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The supported Rh-based catalysts exhibit the excellent catalytic performances for syngas conversion to C,
species. In this study, all possible elementary steps leading to C; species from syngas have been explored
to identify the role of support and its surface hydroxyls over Rh/y-Al,03 catalyst; Here, the results are
obtained using density functional theory (DFT) method. Two models: Rh4 cluster supported on the dry
v-Al,03(110) surface, D(Rh4), and on the hydroxylated y-Al,05(110) surface, H(Rh4), have been used to
model Rh/y-Al;03 catalyst. Our results show that CO prefers to be hydrogenated to CHO, subsequently,
starting from CHO species, CH and CH; species are the dominate monomers among CHy(x=1-3) species
rather than CHs; and CH3OH on D(Rh4) and H(Rh4) surfaces, suggesting that y-Al,03-supported Rh cata-
lyst exhibits the high selectivity towards CHy formation compared to the pure Rh catalyst. On the other
hand, D(Rh4) is more favorable for C; hydrocarbon (C;H;) formation, whereas H(Rh4) surface easily
produces C; hydrocarbon (C2H; ) and C; oxygenates (CHCO,CH,CHO), indicating that the surface hydrox-
yls of support can affect the selectivity of C, species over Rh/y-Al,03 catalyst in syngas conversion.
Moreover, compared to the pure Rh(111) surface, Rh/y-Al, 03 catalyst can achieve the excellent catalytic
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performances for syngas conversion to C, species.
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1. Introduction

It is well known that the supported Rh-based catalysts exhibit
excellent performances for the formation of C, species from syn-
gas (CO+H,;) (typically referred to as acetaldehyde, ethanol, etc.)
[1-10]. Up to now, extensive efforts have been devoted to investi-
gate the effect of supports on the selectivity of CO hydrogenation
over the supported Rh-based catalysts, in which a large number of
studies have been focused on SiO, supports due to its high surface
area, high porosity and good stability [4,8,9,11-16],in addition, pre-
vious studies by Burch et al. [17] have presented that the reducible
metal oxide promoters result in a low selectivity to propane and
acetaldehyde but a high selectivity to ethanol; meanwhile, TiO,
support has also been extensively examined [4,5,14,18,19], sug-
gesting that TiO, support can give the highest selectivity for
C, oxygenates. In addition, the supports La;03 [20], ZrO, [21],
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CeO, [22], MgO [23], V5,03 [24] and Al,03 [25,26] have been also
reported.

For the role of the supports, the supports not only disperse
metal particles, but also modify the properties of active metal
species through metal-support interactions; meanwhile, previous
reports have shown that the selectivity of CO hydrogenation can be
significantly influenced by changing the supports [19-23,27]. For
example, Katzer et al. [23] have investigated the role of the support
in the selectivity of CO hydrogenation over different types of the
supported-Rh catalysts, suggesting that CO hydrogenation selec-
tivity to alcohols varies with the basic character of the support;
MgO-supported Rh catalyst presents 90% selectivity to methanol,
while Rh supported on TiO; is in favor of ethanol formation. Mean-
while, the experimental studies by Ichikawa [21] have shown that
Rh supported on strongly basic oxides MgO leads to methanol as
a major product, however, when Rh deposited on acidic oxides
Al,03 and SiO,, the products are CH4 and higher hydrocarbons
[27]. On the other hand, previous studies [25,28-31] have shown
that surface hydroxyls can lead to buildup of the a surface metal
monolayer on the oxide support. For example, just because of the
low surface density of reactive surface hydroxyl on SiO, support,
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the close-packed monolayer of the surface metal phase does not
appear, whereas, both Al,03 and TiO, supports have been reported
to have a much higher density of surface hydroxyls, which allows
the formation of a close-packed monolayer of the supported metal
[25]; thus, the surface hydroxyls of support also affects the parti-
cle size and shape of the supported metal and the metal-support
interaction, further, it will affect the reactions taking place on the
supported catalyst.

