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The effect of calcination temperature of the monodispersed SiO2 synthesized by the Stöber method on the
catalytic performance of Rh\Mn\Li/SiO2 for CO hydrogenation to C2 oxygenates was investigated. The
means of N2 adsorption-desorption, in-situ FT-IR, H2-TPD, H2-TPR, CO-TPD, and TPSR were used to character-
ize the physico-chemical properties of SiO2 supports and the corresponding Rh\Mn\Li/SiO2 catalysts. The
results showed that the amount of surface Si-OH groups on SiO2 affects the Rh dispersion and Rh\Mn inter-
action. The increase in the number of Si\OH groups on the SiO2 was favorable for the Rh dispersion and CO
adsorption, further enhanced the activity of the catalyst. In addition, an appropriate amount of surface Si\OH
groups on the SiO2 calcined at 350 °C can gain a moderate Rh\Mn interaction. This interaction is conducive
to achieve the right hydrogenation ability, which is favorable for the CO insertion into metal-CHx band, and
ultimately increases the selectivity of C2 oxygenates.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The finite crude oil resources along with environmental concerns
have stimulated a broad intensive search for processes to provide al-
ternative feedstock for chemicals and fuels [1]. The synthesis of C2 ox-
ygenates (e.g., ethanol, acetaldehyde and acetic acid) from synthesis
gas (syngas), which can be produced from non-petroleum carbon re-
sources including natural gas, coal, and biomass, constitutes an alter-
native pathway for the production of clean fuels and chemicals [2–5].
However, the catalytic conversion of syngas to C2 oxygenates remains
challenging, and no commercial process exists as of today although
extensive efforts have been made.

So far, Rh-based catalyst exhibits the most practical application
due to its good performance for C2 oxygenates synthesis [6–9]. The ef-
fect of the support on the selectivity towards C2 oxygenates has been
thoroughly investigated [10]. SiO2 is one of the most extensively used
supports for Rh-based catalysts, and its surface properties play an im-
portant role in determining the catalytic properties [11–14]. In our
previous studies, it was found that the catalytic performance of the
Rh\Mn\Li/SiO2 catalyst for the synthesis of C2 oxygenates from CO
hydrogenation was enhanced greatly when a commercial SiO2 was
replaced by a monodispersed SiO2 prepared by the Stöber method
[15]. It was also proved that the hydroxyl-metal interaction over the
Rh\Mn\Li catalyst supported on different silica resulted in a change
in the CO adsorption on Rh particles, leading to significantly different
catalytic activities [15]. In fact, it is widely accepted that the promoter/

Rh boundary plays a key role in generating the required active sites for
the selective synthesis of C2 oxygenates [16–18], while the hydroxyl
concentration may affect the interaction between neighboring cations
or atoms on the support [16].

Considering that the concentration of surface hydroxyls on silica
may influence greatly the properties of the supported metal compo-
nent, the effect of calcination temperature of the monodispersed
SiO2 on the performance of Rh\Mn\Li/SiO2 catalysts was further in-
vestigated in this work. With regard to the additives, it has been
reported that Mn and Li can improve the CO conversion and oxygen-
ates selectivity, respectively [8]. In order to compare the catalytic per-
formance of the catalystsmore clearly, herewe took a known recipe of
Rh\Mn\Li [15], as a part of screening for catalystswith a high activity
and C2 oxygenates selectivity. Then, CO hydrogenation performance of
the catalysts was correlated with the interaction extents among Rh,
Mn and SiO2.

2. Experimental

2.1. Catalyst preparation

Themonodispersed SiO2 was prepared by the Stöbermethod [19]. In
a typical synthesis, themixture solution of 21 mL tetraethylorthosilicate
(TEOS, 99.5%, SCRC) and 50 mL anhydrous ethanol (99.7%, SCRC) was
added slowly into the mixed solution of 76 mL NH3·H2O (26 vol.%,
SCRC) and 200 mL anhydrous ethanol. Then, this synthesis solution
was aged for 4 h and separated centrifugally at 7000 r.p.m. Finally, the
collected product was washed with de-ionized water and dried at
70 °C for 12 h. Before being used, the SiO2 was calcined in static air at
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different temperatures (90 °C, 350 °C, and 550 °C) for 4 h, which were
denoted as SiO2(90), SiO2(350), and SiO2(550), respectively.

