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Metal oxide-promoted Rh-based catalysts have been widely used for CO, hydrogenation, especially for the ethanol synthesis.
However, this reaction usually suffers low CO, conversion and alcohols selectivity due to the formation of byproducts methane
and CO. This paper describes an efficient vanadium oxide promoted Rh-based catalysts confined in mesopore MCM-41. The
Rh-0.3VO,/MCM-41 catalyst shows superior conversion (~12%) and ethanol selectivity (~24%) for CO, hydrogenation. The
promoting effect can be attributed to the synergism of high Rh dispersion by the confinement effect of MCM-41 and the
formation of VO,-Rh interface sites. Experimental and theoretical results indicate the formation of til-CO at VO,-Rh interface
sites is easily dissociated into *CH,, and then *CH, can be inserted by CO to form CH;CO*, followed by CH;CO* hydrogenation

to ethanol.
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1 Introduction

Carbon dioxide (CO,) is one of the major emitted greenhouse
gases, which can result in climate change and ocean acid-
ification. As a nontoxic, renewable and abundant carbon
source, the chemical conversion of CO, to value-added
chemicals and fuels (oxygenates, alcohols, and olefins etc.)
has attracted extensive attention [1-3]. Among these pro-
ducts, higher alcohols (C,,OH, especially C,H;OH) are
preferable from viewpoint of safe transport, higher- energy-
densities and good blending flexibility [4]. However,
nowadays the production of ethanol mostly relies on the
fermentation of cellulosic feedstock [5,6]. The transforma-
tion of CO, into ethanol remains grand challenge. Because
CO, is thermodynamically stable and chemically inert mo-
lecule, but effectively C=0 dissociation and chain growth are
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needed to produce ethanol.

Therefore, a multifunctional catalyst that can provide
active sites for CO dissociative adsorption, CO non-
dissociative adsorption and C—C bond formation is needed
for CO, hydrogenation to ethanol [1,4]. Previous studies
have shown that CoAlO, catalysts with coexisting Co-CoO
phases [7] and Pt/Co;0, catalyst using the synergistic effect
of water and metallic cobalt [8] achieved 92.1% selectivity
of ethanol and 27.3% selectivity of C,.OH, respectively.
Composite oxide catalyst system has also been used for al-
cohols synthesis, such as physically mixed Fe-based and Cu-
based catalysts [9] and K/Cu-Zn-Fe catalysts [10—-12]. Par-
ticularly, Rh-based catalysts have been evaluated as pro-
mising catalyst system for the selective synthesis of ethanol,
due to their special CO dissociation ability [13—16]. Since
the main products are CH, or CO over pure Rh catalyst [17],
a variety of promoters were studied, such as Co, Fe and Li
[13,15,16,18]. In addition, high density hydroxyl groups on
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RhFeLi/TiO, nanorods can stabilize formate and protonate
methanol, which is easily dissociated to CH, then is inserted
to CH;CO and hydrogenated to ethanol [19].

Generally, the CO, hydrogenation to ethanol reaction
pathway contains reverse water gas shift (RWGS), CO dis-
sociation, CO insertion and hydrogenation [15,16,19]. The
promoting effect of metal oxide over Rh-based catalysts for
CO,/CO hydrogenation to ecthanol was extensively in-
vestigated. Several studies have suggested that FeO, can
promote RWGS to activate CO, [19], Fe’ promote CO dis-
sociation and hydrogenation [15] and RhFe alloy was cor-
related with ethanol selectivity [20,21] in CO,/CO
hydrogenation. MnO, can also promote CO dissociation by
formation of tilted CO species at Rh-MnO interface [22,23].
Generally, the effect of promoter can be ascribed to the
electronic interaction [14,16,24,25] and the formation of
interfacially active sites between Rh and metal oxide
[22,23,26,27].

Since the size effect of Rh nanoparticle can often influence
the CO, conversion and product selectivity [28,29], MCM-
41 was used as support to control the Rh nanoparticle size.
Firstly, the influence of various promoters was studied. A
significant improvement of CO, conversion and ethanol se-
lectivity was observed when vanadium oxide (VO,) was
added to Rh/MCM-41. Furthermore, the VO, promoting
effect on the electronic state of Rh and the reaction me-
chanism of ethanol formation was investigated.