Up to now, in syngas conversion, previous studies have reported
the effects of surface hydroxyls over TiO, support on the selectiv-
ity of C, oxygenates over Rh/TiO, catalysts [5], suggesting that the
hydroxylation of TiO, surface yields a fairly “inert” support that
is much similar to SiO, in terms of its effect on selectivity. How-
ever, to the best of our knowledge, the effects of surface hydroxyls
over Al,03 support on the selectivity of C, species including oxy-
genates and hydrocarbons are still unclear over Rh/Al,03 catalysts;
Al,03, especially y-Al,03, has been widely used as support in het-
erogeneous catalysis including CO and CO, conversion; since metal
particles supported on oxides such as y-Al,03 have been found to
be effective for the catalytic conversions of CO [32-34] and CO,
[35,36], and a good dispersion of metal particles on y-Al, O3 due to
high porosity and specific surface area [37-41]; more importantly,
for y-Al,03-supported metal catalysts, the surface of y-Al, 03 will
inevitably be hydrated/hydroxylated under the realistic reaction
condition, for example, the previous studies by Mei et al. [42] have
shown that y-Al,03(100) surface is expected to be fully dehydrated
when the temperature is above 600 K; then, the nature of y-Al,03
surface will be modified [35,36,43-45]; as a result, the reactions
taking place on the supported catalyst will be affected; for exam-
ple, previous studies [46-48] have probed into the effect of surface
hydroxyls on the selectivity of CO, hydrogenation to HCOO and
CO over Ni/y-Al;03, Cu/y-Al,03 and Pd/y-Al,03 catalysts, respec-
tively, suggesting that the surface hydroxyls of y-Al,03 can alter
the reaction pathway, and ultimately, the activity and selectivity of
CO; hydrogenation on these catalysts.

Syngas conversion to C, species generally involves two key
steps, one is the formation of CHy species including CO direct dis-
sociation into C, followed by C hydrogenation or CO hydrogenation
to CHxO and CH,OH, followed by the C—0O bond cleavage to form
CHy species; the other is the formation of C, species by CO/CHO
insertion into CHy to C, oxygenates or CHy coupling to C; hydro-
carbons [10,49,50]. As aresult, the modifications using the different
properties of supports usually promote one or two key steps, which
can make syngas conversion to the desirable C, species. Thus, it is
necessary to better understand the role of surface hydroxyls and its
effect on the selectivity of C, species over Rh/vy-Al,03 catalyst and
illustrate the key factors that affect the selectivity of catalysts in
syngas conversion; However, the experimental characterization of
alumina supported heterogeneous catalysts is rather difficult due
to the porosity and disorder of y-Al, O3 support. Therefore, density
functional theory (DFT) calculations on the realistic 'y-Al, 03 model
has been employed to obtain the relevant insight into the reaction
mechanism of heterogeneous catalysis [37,46-48,51,52].

In this study, we explore all possible elementary steps involving
in the formation mechanisms of C, species from syngas on Rh/y-
Al, 03 catalyst using DFT calculations, which includes two key steps,
CHx(x=1-3) species formation, C; oxygenates and hydrocarbons
formations. For y-Al,03 support, two types of systems: the dry
(fully dehydrated) y-Al;03(110) surface and the partially hydrox-
ylated y-Al,03(110) surface, have been constructed to reflect the
properties of surface hydroxyls of y-Al,03 support, subsequently,
a direct comparison of syngas conversion to C, species over the
dry and hydroxylated y-Al,03-supported Rh catalysts can clearly
present a clear picture about the effect of surface hydroxyls on
the selectivity of the desirable C, products. Meanwhile, a detailed
characterization of syngas conversion over Rh/y-Al,;03 catalyst at

the molecular level will help us better understand the underlying
reaction mechanisms, and aid in the elucidation of key factors that
affect catalyst performances. Further, an atomic-scale understand-
ing of reaction mechanism would facilitate the design of improved
catalysts for syngas conversion.

2. Computational details
2.1. Surface model

The y-Al,03 structural models have been proposed according
to the defective spinel and non-spinel models [51,53-57]. The non-
spinel model has been well characterized both experimentally and
theoretically [53-57]. Moreover, the non-spinel model produces
the diffraction patterns that are close to the characteristic diffrac-
tion patterns of y-Al03 [56-58]. Thus, the non-spinel y-Al,03
model has been employed to construct surfaces in the previous
studies [46,51,53,59,60], the same size of unit cell as previous
studies was used to model y-Al,03 surface in this study, which
is enough for our investigations about syngas conversion to C,
species. Herein, the (110) surface of y-Al,03 is chosen according
to the fact that the (110) surface accounts for more than 70% of
the total surface area, which is expected to dominate the exposed
surfaces of y-Al,03 under the real catalytic conditions [51,61,62].