RhCl3 hydrate (Rh ~36 wt.%, Fluka), Mn(NO3)2·6H2O (99.99%,
SCRC), Li2CO3 (99.5%, SCRC), and SiO2 mentioned above were used in
catalyst preparations. Catalysts were prepared by co-impregnation
to incipient wetness of the prepared silica (1.0 g) with an aqueous
solution of RhCl3 hydrate and aqueous solutions of precursors of the
promoters, followed by drying at 90 °C for 4 h, and then at 120 °C
overnight before being calcined in air at 350 °C for 4 h. For all cata-
lysts, Rh loading was 1.5 wt.% and the weight ratio of Rh:Mn:Li=
1.5:1.5:0.07. The obtained catalysts were denoted as RML/SiO2(90),
RML/SiO2(350), and RML/SiO2(550), respectively.

2.2. Reaction

CO hydrogenation was performed in a fixed-bed micro-reactor
with length ~350 mm and internal diameter ~5 mm. The catalyst
(0.3 g) diluted with inert α-alumina (1.2 g) was loaded between
quartz wool and axially centered in the reactor tube, with the tem-
perature monitored by a thermocouple close to the catalyst bed.
Prior to reaction, the catalyst was heated to 400 °C (heating rate
~3 °C min−1) and reduced with H2/N2 (10% v/v, total flow rate=
50 mL min−1) for 2 h at atmospheric pressure. The catalyst was
then cooled down to 290 °C and the reaction started at a space veloc-
ity (SV) of 10,000 mL g−1 h−1 and pressure of 3 MPa. The feed gas
contained 60 vol.%H2, 30 vol.% CO and 10 vol.%N2. All post-reactor
lines and valves were heated to 150 °C to prevent product condensa-
tion [20]. The products were analyzed by an on-line GC (Agilent
6820) using a HP-PLOT/Q column (30 m, 0.32 mm ID) with an FID
(flame ionization detector) and a TDX-01 columnwith a TCD (thermal
conductivity detector). The conversion of CO was calculated based on
the fraction of CO that formed carbon-containing products according
to: %Conversion=(∑niMi/MCO)·100, where ni is the number of car-
bon atoms in product i; Mi is the percentage of product i detected, and
MCO is the percentage of CO in the feed. The selectivity of a certain
product was calculated based on carbon efficiency using the formula
niCi /∑niCi, where ni and Ci are the carbon number andmolar concen-
tration of the ith product, respectively.

2.3. Catalyst characterization

The BET surface areas of samples were obtained using N2 adsorp-
tion at −196 °C on a Micromeritics ASAP 2020 M+C apparatus.
Prior to N2 adsorption, the samples were degassed under a vacuum
of 10−1 Pa for 10 h at 200 °C.

CO adsorption was studied using a Nicolet 6700 FTIR spectrometer
equippedwith a DRIFT (diffuse reflectance infrared Fourier transform)
cell with CaF2windows. The sample in the cell was pretreated in H2/N2

(10% v/v) at 400 °C for 2 h, and then the temperature was dropped to
room temperature (RT). After the cell was outgassed in vacuum to

b10−3 Pa, the background was scanned. After introducing CO into
the IR cell (pco=8.0×103 Pa), the IR spectrum of CO adsorbed on
the catalyst was recorded. The concentration of CO was higher than
99.97%, and it was pretreated by dehydration and deoxygenization
before being used. The spectral resolution was 4 cm−1 and the scan
times were 64.

H2 temperature-programmed desorption (H2-TPD) as well as H2

temperature-programmed reduction (H2-TPR) and CO temperature-
programmed desorption (CO-TPD) were carried out in a quartz
microreactor. For H2 or CO TPD measurements, the catalyst (0.1 g)
was reduced in-situ for 2 h at 400 °C in H2/N2 (10% v/v), and then
was held at 400 °C for another 30 min before being cooled down to
RT in He flow. The next step was H2 or CO adsorption at RT for 0.5 h,
and then the gas was swept again with He for 3 h. Subsequently,
the sample was heated in a flowing He stream (50 mL min−1) up to
~500 °C at a rate of 10 °C min−1, while the desorbed species was
detected with a TCD detector for the H2-TPD and a quadruple mass
spectrometer (QMS, Balzers OmniStar 200) as the detector for
CO-TPD process, respectively. The amount of hydrogen adsorption of
various catalysts was calculated on the basis of their H2-TPD profiles.
For TPR measurements, 0.05 g of the sample was first pretreated at
350 °C in O2/N2 (20% v/v) for 1 h prior to a TPR measurement. During
the TPR experiment, H2/N2 (10% v/v) was used at 50 mL min−1 and
the temperature was ramped from RT to 650 °C at 10 °C min−1