2 Experimental

2.1 Preparation of catalysts

The catalysts were prepared by the incipient wetness im-
pregnation method. RhCl;enH,O (99.9%, Huaweiruike
Chemical Co., China), NH,VO; (99.0%, Tianjin Guangfu
Technology Development Co. Ltd., China), oxalic acid
(99.0%, Aladdin Industrial Corp., China) were used as pre-
cursors. MCM-41 (99.9%, NanJingJiCang Nanotechnology
Corp., China) with channels diameter between 1.7 to 3.8 nm
were used as the support. MCM-41 (1 g) were impregnated
with an aqueous solution of oxalic acid (2 mL) containing
the precursor [NH,VOs/oxalic acid=0.5 (mole ratio)] by
using ultrasonication for 1 h. Subsequently, the sample is
dried at room temperature overnight and then at 80 °C for
10 h. Finally, the sample is calcined in air at 500 °C for 4 h
and reduced in pure H, at 400 °C for 1 h. The loading of Rh
was controlled at 2 wt%. The loading of VO, was based on
the molar ratio between V and Rh. We named the catalyst as
Rh-(y)VO,/MCM-41, where the y in the bracket repesents
the weight percent of V. We prepared Rh-MO,/MCM-41
(MO,=WQO,, FeO,, MnO,, CeO, and NbO,) catalysts by ap-
plying the co-impregnation method. We used ammonium
metatungstate hydrate (98%, Adamas Reagent Co. Ltd.,
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Germany), Fe(NO;);°9H,0 (98%, Alfa Aesar Chemical Co.
Ltd., China), 50% Manganous nitrate water solution (99.0%,
Tianjin kemi’ou Technology Development Co. Ltd., China),
cerium nitrate hexahydrate (98%, Aladdin Chemical Co.
Ltd., China) and ammonium niobate(V) oxalate (98%, Alfa
Aesar Chemical Co. Ltd., China) as precursors. Then MCM-
41 supports (1 g) were impregnated with 2 mL solution of
the precursor by using ultrasonication for 1 h. Subsequently,
the sample is dried at 80 °C for 10 h, calcined at 500 °C for
4 h and reduced in pure H, at 400 °C for 1 h.

2.2 Characterization

X-ray photoelectron spectroscopy (XPS) measurements
were taken on a PHI 1600 ESCA instrument (PE Company)
which is equipped with an Al Ko X-ray radiation source (7v=
1,486.6 eV). Before measurements, all the samples were
dried at 80 °C for 12 h. The binding energies were calibrated
using the C 1s peak at 284.6 eV as a reference. Raman
spectra were recorded under ambient conditions using a
Renishaw inVia reflex Raman spectrometer with a 325 nm
Ar ion laser beam and a 633 nm He-Ne ion laser beam.
Before each measurement, the samples were dried at 80 °C
for 12 h. The morphology of catalysts was characterized by
transmission electron microscopy (TEM; FEI Tecnai G
2 F20, 200 kV, USA) and field emission scanning electron
microscopy (FE-SEM; Hitachi S-4800, 5 kV, Japan). The
average particle diameter was obtained, after counted over
300 particles. Before each measurement, the samples were
dissolved in ethanol and dispersed by using ultrasonication.
Powder X-ray diffraction (XRD) patterns were performed
with 26 values between 1° and 60° using a Bruker-D8 dif-
fractormeter (A=1.54056 A, Germany). In order to measure
the weight content of element Rh and V, 5 mg of each cat-
alyst dissolved in a perchloric/nitric acid mixture, was
measured by the inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES; Varian 720-ES, USA).

H, temperature-programmed reduction (H,-TPR) and CO,
temperature-programmed desorption (CO,-TPD) were per-
formed on a Micromeritics AutoChem II 2920 apparatus
equipped with HIDEN QIC-20 mass spectrometer (MS). For
H,-TPR experiment, 100 mg sample was pretreated at
300 °C for 1 h under flowing Ar to remove water and other
contamination. After cooling to 50 °C, 10 vol% H,/Ar was
introduced and the temperature was increased from 50 to
800 °C with the ramp rate of 10 °C/min. The signal was
recorded online by thermal conductivity detector (TCD). For
CO,-TPD experiment, 100 mg sample was pre-reduced at
400 °C for 1 h under 10 vol% H,/Ar. When the temperature
was cooled and kept stable at 50 °C, pure CO, was in-
troduced for 0.5 h. Subsequently, the purging was carried out
by Ar for 1 h. Then the temperature was increased from 50 to
600 °C with the ramp rate of 10 °C/min. The gas component
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in the effluent was monitored and recorded online by MS,
and the signals for m/z of 44, 28 and 18 were monitored. The
volume of adsorbed CO and metal surface area was studied
by employing the CO chemisorption method. For each test,
200 mg sample was pre-reduced with 10 vol% H,/Ar at
400 °C for 1 h, then cooled to 50 °C. Subsequently, CO was
admitted to the sample by injection pulses of 10 vol% CO/He
(0.5082 mL) until the consumption peaks became stable. It
can be assumed that the adsorption stoichiometry factor of
Rh/CO=1.