The dry y-Al;03(110) surface is modeled by a supercell included
a p(2 x1) surface unit cell, the vacuum region separating the
slabs in the direction perpendicular to the surface direction is
set to 12 A, thus, the dry y-Al,05(110) surface has a dimension
of 8.40 x 8.07 x 19.17 A. Twelve Al,03 molecular units in the slab
are distributed in six layers. On the other hand, to further con-
sider the effect of surface hydroxyls, the partially hydroxylated
v-Al;03(110) surface is employed to characterize the effect of sur-
face hydroxylation. In this study, we expect to obtain the qualitative
effect of y-Al,03 surface hydroxylation on syngas conversion, not
to describe a specific hydroxyl coverage, which could vary under
given experimental conditions; thus, only one H,0 molecule is
considered for the hydroxylated y-Al,03(110) surface.

Further, Rhy4 cluster with four Rh atoms is constructed in both
tetrahedral (3D) and planar (2D) configurations to model Rh cat-
alyst supported on y-Al,03(110) surface. Shi et al. [63] have
observed that the 2D square planar structure of Rhy cluster is less
stable than the 3D tetrahedron structure in gas phase, moreover,
our results show that upon adsorption on the y-Al,03(110) sur-
face, Rhy cluster with 2D planar structure is also less stable than
that with 3D tetrahedron structure. In addition, 3D configuration is
the smallest unit to present a three-dimensional structure to probe
into metal-metal and metal-support interactions.

Based on above facts, Rhy cluster with 3D tetrahedral configu-
ration is adopted to probe into its interaction with y-Al,03 (110)
surface in this study. Thus, when y-Al,03 surface hydroxyls are
considered, two models: Rhy cluster with 3D tetrahedral configura-
tion supported on the dry (fully dehydrated) y-Al,03(110) surface
and the partially hydroxylated y-Al,03(110) surface, have been
employed to model Rh/y-Al,03 catalyst. During all calculations,
the bottom two layers of y-Al,03(110) are fixed, whereas the upper
four layers and Rhy4 cluster, as well as the adsorbed species involved
in syngas conversion are relaxed.

2.2. Calculation methods

All calculations have been preformed using D mol® program
in Materials Studio 4.4 package in the framework of DFT [64,65],
and the main calculations are based on generalized gradient
approximation the (GGA) corrected the exchange-correlation func-
tional proposed by Perdew-Burke-Ernzerhof (PBE) functional. The
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double-numerical basis set with a polarization d-function (DNP)
is chosen to expand the valence electron functions. The inner elec-
trons of Rhand Al atoms are kept frozen and replaced by an effective
core potential (ECP), and other atoms are treated with an all elec-
tron basis set. Brillouin-zone integrations have been performed on
2 x 2 x 1 grid Monkhorst-Pack special k-points and a Methfessel-
Paxton smearing of 0.01 Ha.

In order to determine accurate activation barrier of the reaction,
transition states of the reaction are searched by using of complete
LST/QST approach [66,67]. Frequency analysis has been used to
validate the optimized transition state structures with only one
imaginary frequency, and TS confirmation is performed on every
transition state to confirm that they lead to the desired reactants
and products [68].

The binding energy of Rhy cluster with the y-Al,03 surface
(Eping) is calculated as:

Ebind = E(y-A1,05) + ERhycluster) — ERn,cluster/y—AL,05)

where E(,_al,0,), Enyclustery and Eqrn,cluster/y—al,05) are the total
energy of bare y-Al, 03 surface, isolated Rh4 cluster, and Rhy cluster
supported on the y-Al,03 surface, respectively.

For a reaction such as R (reactant)— P (product) on catalyst
surface, the activation barrier (E;) and reaction energy (AE) are
calculated according to the following formulas:

Eq = Ers — ER

AE =FEp — Fg

where Eg and Ep are the total energies of the adsorbed reactant and
product, respectively, and Ets is the total energy of the transition
state.

3. Results and discussion
3.1. Adsorptions of reactants and possible intermediates

The adsorption energy (E,q4s) is defined as follows:

Eads = [E(slab) + E(adsorbate)] - E(adsorbate/slab)

where Eadsorbate/slab)s E(slab) and E(adsorbate) are the total energies of
the slab with the adsorbate in the equilibrium state, the slab surface
and the free adsorbate, respectively. With this definition, more pos-
itive values reflect the strong interaction of adsorbed species with
Rh,y-Al,03 catalyst.