while the effluent gas was analyzed with a TCD detector.
The TPSR experiment was carried out as follows: after the catalyst

was reduced at 400 °C in H2/N2 (10% v/v) for 2 h, it was cooled down
to RT and CO was introduced for adsorption for 0.5 h; afterward, the
H2/N2 mixture was swept again, and the temperature was increased
at the rate of 10 °C min−1 with the QMS as the detector to monitor
the signals of CO (m/z=28), CO2 (m/z=44), and CH4 (m/z=15).

3. Results and discussion

3.1. Catalytic activities

Table 1 shows the catalytic performances of the Rh\Mn\Li/SiO2

catalysts for CO hydrogenation. It can be seen that the catalytic activ-
ities of the Rh\Mn\Li/SiO2 catalysts dropped with the increase of
the calcination temperature of SiO2. However, the turnover frequency
(TOF) of CO conversion, which was calculated on the base of the
amount of chemisorbed H2 determined by H2-TPD (see next), over
RML/SiO2(350) was the highest. With respect to selectivity, the
highest C2 oxygenates selectivity followed with the lowest C2+ hydro-
carbons selectivity was obtained on RML/SiO2(350) catalyst. Com-
pared with the catalysts of RML/SiO2(90) and RML/SiO2(550), the
undesirable by-products of CO2, hydrocarbons, and methanol all
appeared to be suppressed over the catalyst of RML/SiO2(350), in
which the space time yield (STY) of C2 oxygenates (274.1 g kg−1 h−1)
was the highest.

Table 1
Performance for CO hydrogenation on different Rh\Mn\Li/SiO2 catalysts.

Catalyst CO conv.
(C%)

TOFa

(s−1)
Selectivity of productsb (C%) STY(C2 Oxy)

(g kg−1 h−1)
CO2 CH4 MeOH C2 Oxyc C2

+ HCd Other Oxye

RML/SiO2(90) 19.2 0.140 4.7 12.6 8.4 28.8 43.8 1.7 155.4
RML/SiO2(350) 14.6 0.181 1.8 9.1 2.6 55.4 28.8 2.3 274.1
RML/SiO2(550) 9.9 0.099 6.8 8.7 3.7 45.7 32.3 2.8 122.6

Reaction conditions: 290 °C, 3 MPa, SV=10,000 mL g−1 h−1, V(H2)/V(CO)=2, data taken after 15 h when steady state reached. Experimental error: ±5%.
a TOF based on CO conversion and H2 chemisorption.
b Based on carbon efficiency, carbon selectivity=niCi /∑niCi.
c C2 Oxy denotes oxygenates containing two carbon atoms.
d C2

+ HC denotes hydrocarbons containing two and more carbon atoms.
e Other Oxy denotes oxygenates containing more than two carbon atoms.
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3.2. Characterization of SiO2 support

N2 adsorption-desorption was carried out to characterize the tex-
tural properties of the SiO2 supports. It can be seen from Table 2 that
SiO2(90) had a large specific surface area of 268.3 m2 g−1 and small
average pore diameter of 2.2 nm. Compared with the support of
SiO2(90), the supports of SiO2(350) and SiO2(550) kept a smaller spe-
cific surface area (~11 m2 g−1) and bigger average pore diameter
(6–8 nm). It can be inferred that there are large amounts of surface
functional groups of Si\OH on SiO2(90), resulting in a large specific
surface area. After the sample was calcined at 350 or 550 °C, the sur-
face Si\OH groups on SiO2 condensed significantly, leading to the
similar structure of small specific surface area and big average pore
diameter.