A Micromeritics Tristar 3000 analyzer (USA) was used to
obtain the textual properties of catalysts by N, adsorption-
desorption at 77 K. Prior to the tests, all samples were de-
gassed at 300 °C for 6 h. The specific surface areas were
calculated from the isotherms using the Brunauer-Emmett-
Teller (BET) method, and the pore distribution and the cu-
mulative volumes of pores (V,..) were obtained by the
Barret-Joyner-Halenda (BJH) method from the desorption
branches of the N, isotherms.

The diffuse reflectance infrared fourier transform spec-
troscopy (DRIFTS) was used to record vibrational spectra of
molecules adsorbed on the different catalysts. In situ
DRIFTS experiments were performed on a Thermo Scien-
tific Nicolet IS50 spectrometer (USA), equipped with a
Harrick Scientific DRIFTS cell and a mercury-cadmium-
telluride (MCT) detector cooled by liquid N,. To conduct
DRIFTS measurement, about 100 mg finely ground sample
was packed in the ceramic crucible of the in-situ chamber.
All the samples were pretreated at 400 °C under a H, flow
(20 mL/min) for 1 h and cooled to 250 °C in Ar to obtain a
background spectrum. The spectra for each measurement
were collected by subtracting the background spectrum.
Then CO,/H,/Ar (CO,/H,/Ar=3:1:1, 60 mL/min) mixture
gas was introduced. The spectra under reaction conditions
were recorded after 64 scans with a resolution of 4 cm ™. As
for DRIFTS characterization of CO adsorption, prior to CO-
adsorption the samples were pretreated at 400 °C under a H,
flow (20 mL/min) for 1h and cooled to the desired tem-
perature to obtain a background spectrum, and the spectra for
each measurement was then collected by subtracting the
background spectrum. Then CO was flowed into the cell, and
the sample surface was saturated. After excess CO was
evacuated and the adsorption spectrum was stabilized, CO
adsorption spectra at desired temperature were collected. For
in situ CO-DRIFTS experiments, the samples were reduced
at 400 °C for 1 h in H, (30 mL/min) with a ramping rate of
4 °C/min. Before CO adsorption, Ar (30 mL/min) was
switched to purge the residual H,. The background spectra
were collected after cooling down to room temperature.
Spectra were collected with temperature rising from 30 to 50,
100, 150, 200 and 250 °C and hold 30 min.

Spin polarized periodic density functional theory (DFT)
calculations were carried out to model VO,-Rh catalyst from
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theory perspective using Vienna ab initio simulation package
[30,31]. We employed Perdew-Burke-Ernzerh (PBE) of ex-
change-correlation functional [32]. The valence wave func-
tions were expanded by plane wave with a cutoff energy of
400 eV, while atomic core was described by the Projected
Augmented Wave (PAW) pseudopotentials [33]. A Mon-
khorst-Pack k-point sampling was applied with a 3x3x1 k-
points grid which was tested to the convergence with the
criterion of H atom adsorption energy variation smaller than
0.1 eV. The (4x4) surface model was created by cutting the
Rh unit cell of the bulk phase along the (111) plane and VO,
species with different degrees of polymerization were added
on Rh surface. The thickness of the employed slabs is four
layers, with top two layers relaxed on each surface. During
the geometry optimization, the whole slab together with the
adsorbate was relaxed. A vacuum layer of 15 A was im-
plemented in order to avoid the interactions between slabs.

The adsorption energies were calculated based on the
following equation:

AE‘ads =E

adsorbate+surface

E E

surface gas
where E,gomatersurface T€fErs to the total energy of slab with
adsorbates while E .. denotes as the clean slab. We utilize
gas phase total energy of adsorbates as reference, which is
defined as E,,,. When modeling the gas phase molecule, we
adapted the cubic unit cell with sides length of 15 A. All the
structures were optimized until the force on each atom was
less than 0.02 eV/A.

The formation energies of oxygen vacancy were calculated
based on the following equation:

AE‘V = Esurface with O, + EHZO(g) - Eperfect surface EHz(g)

We use energy of gas phase H,O and H, as reference to
match the reduction process in experiment.

