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1. Introduction

Catalytic selectivity of Rh/TiO, catalyst in syngas
conversion to ethanol: probing into the
mechanism and functions of TiO, support and
promotert

Riguang Zhang, Mao Peng and Baojun Wang*

The catalytic selectivity, the functions of a TiO, support and promoter, and the mechanism of ethanol syn-
thesis from syngas on a Rh/TiO, model catalyst have been fully identified. Our results show that all species
preferentially interact with Rh; clusters of a Rh/TiO, catalyst, rather than the support and cluster-support
interface. CO — CHO — CH,O — CHzO is an optimal pathway. CHz formed via the CHzO — CHs + O
route is the most favored CH, (x = 1-3) monomer, and this route is more favorable than methanol forma-
tion by CHzO hydrogenation; CO insertion into CHs can then form CHzCO, followed by successive hydro-
genation to ethanol. Methane is formed by CH3z hydrogenation. The Rh/TiO, catalyst exhibits better cata-
lytic activity and selectivity toward CHsz than CHzOH formation. Starting from the CHs species, CHy4
formation is more favorable than CHzCO formation; thus, ethanol productivity and selectivity on a Rh/TiO,
catalyst with a support is determined only by CH,4 formation, which is similar to that on a pure Rh catalyst
without a support. Introducing an Fe promoter into the Rh/TiO, catalyst effectively suppresses methane
production, and promotes CHzCO formation. Therefore, compared to a pure Rh catalyst without a support,
the TiO, support serves only to promote the activity and selectivity of CHz formation, and provide more
CHs species for ethanol formation; methane formation is independent of the Rh catalyst support, and de-
pends only on the promoter. In order to achieve high ethanol productivity and selectivity, an effective Rh-
based catalyst must contain a suitable combination of supports and promoters, in which the promoter, M,
should have characteristics that draw the d-band center of the MRh/TiO, catalyst closer to the Fermi level
compared to the Rh7/TiO, catalyst; as a result, the MRh/TiO, catalyst can suppress CH4 production and fa-
cilitate C, oxygenate formation.

and mainly results in hydrocarbon products, together with
methanol as the primary oxygenate; thus, in order to achieve

Ethanol formation from syngas is a major industrial process,
since syngas can be conveniently obtained from natural gas,
coal and biomass." Ethanol formation from syngas was first
patented by the Union Carbide Corporation using a Rh cata-
lyst;> however, the Rh component alone exhibits poor activity,
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high ethanol productivity and selectivity, extensive efforts
have been focused on Rh-based catalysts in order to improve
the dispersion of Rh and to modify Rh using promoters and/
or supports.®*® Up to now, Rh-based catalysts have been
widely studied with respect to ethanol formation from
syngas,””""” and are one of the better groups of materials that
convert syngas directly into ethanol, rather than via metha-
nol.""'**'® Furthermore, ethanol formation from syngas gener-
ally involves several key steps, including CO dissociation and
hydrogenation to form CH, species, and CO/CHO insertion
into CH, to form C, oxygenates, followed by successive hydro-
genation to ethanol.’®>' Modifications using promoters and/
or supports usually promote one or more of these key steps;
as a result, syngas can be efficiently converted to the desired
products.’” So far, several experimental studies on promoters
and supports that contribute to higher activity and selectivity
toward C, oxygenates have been reported. The addition of
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promoters, such as Fe, Mn, Li, Ti, La, Sm, and V, could nota-
bly increase the activity and selectivity toward target
products,’®***” suggesting that these present a strong ability
to suppress CH, hydrogenation, which not only decreases hy-
drocarbon selectivity, but also promotes C, oxygenate
selectivity.

On the other hand, it is well known that supported Rh-
based catalysts exhibit excellent performances in the synthe-
sis of C, oxygenates, such as ethanol and acetaldehyde, from
syngas,”**° in which the support presents the functions of
dispersing metal particles and modifying the properties of ac-
tive metal species through metal-support interactions.'”
Meanwhile, previous studies have shown that the selectivity
of CO hydrogenation depends closely on the chemical nature
of the supports;*' ™ for example, Rh supported on strongly
basic oxides, such as MgO and ZnO, yielded methanol as a
major product,®® whereas Rh supported on oxides, such as
SiO, and Al,O3, favored methane and higher hydrocarbons as
the major products;*> however, Rh supported on TiO, gave
the highest ethanol selectivity.>® Erdéhelyi and Solymosi**
reported that among TiO,, Al,O3, SiO,, and MgO-supported
Rh catalysts, a TiO,-supported Rh catalyst exhibited the
highest selectivity to ethanol from syngas; Haider et al“
found that negligible ethanol was produced over 2 wt% Rh
on a SiO, support, while a similar loading of Rh on a TiO,
support was active for ethanol formation from syngas. Fi-
nally, it has been reported that Ti as a promoter or as a sup-
port could promote C, oxygenate formation.>*>*3*3> As a re-
sult, many studies focused on TiO,-supported Rh-based
catalysts with excellent performances for ethanol synthesis
from syngas;'>**® however, the underlying mechanism and
the function of the supports in improving the catalytic activ-
ity and selectivity for ethanol synthesis from syngas remain
unclear.

Nowadays, theoretical calculations have been used as a
powerful tool to elucidate the mechanism of several typical
reactions;'®*°~" for example, density functional theory (DFT)
calculations by Choi and Liu'® have indicated that ethanol se-
lectivity from syngas on a periodic Rh(111) surface without a
support largely depends on the relative activity of CH; hydro-
genation to CH, compared to CO insertion into CH; to form
CH;CO. Shetty et al.”> have investigated C, and C, oxygenate
formation from syngas over a pure Rhg cluster, indicating
that C; oxygenates are formed via CO hydrogenation, while
C, oxygenate formation proceeds via CO dissociation to pro-
duce CH, species, followed by CO and/or CHO insertion.
However, few theoretical studies on Rh-based catalysts modi-
fied by a support have been carried out to fully understand
the function of the support and the underlying mechanism
of ethanol synthesis from syngas at the molecular level, due
to the complexity of the reactions. As a result, we cannot ob-
tain the intrinsic information required to fabricate a more ef-
fective Rh-based catalyst in a real catalytic system; thus, this
motivates us to probe into the specific role of the support.