The IR spectra of the SiO2 in N2 atmosphere at 300 °C are
presented in Fig. 1. According to the previous studies [14,21], the re-
gion in the range 3500–2750 cm−1 with a maximum at 3400 cm−1,
originates from the absorption of H2O and \OH interacted with hy-
drogen bond; and the band at 950 cm−1, arises from the absorption
of Si\OH. As shown in Fig. 1, with increasing the calcination tem-
perature, the intensities of the peaks at 3400 and 950 cm−1 become
weaker, and the peak at 950 cm−1 disappeared completely when
the calcination temperature was increased to 550 °C.

The previous studies [12,22–25] proved that the surface hydroxyl
groups on SiO2 has a strong interaction with the metal particles
(e.g., Rh, Mn), and further affects the metal dispersion and interaction.
Based on the different catalytic performances of Rh\Mn\Li/SiO2 cata-
lysts, it is suggested that the change of concentration of silica surface
hydroxyls caused by different calcination temperature might be the
direct factor for the different catalytic performances.

3.3. Characterization of Rh\Mn\Li/SiO2 catalysts

3.3.1. Structural and textural properties
The textural properties of the supported catalysts are shown in

Table 3. It can be seen that the supported catalysts all kept a similar
specific surface area (12–16 m2 g−1) and average pore diameter
(6–8 nm). This result is consistent with the above conclusion that
the group of Si-OH on SiO2 surface condensed after the samples cal-
cined at the higher temperature, resulting in the similar structure of
small specific surface area and big average pore diameter. This result
further confirmed that the different catalytic performances of the cat-
alysts were not caused by their textural properties.

In the XRD patterns of the prepared catalysts (not shown), no dis-
cernable peaks related to any crystalline phase can be observed, indi-
cating that the metal particles are highly dispersed.

The IR spectra of the catalysts at 300 °C and in N2 atmosphere are
presented in Fig. 2. It can be found that the IR profiles of the catalysts
did not change obviously compared with the corresponding supports,
but the intensity of the hydroxyl groups on SiO2 decreased after
supporting metal components, suggesting that the metal components
were fixed by the hydroxyl-metal interaction.

3.3.2. H2-TPD
The H2-TPD profiles of various catalyst samples after reduction at

400 °C are shown in Fig. 3. The amount of hydrogen adsorption of
various catalysts calculated on the basis of their H2-TPD profiles is
summarized in Table 4. It can be seen that there was only one peak

of H2 desorption in the TPD profiles for all the catalysts, while the
peak area decreased with the increase of the calcination temperature.
When the calcination temperature of SiO2 increased from 90 °C to
550 °C, the amount of chemisorbed H2 decreased from 51.2 μmol g−1

for RML/SiO2(90) to 29.8 μmol g−1 for RML/SiO2(550). Considering
that the surface hydroxyls of SiO2 can be removed by calcination, it is
suggested that the lower concentration of surface hydroxyls on silica
caused by higher calcination temperature gave rise to a weaker interac-
tion between the support and the added components during impregna-
tion, leading to a lower Rh dispersion or yielding larger Rh particles
[16,26]. It is obvious that lower Rh dispersion obtained on the SiO2 cal-
cined at higher temperature resulted in the lower Rh efficiency,which is
consistent with the activity of the catalysts.

3.3.3. H2-TPR
Fig. 4 shows the H2-TPR profiles for all the catalysts. There were

three peaks of H2 consumption in the TPR profiles of the catalysts.
According to the research of Ding and co-workers [27,28], the high
temperature peak centered at 200 °C is ascribed to the reduction of
MnO2; the major peak at ~130 °C and the shoulder at ~150 °C are as-
cribed to the reduction of Rh2O3 not intimately contacting with Mn
species (denoted as Rh(I)) and of Rh2O3 intimately contacting with
Mn species (denoted as Rh(II)), respectively. As shown in Fig. 4,
with increasing the calcination temperature, the reduction peak of
MnO2 moved to the lower temperature in company with the increase
of its intensity, while the ratio of Rh(II) versus Rh(I) was increased.