The transition states were located by climbing-image
nudged elastic band method [34]. The activation barrier was
defined as the difference in energy between the preceding
lowest energy intermediate ;g and the transition state Eqg:

E=Es—Eg

2.3 Catalyst test

To examine the catalytic performance of catalysts, 300 mg of
each catalyst with a 2040 mesh size distribution was mixed
with 2.0g of quartz particles (SiC: granulation of
0.075-0.4 mm) to avoid hot spots and pressure drop across
bed and packed in the stainless steel (§ mmx400 mm) tubular
reactor. Prior to each experiment, the catalyst was activated
by reducing in H, atmosphere (99.99%) with the flow rate of
30 mL/min and the temperature of 400 °C for 1 h. After the
reduction of catalyst, the reactor was cooled down to reaction
temperature. Then the reactant gases (CO, and H, with molar
ratio of 1:3, 3.0 MPa) were introduced into the reactor. The
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gas hourly space velocity (GHSV) was set at 6,000 h™'. The
product gas was analyzed with an online gas chromatograph
(GC, Agilent 7890B, USA) equipped with two detectors.
One is flame ionization detector (FID) with a HP-FFAP
column using H, as a carrier gas to analyze the organic
species such as alcohols, oxygenate and hydrocarbons. The
other one is TCD with columns of MS-5A column and
Hayesep Q using He as a carrier gas to monitor the incon-
densable gas species including H,, CO,, N,, CO and CH,. All
the flow lines between the reactor and the GC were heated
and kept beyond 150 °C, to avoid the liquefaction of the
alcohols products. CO, conversion, C-containing gas pro-
ducts selectivity, ethanol yield and turnover frequency (TOF)
were calculated as follow [12]:

CO,,in _FCOZ,out

Xcoz(%) = r FCOZ,in x 100

S{%) = % x 100

STV, = - ci,ROH )
TOF = 7 s+ (1)

where i represents the carbon containing species in the pro-
ducts, including CH,, CO, C,H,,, CH;0OH and C,H;OH, and
n is the number of carbon atoms in the carbon containing
species, Vg is the volume of adsorbed CO (mL), SF is the
stoichiometry factor. TOF of ethanol was calculated as moles
of ethanol formed on per mole of surface Rh obtained from
the CO chemisorption. The data for the catalytic activity
were collected when the reaction reached stable after 15 h,
and the repeated tests have been also carried out to confirm
the reproducibility of the results. Besides, carbon balances
closed to within +5% for the data.

3 Results and discussion
3.1 Catalyst structure

The morphology of Rh/MCM-41catalysts and Rh-0.3VO,/
MCM-41catalysts are shown in Figure 1(a, b), respectively.
The Rh nanoparticles (NPs) confined in MCM-41channels
present uniform size distribution with an average diameter of
2.1+1.0 nm (Figure 1(a, b)). As shown in Figure 1(b), the
addition of VO, does not change the size distribution of the
Rh NPs due to the confinement effect of MCM-41. The
specific surface area of Rh-VO,/MCM-41 is determined to
be 348-389 mz/gcat, which is close to the half of the MCM-41
(793 m’/ g..0) (Table S1, Supporting Information online). The
pore volume of Rh-VO,/MCM-41 is determined to be 0.294—
0.322 cm’/ 2., Which is also close to the half of the MCM-41
(0.707 cm’/ 2..)- However, SEM images show that there is no

Sci China Chem

severe aggregation of MCM-41 after the impregnation
(Figure S1(a, b), Supporting Information online). In addition,
the meso-structures of MCM-41 remain unchanged after the
impregnation (Figure S2). These results indicate that part of
MCM-41channels should be filled by Rh-VO, nanoparticles.

To verify the surface configuration of VO, species on the
MCM-41, Raman studies with 325 and 633 nm excitation
wavelength were employed. Specifically, UV Raman is more
sensitive in monitoring the isolated and polymerized VO,
species [35,36]. While Raman spectroscopy with excitation
wavelength 633 nm was applied to observe RhO, stretch
feature [37]. As shown in Figure 1(c), the broad band at
487 cm' in the spectra is assigned to the D1 defect mode of
silica support [38]. There is a sharp band at
1,021-1,025 cm™' assigned to V=0 band when the loading of
VO, is higher than 0.3 wt% in Rh-(y)VO/MCM-41. When
the loading of VO, is higher than 0.5 wt%, a new band as-
signed to crystalline V,05 at 993 cm ' appears and the peak
intensity rises with the loading of VO, is further increasing
[36,38]. As shown in Figure 1(d), the Raman bands of Rh,0;
(265, 470, 560 cm_l) in Rh/MCM-41 are consistent with
those observed previously [37]. The bands in VO,/MCM-41
at 250, 305, 450 cm ' can be attributed to VO.. However, the
spectrum of Rh-VO,/MCM-41 significantly differs from the
linear combination of that from Rh/MCM-41 and VO,/
MCM-41. Clearly, the addition of V altered the bonding of
Rh-0O and V-0 due to the strong interaction between Rh and
VO, [39,40].