In this study, the functions of the support and promoter,
the catalytic selectivity, and the mechanism of ethanol syn-
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thesis from syngas over TiO,-supported Rh-based catalysts
have been clarified by DFT calculations and microkinetic
modeling, together with a cluster/support model catalyst. By
probing into the mechanism of ethanol synthesis from syn-
gas, we can obtain a clear picture of ethanol formation on
TiO,-supported Rh catalysts; the results are expected to
readdress the following questions: what are the functions of
the support and the promoter? What is the productivity and
selectivity-controlling step of ethanol formation? Why are the
support and promoter needed to achieve high ethanol pro-
ductivity and selectivity? How do our results for the model
systems bridge the gap between the computational and the
real experimental system? Furthermore, a detailed mechanis-
tic investigation of ethanol synthesis from syngas over TiO,-
supported Rh-based catalysts at the molecular level will not
only help us to better understand the underlying mechanism,
but will also serve as a basis for the selective modification of
Rh-based catalysts to improve the catalytic selectivity toward
the desired products.

2. Computational details

2.1. Computational models

The TiO, support, widely used in catalysis,* ®° exists in the

form of three polymorphs: rutile, anatase, and brookite;
among them, the rutile form is the most common polymorph
of TiO,, and is the most thermodynamically stable form at or-
dinary pressures and temperatures up to its melting point,
1830 K.*' Among the low-index faces naturally presented in
the rutile form, the (110) face is the most stable one;**** as a
result, many theoretical and experimental studies have used
the rutile (110) face as a model surface.’****® In this study,
the rutile (110) surface is modeled using a p(3 x 2) unit cell
slab with 9 atomic layers,**”* and a 15 A vacuum space along
the z-direction is employed to prevent interactions between
any two successive slabs.

Previous experimental studies’*”® have shown that a
supported Rh cluster has alternating (100) and (111) crystal
facets; EXAFS””’° and STM’”*° have shown that a supported
Rh cluster has an average particle height of 0.4-0.5 nm. Re-
cently, Guan et al.®' prepared a sub-nano Rh/TiO, catalyst
with Rh clusters having a specific size range of 0.4-0.8 nm.
Here, we attempt to present a representative model that in-
cludes the physical properties mentioned above under realis-
tic conditions. On the basis of these studies, we focus on a
Rh; cluster with 7 Rh atoms for our supported Rh cluster
model.

For the Rh, cluster model, eleven possible structures
have been considered (see Fig. S1t),** indicating that both
the coupled tetragonal pyramid (CTP) and the capped octa-
hedron (COh) are the most stable structures (see
Fig. 1(a) and (b), respectively);**** both the CTP and COh
structures have an particle height near 0.4 nm within the
size distribution mentioned in the above experiments.”” 5
Furthermore, when a Rh, cluster with a CTP or a COh
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(a) CTP Rhy cluster

(b) COh Rh7 cluster

(c) CTP Rh7/TiO2(110) (d) COh Rh7/Ti02(110)

Fig. 1 The most stable configurations of Rh; clusters and the oxide-
supported Rh;/TiO,(110), (a) CPT Rh; cluster, (b) COh Rh; cluster, (c)
CPT Rhy cluster/TiO,(110), and (d) COh Rh; cluster/TiO,(110). O, Ti and
Rh atoms are shown by red, grey, and dark cyan balls, respectively.

structure is supported over a TiO,(110) surface, the most
stable configurations of the cluster-support are obtained, as
presented in Fig. 1(c) and (d), respectively, suggesting that a
CTP structure adsorbed on a TiO,(110) surface has much
stronger metal-support interactions than a COh structure
adsorbed on a TiO,(110) surface (609.2 vs. 522.6 k] mol™).

Therefore, in this study, the most stable configuration of a
Rh, cluster with a CTP structure adsorbed on a p(3 x 2)
TiO,(110) surface (Rh;/TiO,(110)) is selected as a Rh/TiO,
model catalyst, as shown in Fig. 1(c); moreover, a Rh; cluster
with a CTP structure has the characteristics of a 4-fold hollow
with a (100) facet and a 3-fold hollow site with a (111) facet,
as observed experimentally.”*”® In addition, since this study
mainly focuses on qualitatively understanding the function
of a support in a Rh/TiO, catalyst, by comparison with a pure
Rh catalyst without a support, we think that the Rh,/
TiO,(110) model catalyst can qualitatively reflect the particle
size and structural characteristics of a Rh/TiO, catalyst under
realistic conditions; further details about the particle model
have not been considered.

On the other hand, TiO, may be hydroxylated, reduced, or
reconstructed under realistic conditions; this study only fo-
cuses on ideal TiO, to probe into the role of the support
rather than the support surface properties; however, the
obtained results can provide a fundamental understanding
and method for a hydroxylated, reduced, or reconstructed
TiO, support, which will be considered in a further study.
Meanwhile, a realistic catalyst might have differences from
the model situation considered in these DFT calculations. It
is clear that these calculations are very demanding, and that
one has to make severe simplifications in the structural
model and the choice of surface structure. Thus, this study
can only give a qualitative understanding of what might and
might not be important in view of the limitations of the
simple Rh;/TiO,(110) model catalyst.

This journal is © The Royal Society of Chemistry 2017

Paper

2.2. Calculation methods

All DFT calculations are performed by using the Vienna Ab
Initio Simulation Package (VASP).**"®” The generalized gradi-
ent approximation (GGA) with the Perdew-Wang formulation
(PW91) is adopted for the exchange-correlation function.®®
The electron-ion interaction is modeled by the projected-
augmented wave (PAW) method.*® Spin-polarization is in-
cluded in all structures presented here. The Brillouin zone is
sampled using a 2 x 2 x 1 Monkhorst-Pack k-point grid®®
with Methfessel-Paxton smearing of 0.2 eV.”" The plane-wave
cutoff energy is set at 400 eV to describe the electronic wave
functions. A force difference between two steps of less than
0.05 eV A™" is used as the criterion for convergence of ionic
relaxation. The relaxation of the electronic degrees of free-
dom is assumed to be converged, if the total energy change
and the band structure energy change between two steps are
both smaller than 1 x 107 €V. To better describe on-site Cou-
lomb interactions, a DFT + U method is used with a
suggested U value of 4.0 eV.”>%?

Reaction pathways have been investigated using the
climbing-image nudged elastic band method (CI-NEB).”*%
Transition states have been optimized using the dimer
method.”®®” The structure of a transition state is deemed to
be converged when the forces acting on the atoms are all
<0.05 eV A" for the various degrees of freedom set in the cal-
culation. The molecules in the gas phase are calculated using
a 10 x 10 x 10 A cubic unit cell. During the calculations, the
upper six layers of the TiO,(110) surface, together with the
adsorbed species and Rh; cluster, are relaxed, whereas the
bottom three layers of the TiO,(110) surface are fixed at their
bulk positions. All transition states are confirmed with only
one imaginary frequency.