Many studies have showed that the addition of Mn in the Rh-based
catalyst would increase the reduction temperature of Rh oxides, and
decrease the reduction temperature of Mn oxides [17,28,29]. Thus
thewidth of temperature region between Rh andMn oxides reduction
peaks can be a judge for the strength of Rh-Mn interaction: the small
width of temperature region between Rh and Mn oxides reduction
peaks indicates a strong Rh-Mn interaction. Combined with the hy-
droxyls information of the supports observed by FT-IR (Fig. 1), it is
proposed that less hydroxyl groups left on the SiO2 calcined at higher

Table 2
Specific surface areas (SBET), pore volume (Vp) and pore diameter (Dp) of the supports.

Sample SBET (m2 g−1) Vp (cm3 g−1) Dp (nm)

SiO2(90) 268.3 0.053 2.2
SiO2(350) 11.6 0.021 7.9
SiO2(550) 10.9 0.027 9.3

Table 3
Specific surface areas (SBET), pore volume (Vp) and pore diameter (Dp) of the catalysts.

Sample SBET (m2 g−1) Vp (cm3 g−1) Dp (nm)

RML/SiO2(90) 16.2 0.029 7.3
RML/SiO2(350) 13.4 0.021 6.7
RML/SiO2(550) 12.3 0.026 7.9
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Fig. 1. IR spectra of the SiO2 supports.
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temperature, which decreased the metal dispersion and enhanced the
Rh-Mn interaction.

3.3.4. FT-IR
The IR spectra of the in situ reduced catalysts interacting with

80 mbar CO in vacuum at 30 °C for 30 min are shown in Fig. 5. The
IR spectrum was mainly composed by a doublet at 2104 and
2030 cm−1 and a band at around 2067 cm−1. The doublet can be
assigned to the symmetric and asymmetric carbonyl stretching of
the gem-dicarbonyl Rh+(CO)2 [CO(gdc)] and the 2067 cm−1 band
can be attributed to the linear adsorbed CO [CO(l)] [30]. Meanwhile,
the band at around 1840 cm−1 is assigned to the bridge bonded CO
[CO(b)] [31]. It is widely accepted that the dicarbonyl species can
only be formed on the Rh+ sites which may be highly dispersed and
linear CO be on the Rh0 sites [32,33]. It can be seen that the intensity
of adsorbed CO and the ratio of germinal versus linear CO (Rh+/Rh0)
on the catalysts declined with the increase in calcination temperature
of the SiO2, suggesting that high Rh dispersion was achieved by the
assisting of hydroxyl-metal interaction, which is in line with the

result of H2-TPD. Moreover, this situation is also similar to the
reported view that the hydrated ions of Co(H2O)62+ may be related
to the silica surface hydroxyls by the effect of hydrogen bonds, and
these hydrogen bonds block the aggregation of the cobalt species,
resulting in a higher metal dispersion [34].

As discussed above, it can be concluded that the lower concentra-
tion of silica surface hydroxyls caused by higher calcination tempera-
ture weakened the hydroxyl-metal interaction, which decreased the
Rh dispersion and CO adsorption, and resulted in lower CO inversion.

3.3.5. CO-TPD and TPSR
The desorption profiles of CO (m/z=28) in Fig. 6 show that the

similar associative desorption of CO take place on various catalysts,
suggesting comparable strength of interaction of CO with respective
catalyst surfaces. According to the research reported previously [35],
the thermal stability of various types of CO adsorbed on Rh of the
highly dispersed Rh/SiO2-based catalyst is in the following order:
CO(b)>CO(gdc)>CO(l). So, the peak at around 120 °C should corre-
spond to CO(l) species, and the peak at 160 °C may be due to CO(gdc)
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Fig. 4. H2-TPR profiles of the catalysts.

Table 4
H2 chemisorption data for the catalysts.

Catalyst RML/SiO2(90) RML/SiO2(350) RML/SiO2(550)

H2ads (μmol g−1) 51.2 37.1 29.8

Experimental error: ±5%.
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Fig. 3. H2-TPD profiles of the catalysts.
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Fig. 2. IR spectra of the catalysts.
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Fig. 5. FT-IR spectra of CO adsorbed on different catalysts.
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species, while the peak exceeded 230 °C may be assigned to the de-
sorption of bridge-bonded CO [CO(b)] species or the other forms
[36]. It is obvious that the desorption amount of CO(l) and CO(gdc)
is consistent with the intensity of adsorbed CO discussed in section
3.3.4.