H,-TPR studies of Rh-(y)VO,/MCM-41were carried out to
investigate the strong interaction between Rh and oxide
promoters (Figure 1(e)). The peaks centered below 200 °C
can be ascribed to the reduction of Rh,0; [15]. When the
VO, was added, the Rh,0; reduction peak becomes broader
and moved to higher temperature, indicating VO, may hinder
the reduction of Rh,05 [27,41]. It is noteworthy that there is
no reduction peak at 300—500 °C can be observed, which is
assigned to bulk V,0s reduction.

To further quantitative study the exposed active Rh sites of
Rh-(»))VO,/MCM-41 catalysts, CO titration experiments
were conducted. The adsorbed amount of CO for Rh/MCM-
41 is determined to be 20 umol/g. As the loading of VO,
increases from 0.1 wt% to 1.0 wt%, the adsorbed amount of
CO decreases from 16 to 9 pumol/g (Table S1). Since the size
of Rh-based catalysts does not change over different
samples, the observed low adsorption amount of CO on
Rh-(»)VO/MCM-41 can be attributed to the partial en-
capsulation of Rh sites by VO, overlayers [39,40]. Raman
spectroscopy also demonstrates the strong interaction be-
tween Rh and VO, (Figure 1(c, d)). Consequently, a catalyst
structure of Rh nanoparticles partially covered by VO, was
proposed.

XPS analysis was also conducted to investigate the surface
structure of Rh-based catalysts. As shown in Figure 1(f),
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Figure 1 TEM images of (a) RW/MCM-41 and (b) Rh-0.3VO,/MCM-41 catalysts after CO, hydrogenation reaction at 250 °C, 3 MPa for 12 h. Insets
indicate the size distribution of the Rh-based catalysts. (¢) UV (Aecimaiion=325 nm) Raman spectra of the Rh-(y)VO,/MCM-41catalysts, and (d) Aeyciation=
633 nm Raman spectra of Rh-1.0VO,/MCM-41, 1.0VO,/MCM-41 and Rh/MCM-41. (e) H,-TPR profiles of the Rh-(y)VO,/MCM-41 catalysts. (f) XPS Rh 3d
peak for R/MCM-41, Rh-0.1VO/MCM-41, Rh-0.3VO,/MCM-41, Rh-0.5VO,/MCM-41, Rh-1.0VO,/MCM-41 after CO, hydrogenation reaction at 250 °C,
3 MPa for 12 h. (g) The relative fraction of Rh” and Rh’ as a function of VO, loading in Rh-(y)VO,/MCM-41 catalysts (color online).

deconvolution of the Rh 3ds,, peak for Rh-(y)VO,/MCM-41
catalysts yields two peaks centered at 307.4 and 308.3 eV,
corresponding to metallic Rh” and oxidic Rh species, re-
spectively [23,25,42]. Furthermore, the relative percentage
of Rh” and Rh" was estimated and shown in Figure 1(g).
With the loading of VO, increasing, Rh'/Rh’ ratio increased
significantly. This is consistent with H,-TPR and Raman
results. The XPS spectra of V 2ps), signal and fitting curve of
the Rh-0.5VO,/MCM-41 and Rh-1.0VO,/MCM-41 catalysts
were also shown in Figure S3. When the loading of VO, is
0.5 wt%, the fraction of V5+, V¥ and V' is 0%, 60.5% and
39.5%, respectively. However, the fraction of V5+, v* and
V*" is determined to 45.8%, 36.6% and 17.6%, respectively,
as the loading of VO, is increased to 1.0 wt%. We also stu-
died the VO,/Rh catalysts with different VO, loadings from
theory perspective. In order to match the tendency that the
degree of polymerization of VO, increases with VO, loading,

we induced the monomer (V1), dimer (V2), trimer (V3) and
tetramer (V4) vanadium oxide species on the Rh(111) sur-
face (Figure S4). In these models we found that the Bader
Charge value of VO, cluster changes from —0.82¢ to —0.1e
after added on Rh(111), which means that the Rh(111) base
provides electrons to the VO, (Figure S5). These observa-
tions clearly demonstrate the interfacially electronic inter-
action between VO, and Rh.