In ethanol synthesis from syngas, the adsorption of reac-
tants, intermediates and products is firstly investigated over
the Rh/TiO, catalyst; then, the formation mechanisms of CH,
(x = 1-3) species, C, oxygenates, and ethanol are examined;
furthermore, the differences in ethanol synthesis over Rh/
TiO, with a support and the pure Rh catalyst without a sup-
port are identified to determine the role of the support. In
addition, in order to understand the reaction mechanism,
only one or two adsorbates are presented on the Rh/TiO, cat-
alyst in this study; the effect of other adsorbates on the reac-
tion has not been considered.

3. Results and discussion
3.1. Adsorption of all possible species in ethanol synthesis

For the adsorption of the species involved in ethanol forma-
tion over the Rh/TiO, catalyst, all possible adsorption sites
over Rh; clusters and Rh; cluster-TiO, support interfaces
have been examined. Fig. S21 presents the most stable con-
figurations of these species and the corresponding adsorp-
tion energies. The results suggest that all species preferen-
tially adsorb at the Rh; cluster rather than the support and
cluster-support interfaces; namely, the Rh; cluster over the
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Rh/TiO, catalyst is the active composition for catalyzing etha-
nol synthesis.

3.2. CH, (x = 1-3) formation

CH, (x = 1-3) species are a key issue in ethanol synthesis
from syngas. Two possibilities exist for CH, (x = 1-3) forma-
tion: one is direct dissociation of CO to C, followed by C hy-
drogenation to form CH, (x = 1-3) species; the other is CO
hydrogenation to CH,O or CH,OH intermediates, followed by
H-assisted or non-H-assisted C-O bond scission to form CH,
(x = 1-3). Table 1 lists the activation energies and reaction en-
ergies of all the elementary reactions involved in ethanol
synthesis.

On the other hand, our previous studies®® have shown that
the adsorption of H, with different coverages on Rh surfaces
is dissociative adsorption with the dissociative H atoms

Table 1 The elementary reactions involved in ethanol synthesis from
syngas, together with the corresponding activation energies (E;) and re-
action energies (AH)

Transition  E,/K] AH/K]

Elementary reactions state mol™  mol™

(R1) CO—-C+0O TS1 340.0 180.7
(R2)  CO+H — CHO TS2 56.0 3.7
(R3) CO +H — COH TS3 117.6 0.7
(R4 CHO - CH+O TS4 227.3 57.9
(R5) CHO + H — CH + OH TS5 216.5 30.8
(R6) CHO + H — CHOH TS6 122.6 39.6
(R7) CHOH — CH + OH TS7 96.6 -8.8
(R8) CHOH + H — CH + H,0 TS8 67.9 -68.8
(R9)  CHO +H — CH,0 TS9 20.8  -25.5
(R10) CHO +H — CH, + O TS10 145.0 13.6
(R11) CH,O0 — CH, +O TS11 171.8 39.1
(R12) CH,O + H — CH, + OH TS12 170.6 28.8
(R13) CH,0 + H — CH,OH TS13 126.7 18.2
(R14) CH,OH — CH, + OH TS14 74.2 10.6
(R15)  CH,OH + H — CH, + H,0 TS15 37.5 -26.5
(R16) CH,O + H — CH;0 TS16 50.6 19.6
(R17) CH,0+H — CH; +O TS17 147.6 -8.6
(R18) CH;0 — CH;3 + O TS18 87.4 -28.2
(R19) CH,O + H — CH; + OH TS19 138.8 -67.5
(R20) CH3;0 + H — CH;0H TS20 95.6 -52.1
(R21) CH; + CO — CH;CO TS21 108.7 62.6
(R22) CH;3; + CHO — CH3;CHO TS22 83.1 5.5
(R23) CH; — CH, + H TS23 35.3 11.2
(R24) CH;+H — CH,4 TS24 72.4 42.8
(R25)  CH; + CH; — C,Hj TS25 119.7 -46.1
(R26) CH, + CO — CH,CO TS26 101.2 64.1
(R27) CH, + CHO — CH,CHO TS27 80.3 -11.7
(R28) CH, - CH+H TS28 40.1 26.6
(R29) CH,+H — CH; TS29 24.1 -11.2
(R30) CH, + CH, — C,H, TS30 178.2 -4.7
(R31) CH + CO — CHCO TS31 169.0 91.6
(R32) CH + CHO — CHCHO TS32 128.7 114
(R33) CH - C+H TS33 98.6 -181.5
(R34) CH+H — CH, TS34 13.5 -26.6
(R35) CH + CH — G,H, TS35 78.3 -125.7
(R36) CH,CO + H — CH;CHO TS36 85.2 44.4
(R37) CH;CO + H — CH;COH TS37 114.1 35.9
(R38) CH;CHO + H — CH;CH,0  TS38 78.4 -10.9
(R39) CH;CHO + H — CH3;CHOH TS39 129.8 43.2
(R40) CH;CH,O + H — C,H;0H TS40 95.8 17.8
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adsorbed on the Rh surface, suggesting that H, predomi-
nantly exists in the form of H atoms on the Rh catalyst under
realistic conditions. Therefore, in this study, only the interac-
tions of H atoms have been considered, rather than those of
H, molecules.

3.2.1. Initial CO step. For the initial CO step, as shown in
Table 1 and Fig. S3,f three reactions (R1-R3) may occur. CHO
formation, with an activation energy and a reaction energy of
56.0 and 3.7 kJ mol ™", respectively, is more favorable kineti-
cally than COH formation and direct CO dissociation. Thus,
CHO is the predominant product of the initial CO step over
the Rh/TiO, catalyst. Moreover, experiments have also con-
firmed the significance of CHO species in alcohol synthesis
on a Rh/SiO, catalyst;’® meanwhile, on a Rhg cluster without
a support,®® as well as on periodic Rh(111) and Rh(211) sur-
faces,"®®* CO hydrogenation to CHO is also the most favor-
able pathway.

3.2.2. CH formation. As mentioned above, CHO is the pre-
dominant product of the initial CO step over the Rh/TiO, cat-
alyst. Thus, starting from the CHO species, CH can be pro-
duced from CHO and a CHOH intermediate (see R4, R5, R7,
and R8 in Table 1); meanwhile, CHO hydrogenation to CH,O
(R9) is also considered.

As shown in Fig. S4,f with respect to CHO or CHO + H
species, among four pathways of CH formation, CHO + 2H —
CHOH + H — CH + H,0 (R6, R8) has an overall activation en-
ergy of only 122.6 k] mol™ with a reaction energy of —29.2 kJ
mol ™, which predominantly contributes to CH formation via
an CHOH intermediate. However, CHO hydrogenation to
CH,0 (R9) has an activation energy of only 20.8 k] mol™ with
a reaction energy of —25.5 k] mol*. Therefore, starting from
the CHO species, CHO hydrogenation to CH,O is the pre-
dominant pathway, rather than H-assisted CH formation by
CHOH dissociation.