Meanwhile, the profiles of CO desorbed during TPSR are compared
with the CO desorbed during CO-TPD. It can be seen that only a broad
peak between 100 °C and 250 °C existed in the profiles of TPSR, and
the peak above 250 °C could no longer be detected in the TPSR pro-
cess. Considering that the peak of CH4 also appeared after 200 °C, it
is obvious that CH4 is formed at the expense of the strongly adsorbed
CO species. Of course, the amount of CO(l) and CO(gdc) also decreased
during TPSR process, and only a broad peak at around 150 °C was left.
It is guessed that H2 spillover might occur on the catalysts at low tem-
perature, and the adsorbed CO is activated and transfers into other
adsorption forms [9].

Since the hydrogenation of dissociated CO into CH4 is very fast on
the Rh-based catalyst, the methane formation in TPSR can be used as
a tool for measuring the CO dissociation over such catalysts [17]. Fig. 7
shows the profiles of CH4 production on the catalysts. It can be seen

that on the profiles of RML/SiO2(90) and RML/SiO2(550) catalysts,
the peaks of CH4 formation were centered at around 240 °C; however,
the CH4 peak shifted to 250 °C on RML/SiO2(350) catalyst, suggesting
that weaker hydrogenation ability was obtained on it. In addition,
the amount of CH4 produced by the catalysts were different, following
the order as shown in Fig. 6: RML/SiO2(90)>RML/SiO2(550)>RML/
SiO2(350), that is to say, the hydrogenation ability decreased in the
same order, which is consistent with the result of hydrocarbons selec-
tivity of the catalysts.

It is usually considered that the formation of hydrocarbons from
CHx hydrogenation and the formation of C2 oxygenates from CO in-
sertion are the couple of competitive reaction, and the relative reac-
tion rate between them determines the activity and selectivity
forwards C2 oxygenates [37]. In order to get a high yield of C2 oxygen-
ates, it need a catalyst which has the moderate CO dissociation and
hydrogenation activity. Combined with the reactive performance, it
is suggested that the moderate hydrogenation activity exhibited on
RML/SiO2(350) is conducive to the reaction of CO insertion, thus it
obtained the highest selectivity forwards C2 oxygenates.

Based on the above results, it can be concluded that when the cal-
cination temperature is too low (90 °C), the Rh\Mn interaction is
very weak and the promotion effect of Mn is hardly to show, which
is not favorable for the formation of C2 oxygenates; while the calcina-
tion temperature is too high (550 °C), the strong Rh\Mn interaction
decreased the ability of CO adsorption and catalytic activity. However,
a moderate interaction between Rh and Mn can be obtained on the
SiO2 calcined at 350 °C. This is not only conducive to exert the promot-
ing effect of Mn promoter and gain the moderate hydrogenation abil-
ity, but also promotes the reaction of CO insertion, finally resulting in
the best catalytic performance for the synthesis of C2 oxygenates. The
effect of drying time on the catalytic performance of Rh\Mn\Li/SiO2

studied by Chen et al. [38] also emphasized that the good catalytic per-
formance just can be gainedwhen the Rh-Mn interaction at the appro-
priate intensity, which is consistent with our conclusion.

4. Conclusions

The catalysts of Rh\Mn\Li/SiO2were prepared by co-impregnation
using the monodispersed SiO2 calcined at different temperatures as the
supports, then followed by calcination and reduction before being used
for CO hydrogenation in a fixed-bed reactor at 290 °C and 3 MPa. The
results showed that changing of the calcination temperature could ef-
fectively regulate the amount of surface Si\OHgroups on SiO2, and fur-
ther changed the metal dispersion and Rh\Mn interaction. The results
of H2-TPD as well as FT-IR and CO-TPD proved that the increasing
amount of Si\OH groups was favorable for the Rh dispersion and CO
adsorption, thus enhanced the activity of the catalyst. Combing the re-
sults of H2-TPR and TPSR, it is concluded that an appropriate amount
of Si\OH groups can gain a moderate interaction between Rh and
Mn. This interaction is conducive to achieve the right hydrogenation
ability, which is favorable for the reaction of CO insertion, and ultimate-
ly increases the selectivity of C2 oxygenates.
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