3.2 Catalyst performance

Firstly, the catalytic performance of Rh/MCM-41 catalysts
with different promoters which are often used in CO,/CO
hydrogenation is studied (Figures 2(a), S6 and Table S2)
[6,24,43]. The VO, promoted catalyst shows the highest
ethanol selectivity and yield. Subsequently, the catalytic
performance to CO, hydrogenation is studied over Rh/
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MCM-41 with different loadings of VO, (Figure 2(b)). The
detailed values of CO, conversion and the selectivity to
different products are presented in Table 1, and the carbon
balance is between 0.95 to 0.98. Unpromoted Rh/MCM-41
presents CO, conversion and ethanol selectivity of 2.3% and
4.4%. We find that CO, conversion and ethanol selectivity is
increased to 8.9% and 15.4% after 0.1 wt% VO, is added.
When the loading of VO, is 0.3 wt%, the CO, conversion and
the selectivity to ethanol reach the highest value of 12% and
24%, respectively. However, CO, conversion and the se-
lectivity of ethanol decrease when the loading of VO is
further increased. The decrease of CO, conversion indicates
that excess VO, has a passive effect, which may be caused by
the excessive encapsulation of Rh sites by VO, species. This
suggestion has been proven by Raman spectroscopy com-
bined with CO chemisorption (Table S1, Figure 1(c, d)). In
addition, as the loading of VO, increases, the selectivity of
CH, increases and the selectivity of CO decreases. The CH,
and CH;— in ethanol comes from the dissociation of CO,
while CO, methanol and —CH,OH come from the non-dis-
sociation of CO [24]. As thus, a descriptor (Cy/Ciy) is de-
fined to evaluate the presence of two carbon-containing
species in the reaction products related to CO dissociation
(C4s) and non-dissociative CO insertion (Cj,), respectively.
As shown in Table 1, the Cg/C;,, increases with the loading
of VO, increasing. Based on these results, we conclude that
the addition of VO, can increase the yield of ethanol by
promoting the CO, activation and CO dissociation, while

1004 @ e Conversion EEECH, 124
[1CO
I MeOH| 5q
80 EmEOH |
g 16 &
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= . {129
3 404 2
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excess VO, suppresses CO, conversion by blocking Rh sites.

We also study the effects of different reaction conditions,
including temperature, pressure and space velocity on the
activity and selectivity of Rh-0.3VO,/MCM-41 (Figure S7).
It can be seen that the moderate temperature, low weight
space velocity and high pressure reaction condition pre-
ferentially produce ethanol, which is consistent with ther-
modynamic analysis [44,45].

3.3 Promotion effects of the VO,

The CO adsorption properties on promoted and unpromoted
Rh catalysts are investigated using DRIFTS at 50 and
250 °C. As shown in Figure 3(a), the major adsorption peak
at 2,051-2,061 cm ' can be assigned to linear CO (lin-CO)
adsorption [15,23,28]. The peaks at ~2,080 and ~2,010 cm !
are associated with the symmetric and asymmetric stretches
of Rh(CO), gem-dicarbonyl species (gem-CO) adsorbed at
Rh" sites [26,46]. The peak at lower wavenumber
(~1,910 cm_l) corresponds to bridging CO adsorption at two
or more Rh atoms [15,26,28,47]. When VO, is added, the
peak position of gem-CO and lin-CO does not shift. How-
ever, the intensity of gem-CO is increased, because the
fraction of Rh" increases with VO, added. While there is a
broader peak from 1,900 to 1,750 cm ' appearing when VO,
is added. This broad peak should contain two kinds of CO
adsorbed peaks, the bridged CO and tilted CO [26]. Further,
in situ CO-DRIFTS is employed to study the evolution of CO

1004 (b) = Conversion EEECH, 1 24
1Cco

-MSOH_ 20
80- EENEOH | *
S L 16 &
2 60+ s
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8 40 S
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VO, loading (%)

Figure 2 (a) Catalytic performance to CO, hydrogenation over RhW/MCM-41catalysts with various promoters. The loading of VO, is 0.5 wt% and the
loadings of other promoters are controlled at their optimized values. (b) Catalytic performance to CO, hydrogenation over RhW/MCM-41 catalysts with
different VO, loadings. Reaction conditions: P=3.0 MPa; 7=250 °C; weight space velocity is 6,000 ' H,/CO,/N,=3:1:1 (color online).