3.2.3. CH, formation. The above results show that CHO
hydrogenation to CH,O occurs preferentially on the Rh/TiO,
catalyst. Thus, starting from CH,0O, CH, species can be pro-
duced from CH,O and CH,OH intermediates (see R11, R12,
R14, R15 in Table 1); meanwhile, H-assisted CHO dissocia-
tion can also produce CH, species (R10); furthermore, CH,O
hydrogenation to CH;0 (R16) is also examined.

As shown in Fig. S5,F with respect to CHO + H species,
among five pathways of CH, formation, the CHO + 3H —
CH,O + 2H — CH,OH + H — CH, + H,O pathway (R9, R13,
R15) has an overall activation energy of only 101.2 kJ mol™
with a reaction energy of -33.8 kJ] mol™, and is predomi-
nantly responsible for CH, formation via the CH,OH inter-
mediate. However, CH,O hydrogenation to CH;O (R16) has
an activation energy of only 50.6 k] mol™ with a reaction en-
ergy of 19.6 kJ mol™". Thus, CH,O hydrogenation to CH;O is
the predominant pathway, rather than H-assisted CH, forma-
tion by CH,OH dissociation.

3.2.4. CH; formation. Since CH,O hydrogenation to CH;O
is the main pathway, starting from CH;0, CH; can be formed
by direct dissociation of CH;0 and H-assisted CH;0 dissocia-
tion (R18, R19); meanwhile, H-assisted CH,O dissociation

This journal is © The Royal Society of Chemistry 2017
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can also form CHj; species (R17). Furthermore, CH;OH for-
mation by CH;0 hydrogenation (R20) is also considered.

As shown in Fig. S6,f with respect to CHO + H, among
three reaction pathways of CH; formation, CHO + 2H —
CH,0 + H — CH30—CH; + O (R9, R16, R18) has an overall
activation energy of only 81.5 k] mol™ with a reaction energy
of —-34.1 k] mol ™", and is predominantly responsible for CH,
formation. CH;0 hydrogenation to CH;0H (R20) has an over-
all activation energy of 89.7 k] mol™ with a reaction energy
of —58.0 k] mol ™. These results indicate that CH,; formation
is favorable than CH;OH formation with respect to the
kinetics.

3.2.5. Brief summary of CH, (x = 1-3) and CH;0H forma-
tion. With respect to CO + H, Fig. 2 presents the potential en-
ergy profile for the most favorable pathway of CH, (x = 1-3)
and CH;O0H formation. CH formation, shown by a black line,
has an overall activation energy of 126.3 kJ mol * with a reac-
tion energy of —25.5 kJ mol’; the rate-controlling step of this
pathway occurs at TS6. CH, formation, shown by a red line,
has an overall activation energy of 104.9 kJ mol * with a reac-
tion energy of —30.1 kJ mol’; the rate-controlling step of this
pathway occurs at TS13. CH; formation, shown by a blue line,
has an overall activation energy of 85.2 k] mol™* with a reac-
tion energy of —30.4 kJ mol’; the rate-controlling step of this
pathway occurs at TS18. CH;OH formation, shown by a dark
cyan line, has an overall activation energy of 93.4 kJ mol™
with a reaction energy of —54.3 kJ mol™; the rate-controlling
step of this pathway occurs at TS20.

On the other hand, comparing the entire process of CH,
formation with that via direct CO dissociation, our results
show that direct CO dissociation has an activation energy of
340.0 kJ mol™, which is more than 200 k] mol™* higher than
the overall activation energies of CH, (x = 1-3) formation and
CH;OH formation.

The above results show that CH, (x = 1-3) species on the
Rh/TiO, catalyst predominantly originate from H-assisted CO
dissociation via CH,O or CH,OH intermediates, rather than

Paper

direct CO dissociation. Moreover, among all the CH, (x = 1-
3) species, CH; formation is more favorable than CH and
CH, formation, both thermodynamically and kinetically;
namely, CH; is the most favorable monomer formed via the
process: CO + 3H — CHO + 2H — CH,O0 + H — CH;0 — CH,
+ O (R2, R9, R16, R18). Meanwhile, CH; formation is more fa-
vorable than CH;OH formation with respect to the kinetics,
suggesting that the Rh/TiO, catalyst can exhibit relatively
higher activity and selectivity toward CH; formation. Since
CH, is proposed as a prerequisite for C-C chain formation
during ethanol synthesis from syngas, the Rh/TiO, catalyst
provides more CHj; species for ethanol synthesis.

3.3. The formation of C, oxygenates and methane, as well as
ethanol

3.3.1. C, oxygenates and methane. Previous studies have
shown that once the most favorable CH, monomer is formed,
CH, species are involved in four types of reactions;*"'°° one
is CH, hydrogenation, the second is CH, coupling to C, hy-
drocarbons, the third is CH, dissociation, and the fourth is
CO or CHO insertion into CH, to form C, oxygenates, which
are the key precursors of C,H;OH formation.

Since CH; is the most favorable monomer among all the
CH, (x = 1-3) species, the potential energy profile of the reac-
tions related to CH; species are shown in Fig. 3. Our results
show that among all the reactions related to CH; species,
CH; preferentially dissociates to CH,; the second most favor-
able reaction is CH; hydrogenation to CH,; the third is CHO
insertion into CH; to form CH;CHO; the fourth is CO inser-
tion into CH; to form CH;CO.

As mentioned above, due to easy formation of CH, by CH;
dissociation, all reactions related to CH, species (R26-R30)
have been investigated (see Fig. S71). Our results show that
CH, hydrogenation to CHj; is the most favorable; the second
most favorable is CH, dissociation to CH; the third is CHO
insertion into CH, to form CH,CHO. Furthermore, all
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Fig. 2 The potential energy profile for the most favorable routes of CH, (x = 1-3) and CHzOH formation.
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reactions related to CH species (R31-R35) have also been ex-
amined (see Fig. S8t), suggesting that CH is preferentially hy-
drogenated to CH,, and the second most favorable is CH cou-
pling, while CHO/CO insertion into CH and CH dissociation
occur with difficulty.

