temperature and pressure conditions also
reveal a redshift in the C-O stretch for CO adsorbed on Rh/ZrO2

(2029 cm�1) compared to Rh/SiO2 (2043 – 2062 cm�1) (Fig. S11).
So, it is possible that a support induced weakening of the C-O bond
in CO adsorbed on Rh/ZrO2 also plays a role in the support effect.
This is consistent with the greater tendency for Rh/ZrO2 to adsorb
the CO formed during acetaldehyde decarbonylation (Fig. 3), which
also suggests that ZrO2 induces a stronger interaction between Rh
and CO that weakens the internal C-O bond in the adsorbed CO.



Fig. 8. A Normalized IR signal intensities (left Y-axis) assigned to Rh-COlin (2067 cm�1) and CH3O-Rh species on the Rh metal (2821 and 2927 cm�1), as well as the evolution
of methane (right Y-axis) detected by MS (m/z = 15) as functions of temperature during a TPH sequence over 1 % Rh/ZrO2. The reduced catalyst was, at atmospheric pressure,
pre-covered with CO from a flow of 9.5 % CO/Ar at 30 �C and subsequently purged with He before TPH. B The upper two spectra refer to 1 % Rh/ZrO2 after treatment in CO/H2

(250 �C, 16 bar) and subsequent quenching in CO/H2 (to 30 �C, 1 bar). The middle two spectra relate to 1 % Rh/ZrO2 after being pre-adsorbed with 9.5 % CO/Ar at 30 �C, then
purged with He and subsequently subjected to TPH. Spectra were recorded at different temperatures during the TPH. The lower spectrum refers to pure ZrO2 after being first
treated in CO/H2 (250 �C, 18 bar) and subsequently quenched in CO/H2 reaction atmosphere (to 30 �C, 1 bar).
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4. Conclusions

The present study has investigated the mechanism, surface spe-
cies and support effects in the Rh-catalyzed CO hydrogenation
using catalysts with small Rh particles where oxygenates are a sig-
nificant fraction of the reaction product. The reaction shows a
strong support effect with Rh/ZrO2 yielding a steady state CO con-
version that is at least an order of magnitude higher than the one
for Rh/SiO2. TPH experiments after CO pre-adsorption strongly sug-
gest that dissociation of CO on the metallic surface is the rate lim-
iting step in the CO hydrogenation and that the ZrO2 support
enhances this dissociation step compared to Rh on SiO2. Infrared
measurements after stopping the CO-flow at steady state condi-
tions suggest that the adsorbates associated with ZrO2 are too
stable to be reaction intermediates. Consequently, the support
effect is not the result of a bifunctional mechanism involving spe-
cies on or associated with the ZrO2, but rather evolves as an impact
of ZrO2 on the dissociation of CO on the metallic surface. TPH after
pre-adsorption of CO on Rh/ZrO2 at ambient temperature reveals
the existence of a hydrogen-assisted CO activation pathway that
proceeds through methoxide species binding on the metal surface.
Observation of such a H-containing CO species as the precursor for
subsequent dissociative CO activation is also in line with previous
theoretical and experimental studies. Furthermore, this hydrogen-
assisted mechanism can explain why an H/D isotope effect has pre-
viously been observed for both Rh/ZrO2 and Rh/SiO2 despite the CO
dissociation being the rate limiting step.

In the presence of CO/H2 at higher temperatures characteristic
of the CO hydrogenation reaction, there is an activated process
which increases both the stability and the coverage of adsorbed
CO. Both pre-adsorption of CO from a flow of dilute CO at 30 ℃
and from a CO/H2 flow at 250℃ leads to a high CO uptake that is
prohibitive to CO activation. In a subsequent TPH part of this
inhibiting CO has to desorb before any CO activation can occur.
The stabilizing re-arrangement of the CO adlayer occurring at
higher temperature shifts this initial desorption towards higher
temperature and thus delays the onset of CO activation in the
TPH experiment. Certain properties observed here for Rh, such as
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the shift towards increased CO coverage at higher temperature
and the necessity for desorption of part of the CO prior to com-
mencement of CO activation, can also be identified in the literature
for other metals, such as Ru, Ni and Pd. Due to these similarities,
the present conclusions concerning the activated stabilization of
CO adlayer and the nature of the hydrogen-assisted CO activation
via CH3O could be of general significance for metal-catalyzed CO
hydrogenation on other metals.

Another support effect in the Rh-catalyzed CO hydrogenation is
that ethanol is the dominant oxygenate formed over Rh/ZrO2 while
acetaldehyde dominates over Rh/SiO2. Experiments with acetalde-
hyde conversion in various atmospheres reveal that the ability of
supported Rh catalysts to produce C2-oxygenates at desirable
selectivity levels is intrinsically linked to a highly CO-covered
metal surface, which prevents the decomposition of oxygenates
that is facile over a bare Rh metal surface. At the high CO coverage
characteristic of the CO hydrogenation reaction, the fraction of
oxygenates being decomposed by Rh is found to be relatively lim-
ited. However, on a highly CO covered surface Rh/ZrO2 retains an
ability to hydrogenate acetaladehyde, whereas the CO covered Rh
surface of Rh/SiO2 is largely unable to hydrogenate acetaldehyde.
Considering the observation of hydrogen assisted CO activation
via CH3O, both the higher CO hydrogenation rates and the shift
in oxygenates towards ethanol for Rh/ZrO2 are consistent with part
of the ZrO2 support effect being an increased hydrogenation ability
at the CO-covered state of the working catalyst.
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