Table 1 Catalytic performance of RhW/MCM-41 catalysts with different VO, loadings &

Selectivity of products (C%)

. Conversion STY (EtOH) -1 Carbon
VO, load TOF (EtOH) (h Cyi/ C;

v odne (C%) CH, co MeOH  EtOH (g/tkg b)) (RO () Cond G balance

0 23 28.1 56.6 0.51 4.4 1.7 0.51 0.45 0.97

0.1 8.9 43.7 35.8 8.34 15.4 22.5 8.34 1.04 0.97

0.3 12.1 48.3 20.1 17.75 24.1 479 19.30 1.40 0.98

0.5 11.5 51.7 20.2 19.30 21.2 40.1 18.22 1.51 0.96

1.0 9.4 60.0 16.0 18.22 17.5 27.0 17.75 1.94 0.95

a) Reaction conditions: P=3.0 MPa; 7=250 °C; weight space velocity is 6,000 h'; H,/CO,/N,=3:1:1.
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Figure 3 The CO DRIFTS spectra of (a) 50 °C on Rh-(y)VO,/MCM-41catalysts, (b) from 30 to 250 °C on Rh-0.3VO,/MCM-41, (c) 250 °C on Rh-(»)VO,/
MCM-41 catalysts. (d) In situ DRIFTS spectra of the Rh-(y)VO,/MCM-41 catalysts in reaction at 250 °C, H,/CO,=3:1 (color online).

adsorption with temperature increasing from 30 to 250 °C on
Rh-0.3VO/MCM-41. As shown in Figure 3(b), the broad
peak centered at 1,850 em ' is decomposed to two peaks
which centered at 1,920 and 1,810 cm ' when temperature
increases from 30 to 250 °C. These two peaks can be as-
cribed to bridging CO adsorption and tilted CO adsorption,
respectively.

As shown in Figure 3(c), the gem-dicarbonyl species dis-
appeared at 250 °C. At this temperature, the most prominent
feature is the vibrational frequency at 2,051-2,061 cm’!
which can be attributed to linearly adsorbed CO on Rh’ sites
[28,46]. We find that the peak position of linear CO and
bridging CO shifts to higher wavenumber when VO, is ad-
ded. This observed shift can be ascribed to the deficient
electron state of Rh', caused by interfacially electronic in-
teraction between VO, and Rh [24]. When VO, is added, the
bridging CO peak centered at ~1,910 cm ' becomes small.
While a strong, lower wavenumber peak around 1,780 cm’!
is observed. This peak can be assigned to tilted CO at the
metal/oxide interface, in which the C atom of CO molecules
is bonded to the Rh sites while the O atom interacts with V°*
cation sites [23,26,48,49].

In-situ DRIFTS was further carried out to investigate the
influence of VO, on the ethanol formation (Figure 3(d)). In
the vey region, the bands at 3,016, 2,965, 2,880 and
2,744 cm ' were observed, stemming from gaseous CH,

(3,016 cmfl) and adsorbed formate species, respectively. In
the O—C-O stretching region between 1,650 and 1,200 cmfl,
the bands at 1,585 and 1,370 cm ' were assigned to adsorbed
formate, while the rest peaks might stem from carbonate
(Table S3) [50-52]. CO,-TPD studies show that there is only
one peak centered at 110 °C for unpromoted Rh/MCM-41
(Figure S8). When the loading of VO, loading is higher than
0.3 wt%, a peak centered at 220 °C appears. It is suggested
that a new CO, adsorption site was created when VO, was
added, and CO, adsorption capacity increased. As shown in
Figure 3(d), the peaks assigned to formate became stronger
with VO, addition. It is proposed that CO, hydrogenation
followed the path of carbonate and formate from CO, ad-
sorbed on the surface of Rh-(y)VO,/MCM-41. The formation
of ethanol from CO, hydrogenation could be the result of CO
produced by RWGS [53], and CO insertion could be re-
sponsible for the chain lengthening [54,55]. Thus, it is pro-
posed that ethanol can be synthesized by CO insertion into
*CH; species to form CH;CO¥*, followed by CH;CO* hy-
drogenation [15,16]. In this reaction pathway, it is generally
agreed that the CO dissociation is the rate limiting step over
Rh [56], and the initial C—C bond formation influences
C,,OH productivity significantly [57]. As expected, sig-
nificant amounts of *CHj species (1,470 cm_l) are observed
on the surface of Rh-(y)VO,/MCM-41 and increased with
VO, added [58,59]. Subsequently, these abundant adsorbed
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*CH; species on Rh-(y)VO,/MCM-41 can be inserted by
CO, which may be responsible for the high ethanol yield.