The above results show that, starting from CH; species,
CH and CH, can be easily formed by CH; dissociation; how-
ever, among all reactions related to CH and CH, species, CH
and CH, are preferentially hydrogenated to CH, and CH3, re-
spectively; namely, once CH and CH, species are formed,
both are preferentially hydrogenated to CH;. Moreover, previ-
ous results®® have suggested that the saturated coverage of H
is 6/12 ML on a Rh catalyst, and the coverage of H, can reach
0.3 ML (ref. 101) on a Co catalyst in the presence of 1/3 ML
CO in F-T synthesis. As a result, CH and CH, species on a
Rh/TiO, catalyst should be preferentially hydrogenated to
CH; due to the abundance of hydrogen under realistic condi-
tions. These results further confirm that CH; species are the
most favorable CH, monomers on a Rh/TiO, catalyst.

For the two insertion pathways that form C, oxygenates,
our results show that CHO insertion into CH, (x = 1-3) shows
significant superiority to CO insertion into CH, (x = 1-3) with
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respect to both thermodynamics and kinetics; this superiority
may arise from the smaller HOMO-LUMO gap of CHO com-
pared to that of CO, which facilitates charge transfer and hy-
bridization with a surface.”'°> Previous studies only com-
pare CO insertion with CHO insertion; however, reactions
related to CHO hydrogenation and dissociation have not
been compared with CHO insertion. As a matter of fact,
starting from CHO species, as well as CHO insertion into
CH, (x = 1-3), CHO can also participate in dissociation reac-
tions to form CO + H and CH + O. Interestingly, our present
results show that starting from CHO species, compared to
CHO insertion into CH, (x = 1-3), with activation energies of
128.7, 80.3, and 83.1 kJ mol ™, respectively, CHO hydrogena-
tion to CH,O only has an activation energy of 20.8 kJ mol ™.
Secondly, compared to CHO hydrogenation to CH,O0, CHO
dissociation to CO + H or CH + O also has higher activation
energies of 52.3 and 227.3 kJ mol™, respectively. These re-
sults show that once CHO is formed, it is hydrogenated to
CH,0 in preference to CHO insertion into CH, (x = 1-3) to
form CH,CHO, or CHO dissociation. Moreover, CHO is pre-
dominantly responsible for CH; formation by the direct dis-
sociation of CH3;0 formed by successive hydrogenations of
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CHO via CH,O0 intermediates. On the other hand, a previous
experiment’ has confirmed the significance of CHO species
in alcohol synthesis on Rh/SiO, catalysts, and theoretical
studies'®**%>1% also showed that CHO is predominantly re-
sponsible for CH, formation. Therefore, on the basis of our
own and previously reported results, we can show that on a
Rh/TiO, catalyst, CO insertion into CH, (x = 1-3) predomi-
nantly contributes to the formation of C, oxygenates rather
than CHO insertion into CH, (x = 1-3), and CHO is predomi-
nantly responsible for the most favored CH; monomer pro-
duction by CHO successive hydrogenations via CH,O inter-
mediates, which provide more CH; species for CO insertion
to form the ethanol precursor, CH;CO.

With respect to CH; + CO and CH; + H species, Fig. 4 pre-
sents the potential energy profile for the most favorable for-
mation pathways of C, oxygenates and CH,. The results show
that CH, formation by CH; hydrogenation has an activation
energy of 72.4 kJ mol™ with a reaction energy of 42.8 kJ
mol*. Once CH, is formed, it does not adhere to the Rh/TiO,
catalyst and desorbs immediately due to the very small de-
sorption energy of 12.1 k] mol™" (see Fig. S21). Alternatively,
CO insertion into CH; to form CH;CO has an activation en-
ergy of only 108.7 kJ] mol " with a reaction energy of 62.6 kJ
mol ™", and is the most favorable pathway among three forma-
tion pathways of C, oxygenates. On the other hand, CH,CO is
formed by CH; dissociation into CH,, followed by CO inser-
tion; CH,CO formation has an overall activation energy of
112.4 kJ mol™" with a reaction energy of 75.3 k] mol™; how-
ever, CH, is hydrogenated to CH; in preference to insertion
of CO among the reactions related to CH, species. Moreover,
CH,CO is preferentially hydrogenated to CH;CO among the
reactions related to CH,CO species.

The above results further confirm that CH; is the predom-
inant CH, (x = 1-3) species, and CO insertion into CH; pre-
dominantly contributes to the formation of CH;CO, which is
the precursor for ethanol synthesis from syngas on a Rh/TiO,
catalyst.
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Fig. 4 The potential energy profile for the most favorable formation
pathways of C, oxygenates and methane with respect to CHs; + CO
species.
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3.3.2. Ethanol formation. As mentioned above, CH;CO is
the predominant C, oxygenate, and can be hydrogenated to
CH;3;CHO (R36) or CH3COH (R37), as shown in Fig. S9;1 CHj-
CO hydrogenation to CH;CHO has an activation energy and a
reaction energy of 85.2 and 44.4 kJ mol ', respectively, and is
much more favorable than CH3;COH formation. Meanwhile,
CH;CO has a stronger adsorption energy of 112.8 k] mol™
over the Rh/TiO, catalyst, suggesting that CH;CO is preferen-
tially hydrogenated to CH;CHO rather than being desorbed.

Starting from CH;CHO, CH;CHO hydrogenation to
CH;CH,0 has an activation energy and a reaction energy of
78.4 and -10.9 k] mol™, respectively, and is much more fa-
vorable than CH;CHOH formation, both kinetically and ther-
modynamically. Meanwhile, CH;CHO has a stronger adsorp-
tion energy of 112.8 kJ mol™ over the Rh/TiO, catalyst,
suggesting that CH;CHO is preferentially hydrogenated to
CH;CH,0 rather than being desorbed. Furthermore,
CH;CH,0 hydrogenation to ethanol has an activation energy
and a reaction energy of 95.8 and 17.8 kJ mol ™, respectively.

3.4. General discussion

On the basis of the above DFT calculations, it can be found
that the adsorption of all species, and all elementary reac-
tions involved in ethanol formation occur at the Rh, cluster
of the Rh/TiO, catalyst, suggesting that the Rh; cluster plays
a key role in catalyzing syngas conversion. Meanwhile, the
optimal formation pathways for ethanol, methane, and meth-
anol have been identified on the Rh/TiO, catalyst, as shown
in Fig. 5. CO — CHO — CH,0 — CH;O is an optimal pathway
for the initial CO hydrogenation; starting from the CH;0 spe-
cies, methanol is formed by CH3;O hydrogenation. Ethanol
formation firstly involves direct dissociation of CH;0 to CH3,
then, CO insertion into CH; can form CH3;CO, followed by
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Fig. 5 Schematic of the most favorable formation pathways of
CH3OH, CHy4, and C,HsOH over Rh/TiO, model catalyst.
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successive hydrogenation to ethanol via CH;CHO and
CH;CH,O intermediates. Methane is formed by CH;
hydrogenation.

3.4.1. Microkinetic modeling over Rh/TiO, catalyst. With
the aim of estimating the formation rates of the major prod-
ucts in ethanol synthesis, microkinetic modeling®****°® has
been employed in this study. As mentioned above, for etha-
nol formation on a Rh/TiO, catalyst, the products are
expected to be methane, methanol, and ethanol; as a result,
the formation rates of methane, methanol, and ethanol, as
well as the selectivity for ethanol, will be estimated under typ-
ical synthesis conditions. Detailed descriptions of the micro-
kinetic modeling are presented in the ESL}

Under typical synthesis conditions (pco = 4 atm, py, =
8 atm; T = 500-625 K), on the basis of the microkinetic
modeling and the calculated energies in this study, the for-
mation rates and the relative selectivities for CH, (rcm,),
CH;0H (rcp,on), and C,H;0H (rci,01) production have been
estimated.

The relative selectivities for CH;OH (rcm,on), CHa (7cm,),
and C,HsOH (r¢,,0n) production at different temperatures
are illustrated in Fig. 6. When the temperature increases, rcy,
decreases from 85.36% to 75.75%, whereas rcyon and
Tc,non increase from 14.62% to 24.18%, and from 0.02% to
0.07%, respectively. Namely, the major product is CH,, rather
than CH3;OH or C,HsOH, during syngas conversion on the
Rh/TiO, catalyst. In addition, based on the reaction network,
it is noted that the rate of formation of CH; should be equal
to those of CH, and C,H;OH, suggesting that rcy o is much
lower than rcy, and the major product is CH; rather than
CH;0H during CH, formation from syngas on the Rh/TiO,
catalyst, and CH;OH production cannot compete with CH;
formation.

Microkinetic modeling analysis has also been performed
to identify the productivity and selectivity-controlling factors
by artificially and independently changing two variables in
the kinetic model. The first variable is the activation energy
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Fig. 6 Temperature dependence of the relative selectivity of the
products CHsOH, CH,4, and C,HsOH in syngas conversion on a Rh/
TiO, model catalyst using the microkinetic modeling technique.
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of CO insertion into CH; to form CH;CO; the second variable
is the activation energy of CH; hydrogenation to CH,; with
the aim of understanding the independent effect of each vari-
able, when one variable is changed, the other is kept the
same. As shown in Fig. 7(a), the selectivities of CH, and
C,H;O0H are reversed upon lowering the activation energy of
CH;CO formation by only ~30 kJ mol™; in this way, the se-
lectivity for C,HsOH becomes higher than that for CHy;
namely, promoting CH;CO formation can increase C,Hs;OH
production. Alternatively, as shown in Fig. 7(b), a high pro-
ductivity and selectivity for C,HsOH can also be obtained by
increasing the activation energy of CH, formation by only
~30 kJ mol™; thus, CH, formation can be suppressed, more
CH; will participate in CH;CO formation, and more C,H;OH
will be produced.

According to DFT calculations and microkinetic modeling
for ethanol formation from syngas on the Rh/TiO, catalyst,
the major product is CH; rather than CH;OH during CH, for-
mation. Thus, starting from CH; species, in order to realize
high productivity and selectivity for ethanol, the Rh/TiO, cat-
alyst requires assistance from a metal promoter, so that more
CH; species react with CO to form CH;CO and/or CH; hydro-
genation to CH, is suppressed. Namely, by lowering the acti-
vation energy of CH;CO formation and/or increasing the acti-
vation energy of CH, formation, CH, production can be
minimized, so that more CH; species contribute to CH;CO
formation, and CH3;CO formation can be maximized,
followed by further hydrogenation to ethanol; as a result, the
productivity and selectivity for ethanol can be greatly
improved.

3.4.2. Function of the promoter. To validate the above pre-
dictions, a simple experiment was carried out to examine the
effect of Fe, which has been identified as a promoter for etha-
nol synthesis on a Rh catalyst.">**'® To set up the model, a
Rh atom from the topmost layer of a Rh; nanocluster was
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Fig. 7 Effects of the activation energies (E,) of the reactions (a) CHs +
CO — CHzCO and (b) CHz + H — CH4 on the relative selectivity for
major products CH3zOH, CH,4, and C,HsOH during syngas conversion
on Rh/TiO, model catalyst using the microkinetic modeling technique.
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replaced by an Fe atom, and this was considered as an Fe-
promoted Rh/TiO, model catalyst (FeRh¢/TiO,); a detailed de-
scription of the Fe-promoted Rh/TiO, model catalyst is
presented in the ESL}

Our results show that on the Fe-promoted Rh/TiO, cata-
lyst, CH, formation by CH; hydrogenation is exothermic by
21.3 kJ] mol™ with an activation energy of 136.6 kJ mol™",
which is 64.2 k] mol™ higher than that on the Rh/TiO, cata-
lyst, suggesting that the Fe promoter can suppress CH, pro-
duction (see Fig. S10t). Interestingly, CO insertion into CH;
to form CH;CO on the Fe-promoted Rh/TiO, catalyst is exo-
thermic by 69.7 k] mol™" with a small activation energy of
79.3 k] mol ™, which 29.4 k] mol™* lower than that on the Rh/
TiO, catalyst, indicating that the Fe promoter can promote
CH;CO formation (see Fig. S117). Thus, on the Rh/TiO, cata-
lyst, CH, formation is much more favorable than CH;CO for-
mation, both thermodynamically and dynamically, whereas
on the Fe-promoted Rh/TiO, catalyst, CH;CO formation is
much more favorable than CH, formation, both thermody-
namically and dynamically.

According to the microkinetic modeling shown in Fig. 7,
the relative selectivities of CH, and C,H;OH are reversed on
increasing the activation energy of CH, formation or decreas-
ing the activation energy of CH;CO formation by only ~30 kJ
mol'; our results show that the activation energy difference
between C,HsOH and CH, formation is about 60 k] mol™ on
the Fe-promoted Rh/TiO, catalyst. Namely, introducing an Fe
promoter into the Rh/TiO, catalyst significantly suppresses
CH, production and promotes CH;CO formation, therefore
increasing ethanol productivity and selectivity.