We also used the models with different degrees of poly-
merization of VO, mentioned before to study the formation
of interfacial sites and their CO adsorption and dissociation
performance. VO, clusters were reduced by H, in the first
place and formed two kinds of oxygen vacancy (Ovl: Ov
between V and Rh; Ov2: Ov between two V atoms), corre-
sponding oxygen vacancy formation energy is shown in
Figure 4(a). Then CO can adsorb on the interface of
Rh and VO, with O absorbing on Ov and C absorbing on Rh
surface (Ov1-Rh site and Ov2-Rh site, Figure S9). As shown
in Figure 4(a), the adsorption energies of CO on all the in-
terfacial Ov-Rh sites of VO,/Rh(111) are higher than that of
Rh(111) hep site from —0.69 to —0.13 eV. We further con-
sidered the CO dissociation process on the interfacial Ov-Rh
sites, which is found that the activation energies for CO
dissociation on these sites are lower than that on pure Rh
surface. So as to explain this trendency of activation energy,
we found a linear relationship between CO absorbed bond
lengths and activation energies of different sites and models.
As shown in Figure 4(b), the C—O bond lengths are longer
than that of CO adsorption on Rh(111), indicates that CO can
be well activated on the interfacial sites. Thus, these VO,-Rh
interfacial sites which can accelerate CO dissociation pro-
cess may be responsible for the high ethanol yield.

In order to quantify the capacity of CO dissociation, we
integrated the peak of 1in-CO and til-CO in the DRIFTS
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spectra of the Rh-(y)VO,/MCM-41 catalysts at 250 °C
(Figure S10). The peak area of 1in-CO and til-CO and ratio of
til-CO/1in-CO is shown in Table S4. It is interesting that the
til-CO/1in-CO is determined to be 0.99 when the loading of
VO, is 0.3 wt%. This is well consistent with the observed
highest ethanol yield over Rh-0.3VO,/MCM-41 catalyst. In
addition, we also show that the relative fraction of Rh' is
increased significantly with the addition of VO, (Figure 1
(g)). These results suggest that the VO, promoter can induce
the formation of Rh" species on Rh-(y)VO/MCM-41 cata-
lyst, due to the interfacially electronic interaction between
Rh and VO, promoter. The selectivity descriptor of Cg;/Cips
is plotted in Figure 4(c, d) as a function of the ratio of til-CO/
lin-CO and the fraction of VO, induced Rh’, respectively. We
find that the selectivity of Cg/C;,, increases linearly with the
ratio of til-CO/lin-CO and the fraction of Rh' species.
Therefore, it can be concluded that the amount of tilted C-O
species can be increased as the number of the VO,-Rh in-
terfacial sites increasing. Adsorption of tilted C—O species
makes the C—-O bond breaking easily and hydrogenated to
form *CHj;, hence inserted to CH;CO*, hydrogenated to
ethanol, as shown in Scheme 1.

4 Conclusions

In summary, our study provides a quantitative assessment of
the correlation between interfacial active sites and catalytic

25] = Rh(111) (b)
2.0

Ov1-Rh sites
1.5 .
1.0
0.54

Ov2-Rh sites
0.0 r T T T
1.20 1.25 1.30 1.35 1.40
Bond length (A)
(d)
2.0 °
”
v d
1.5 "
” 9
-
-
10f © 7
-
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P

0.54 °

0.0 0.2 04 0.6 0.8 1.0
The fraction of VO, induced Rh*

Figure 4 (a) Potential energy diagram for the CO dissociation on VO,/Rh(111) with VO, speciecs from monomer to tetramer. (b) The activation energy of
CO as a function of CO bond length. Evolution of the selectivity parameter Cy;/C;, With (c) the ratio of til-CO/lin-CO and (d) VO, induced Rh" fraction

(color online).
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o o “
o ﬁ
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.

&)
J ” C,H,0H

e 3

Scheme 1 Schematic of CO, hydrogenation over VO, promoted Rh-
based catalyst in MCM-41. The VO, plays an important role in promoting
the dissociation of CO and promoting the formation of ethanol (color on-
line).

performance in CO, hydrogenation over multifunctional
Rh-VO,/MCM-41 catalysts, which has never been proposed.
We clearly demonstrated that the promotion of VO, on
Rh/MCM-41 can be attributed to the electronic effect that
induces the generation of Rh" species and the formation of
interfacial VO,-Rh active sites. Based on H,-TPR, XPS, in-
situ spectroscopic characterizations and DFT calculations,
we propose that the til-CO adsorbed at the interface of VO,-
Rh can be easily dissociated into *CH,, thus favoring the
formation of ethanol upon CO insertion. When the loading of
VO, is 0.3 wt%, the amount of dissociative adsorbed CO is
almost equal to that of non-dissociative adsorbed CO, re-
sulting in the highest ethanol selectivity and yield. We also
expect that the interfacial catalysis between metal and metal
oxide may be widely applied in other catalytic systems.
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