3.4.3. Densities of states of Rh,/TiO, and FeRhg/TiO, cata-
lysts. It is well known that the reaction barrier of a specific
reaction is related to the electronic structure of the catalyst's
surface atoms. Hence, a clear insight into the electronic
structure effect on the reaction barriers can be gained when
the same reaction is compared on different catalysts; the de-
tailed densities of states are presented in the ESL¥

For CH; hydrogenation, previous studies®”'®” have investi-
gated CH, formation on iron carbides, indicating that a cata-
lyst surface with the d-band center far from the Fermi energy
is more active for CH, hydrogenation. According to our
projected densities of states (PDOS) for Rh,/TiO, and FeRh¢/
TiO, catalysts (see Fig. 8), the d-band center of the FeRhy/
TiO, catalyst is closer to the Fermi level, with a higher
d-band energy of -1.70 eV, than that observed for the Rh,/
TiO, catalyst with a higher d-band energy of —2.20 eV, indicat-
ing that the FeRh4/TiO, catalyst is inactive for CH; hydroge-
nation to CH, compared to Rh,/TiO,; namely, the FeRh¢/TiO,
catalyst is unfavorable for CH, formation, which agrees with
our kinetic results.

For CO insertion into CHz, when a CH; fragment interacts
with CO, and a C-C bond is formed, the doubly occupied 50
CO orbital interacts with the doubly occupied o~CH; orbital,
resulting in doubly occupied bonding and an anti-binding or-
bital, giving a repulsive interaction. However, the upshift of
the d-band center on the FeRhg/TiO, catalyst empties more

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Projected densities of states (PDOS) for Rh atoms of Rh;/TiO,
and FeRhg/TiO, model catalysts. The dashed lines represent the
location of the corresponding d-band center. The blue lines indicate
the Fermi level.

anti-bonding states,'°® which can accept more electrons from
CO and CH; fragment orbitals than Rh,/TiO, (see Fig. 8), and
reduces repulsion, as well as facilitating C-C bond formation.
These results are consistent with our DFT calculations show-
ing that the activation energy of CH, formation increases,
and the activation energy of CH;CO formation decreases on
FeRhg/TiO,, compared to the corresponding values obtained
on Rh,/TiO,.

Above analysis about reaction mechanism and densities of
states for Fe-promoted Rh/TiO, catalyst, we can confirm that
the effect of the Fe promoter is very sensitive to CH, forma-
tion, this is why a wide range of Fe/Rh-ratios were covered in
the experiments, which contributes to the suppression of
CH, production and the promotion of CH;CO formation. For
example, experimental studies® found that the addition of
Fe,0; greatly suppresses CH, production; a catalyst
containing 2 wt% Rh and 10 wt% Fe exhibited a maximum
ethanol selectivity of about 50%, and a catalyst with an excel-
lent catalytic performance for ethanol contained 2.5% Rh
supported on SiO, and was promoted by 0.05 wt% Fe.!
Haider et al.™® have shown that addition of Fe to 2 wt% Rh/
TiO, improved the selectivity to ethanol, with the highest se-
lectivity being 37% for a sample with 5 wt% Fe. DFT studies
by Choi and Liu'® indicated that an Fe promoter suppresses
CH, formation in syngas conversion to ethanol on a periodic
Rh(111) surface; however, the effect of the Fe promoter on
CH;CO formation has not been mentioned.

3.4.4. The function of the support with respect to ethanol
formation. In order to understand the function of the sup-
port with respect to ethanol formation, we carried out further
comparisons between ethanol formation over a Rh/TiO, cata-
lyst with a support and reported studies using a Rhg cluster
without a support,®* in which competitive pathways of syngas
conversion to C; and C, oxygenates, such as formaldehyde,
methanol, acetic acid, acetaldehyde, and ethanol, were
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examined using DFT calculations. Meanwhile, Choi and Liu'®
have investigated syngas conversion to ethanol on a periodic
Rh(111) surface.

3.4.4.1. (a) Key intermediate CHO formation with/without
support. Previous experiments using the chemical trapping
approach have shown the significance of the CHO species for
alcohol synthesis on Rh/SiO, catalysts,41 and theoretical
studies"®?*%>1% have also confirmed that ethanol synthesis
from syngas is initiated with the key CHO species from CO
hydrogenation, and CHO is predominantly responsible for
CH, formation. Thus, CHO formation is the key step in
ethanol synthesis from syngas.

For CHO formation, on a Rhg cluster without support,
Shetty et al.>> have shown that CO hydrogenation to CHO has
an activation energy and a reaction energy of 88.0 kJ mol ™,
and it is strongly endothermic by 73.0 k] mol™. Moreover, on
a periodic Rh(111) surface, Choi and Liu'® have shown that
CO hydrogenation to CHO has an activation energy and a re-
action energy of 130.3 and 99.4 k] mol ™, respectively, and
that this is the rate-controlling step of the overall conversion.
However, in this study, on a Rh; cluster supported by TiO,,
CHO formation by CO hydrogenation has an activation en-
ergy of only 56.0 k] mol ™, and this reaction is slightly endo-
thermic by only 3.7 k] mol™.

The above results show that on a Rhg cluster and a peri-
odic Rh(111) surface without support, CHO formation is
highly endothermic, leading to a relatively low surface cover-
age, which may hinder it from serving as the main reaction
channel toward CH, formation. However, in this study, with
a Rh; cluster supported by TiO,, the Rh/TiO, catalyst signifi-
cantly decreases the activation energy and reaction energy of
CHO formation; as a result, CHO formation becomes favor-
able both kinetically and thermodynamically, which makes
CHO the predominant channel toward CH, formation. More-
over, the adsorption energy of the CHO species is 337.7 KkJ
mol ™" over the Rh/TiO, catalyst, while it is about 210.0 kJ
mol ™ on a Rhg cluster, suggesting that the Rh/TiO, catalyst
enhances the stability of CHO intermediates.

Therefore, compared to a Rhg cluster and a periodic
Rh(111) surface without a support, the TiO, support of the
Rh/TiO, catalyst plays an important role in improving the cat-
alytic activity with CHO formation, promoting CHO forma-
tion and further stabilizing the CHO species; as a result,
more CHO can be obtained to participate in CH; formation;
then, CO insertion into CH; forms CH;CO, followed by suc-
cessive hydrogenation to ethanol.

3.4.4.2. (b) Comparison of favorable CH, formation with/
without support. Previous studies'®*® have suggested that
slow kinetics for CH, and C, oxygenate formation lead to a
low yield and poor selectivity for ethanol. Thus, CH, (x = 1-3)
formation plays an important role in ethanol synthesis from
syngas.

On a Rhg cluster without a support,®® the most favorable
CH, monomer is the CH, species, which is formed via the
pathway CO + 3H — CHO + 2H — CH,0 + H — CH,0OH —
CH, + OH; with respect to CO + H, this pathway has an over-
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all activation energy and a reaction energy of 187.0 and 120.0
kJ mol ™, respectively. However, on the Rh/TiO, catalyst with
support, the most favorable CH, monomer is the CH; spe-
cies, which is formed via the pathway CO + 3H — CHO + 2H
— CH,O + H — CH3;0 — CH; + O; with respect to CO + H,
this pathway has an overall activation energy and a reaction
energy of only 85.2 and -30.4 kJ mol ™", respectively.

The above results show that, compared to a Rhg cluster
without support, the Rh/TiO, catalyst with TiO, support
changes the formation pathway of the CH, species, further af-
fecting the predominant form of the CH, species; moreover,
the TiO, support of the Rh/TiO, catalyst exhibits high cata-
Iytic activity toward CH; formation, which makes the CH;
species the most favorable CH, monomer to participate in
ethanol formation.

On the other hand, over the Rh/TiO, catalyst, CH; forma-
tion is favorable than CH;OH formation kinetically; on a Rhg
cluster, CH, formation is also more favorable than CH;OH
formation both thermodynamically and kinetically. However,
on the periodic Rh(111) surface,'® which can be used to
model large Rh particle sizes without a support, CH;OH for-
mation is energetically compatible with CH; formation.
Therefore, compared to the large Rh cluster size (Rh(111) sur-
face), Rh nanoclusters in both the Rh/TiO, catalyst and a Rhg
cluster exhibit high selectivity for CH, rather than CH;OH
formation.

3.4.4.3. (c¢) Comparison of ethanol formation with/without
support. Starting from the most favorable CH, monomer, CH,
hydrocarbon and C, oxygenates can be formed. On a Rhg
cluster,>® under hydrogen-rich conditions at normal tempera-
tures and pressures, CH, is predominantly formed rather
than C, oxygenates. On the periodic Rh(111) surface,'® CH,
formation by CH; hydrogenation is more favorable than CH;-
CO formation by CO insertion into CH3, and therefore the
pure Rh(111) surface is highly selective to CH, rather than
C,H;0H production, which is similar to our present results
for the Rh/TiO, catalyst with support. Therefore, on the pure
Rh catalysts with or without support, the selectivity and pro-
ductivity of ethanol is controlled by CH, production and C-C
bond formation between CH; and CO.

3.4.5. Implications for ethanol synthesis from syngas on
Rh-based catalyst. On the basis of the above discussions, we
can confirm that for the Rh/TiO, catalyst, the role of the TiO,
support is to promote the activity and selectivity of CH; for-
mation, and suppress CH;OH production, in which CHO is
the key reaction intermediate. Increased CHO formation can
produce more CH; species, and CHO exists on the catalyst
surface under realistic conditions and can be experimentally
measured.”® However, starting from the most favored CHj
species, CH, production is independent of the Rh catalyst
support; our results are in agreement with the experimental
results, showing that pure Rh catalysts, with or without sup-
port, seem to produce only hydrocarbons.™"**%%110

Under realistic conditions, in order to achieve high etha-
nol productivity and selectivity, the Rh/TiO, catalyst requires
assistance from a promoter, which should be able to
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suppress CH, production and/or facilitate C, oxygenate for-
mation. According to our calculated results, when introduc-
ing a metal promoter M into the Rh/TiO, catalyst to form a
MRh/TiO, catalyst, the promoter M should draw the d-band
center of the MRh/TiO, catalyst closer to the Fermi level com-
pared to the Rh,/TiO, catalyst; as a result, the MRh/TiO, cata-
lyst can suppress CH, production and facilitate C, oxygenate
formation.

Generally speaking, a suitable Rh-based catalyst toward
the synthesis of C, oxygenates from syngas must include suit-
able combinations of both a support and a promoter; neither
the support nor the promoter alone could achieve the high
productivity and selectivity for C, oxygenates that has been
observed.

Building on DFT calculations and microkinetic modeling,
this study can illustrate the functions of the support and pro-
moter in syngas conversion to ethanol on a Rh-based catalyst
at a microscopic level, and provide a method of fabricating a
more effective Rh-based catalyst. However, in view of the lim-
itations of the simple Rh;,/TiO,(110) model catalyst, this study
gives only qualitative information about the function of the
support and promoter. Extensive studies on the fabrication of
a more effective Rh-based catalyst should probe into other
combinations of supports and promoters, using a larger clus-
ter size for ethanol formation from syngas.

4. Conclusions

Periodic DFT calculations and microkinetic modeling have
been performed to investigate ethanol formation from syngas
on a Rh/TiO, catalyst. Meanwhile, comparisons of ethanol
synthesis over Rh/TiO,, a pure Rhe cluster, and a periodic
Rh(111) surface, as well as an Fe-promoted Rh/TiO, catalyst,
have been carried out to determine the functions of the sup-
port and promoter. The following results were obtained:

Ethanol, methanol and methane are involved in the pro-
cess of syngas conversion; compared to pure Rh catalysts
without a support, the Rh/TiO, catalyst with support can ex-
hibit good catalytic activity and selectivity toward CH; rather
than CH;OH formation, and provide more CH,. species for C,
oxygenate formation; moreover, the Rh/TiO, catalyst can sta-
bilizes the key CHO intermediate to promote CH; formation.
Namely, compared to the pure Rh catalysts without support,
the role of the TiO, support in the Rh/TiO, catalyst is to pro-
mote the activity and selectivity of CH; formation, suppress
CH,;O0H production, and provide more CH; species for C, oxy-
genate formation. However, CH, production from the most
favorable CH; species is independent of the support on a
pure Rh catalyst.

The productivity and selectivity of ethanol synthesis on
the Rh/TiO, catalyst is determined only by CH, formation. In
order to achieve high productivity and selectivity for ethanol,
the Rh/TiO, catalyst requires assistance from promoters to
suppress CH, production and/or facilitate ethanol formation;
introducing an Fe promoter into the Rh/TiO, catalyst can ef-
fectively suppress CH, production and promote ethanol for-

This journal is © The Royal Society of Chemistry 2017
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mation, which significantly increases ethanol productivity
and selectivity over the Fe-promoted Rh/TiO, catalyst, which
is a promising candidate for an improved catalyst for ethanol
synthesis from syngas. Thus, a suitable Rh-based catalyst to-
ward the synthesis of C, oxygenates from syngas should con-
tain a suitable combination of both a support and a
promoter.

Finally, the information obtained regarding the function
of the TiO, support and Fe promoter in the catalytic selectiv-
ity of the Rh-based catalyst at the atomic level can potentially
be used to develop and design superior Rh-based catalysts
for ethanol synthesis from syngas; further studies will con-
sider probing into other combinations of more effective sup-
ports (such as a hydroxylated TiO, surface and an SiO, sur-
face) and other metal promoters.
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