The side and top views for the most stable configurations of Rhy
cluster supported on the dry and the hydroxylated y-Al,03(110)
surfaces have been obtained, which is denoted as D(Rh4) and
H(Rh4), respectively, as presented in Fig. 1. Then, the adsorptions
of the reactants and all possible intermediates involved in the pos-
sible formation pathways of C; species have been investigated. By
our DFT calculations, the most stable adsorption configurations of
these species and the corresponding adsorption energies on D(Rh4)
and H(Rh4) surfaces are shown in Figs. 2 and 3, respectively.

3.2. CHy (x=1-3) formation from syngas

For CHx (x=1-3) formation from syngas, two possibilities exist
[69]: one is that CO direct dissociation to produce C + O, followed by
C hydrogenation to form CHy species; the other is that CO hydro-
genation to CH,O or CH;OH intermediates, followed by the C—O
bond cleavage to produce CHy species. The activation barriers and
reaction energies of all possible elementary reactions involved in C,
species synthesis from syngas on D(Rh4) and H(Rh4) surfaces have
been listed in Table 1. Moreover, Figs. 4 and 5 present the summary
potential energy diagram for the most favorable formation pathway

\E A a/

Side view

Side view

Top view

Fig. 1. The top and side views of Rhy cluster supported on (a) the dehydrated y-
Al;03(110) surface, D(Rh4), (b) the partially hydrated y-Al,03(110) surface, H(Rh4).
Pink, red, white and dark cyan balls stand for Al, O, H and Rh atoms, respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1

The possible elementary reactions involved in C, species synthesis from syngas on
D(Rh4) and H(Rh4) surfaces together with the activation energies (E,/k] mol~') and
reaction energies (AE/k] mol-1).

Elementary reactions D(Rh4) H(Rh4)

E, AE E. AE
(R1) CO—-C+0 407.0 90.9 400.8 138.5
(R2) CO+H— CHO 195.4 85.3 198.5 103.3
(R3) CO+H— COH 376.8 170.7 263.8 79.2
(R4) CHO— CH+O0 135.9 -16.3 187.5 —41.5
(R5) CHO +H — CHOH 155.4 48.4 1204 40.1
(R6) CHOH — CH+OH - - 1419 -106.0
(R7) CHO+H — CH,0 125.3 11.0 168.2 13.1
(R8) CH,0— CH,+0 94.9 9.9 - -
(R9) CH,0+H — CH,0H 206.0 84.8 - -
(R10) CH,0+H — CH;0 110.5 -16.2 - -
(R11)  CHOH+H — CH,0H - - 143.4 46.6
(R12) CH,0H — CH, + OH - - 98.8 —86.7
(R13) CH,O0H +H — CH30H - - 137.5 25.0
(R14) CH30— CH3+0 2113 51.2 - -
(R15) CH30+H — CH3;0H 204.2 76.8 - -
(R16) CH +CO — CHCO 164.9 63.5 121.7 74.2
(R17) CH+CHO — CHCHO 134.9 7.0 162.0 -27.0
(R18)  CH+H-—>CH, 1085 177 167.5 32.3
(R19) CH— C+H 130.0 29.1 156.3 215
(R20) CH+CH— CyH, 374 -27.7 106.1 -24.0
(R21) CH, +CO — CH,CO 294.9 20.5 132.8 65.0
(R22) CH, + CHO — CH,CHO 296.4 18.7 95.8 31.4
(R23) CH, +H— CH3 146.0 332 94.8 26.3
(R24) CH,; — CH+H 90.8 -17.7 1353 -323
(R25) CH, +CH; — CoHy 199.2 -13.8 166.8 23
(R26) CH; +CO — CH5CO - - 188.6 84.2
(R27) CH3 +CHO — CH3CHO - - 1233 26.3
(R28) CH3; +H — CHy4 - - 76.3 18.7
(R29) CH3 — CH, +H - - 68.5 -26.3
(R30) CH; +CH; — CyHg - - 184.6 17.8
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DARDLR R

C (728.0) 0 (527.8) H (305.7) CO (249.8) CHO (331.4) COH (500.5)

AP/ BRARRD

CHOH (397.0) CH:0 (197.7) CH:OH (277.1) CH3;0 (341.3) CH30H (126.7) CH (663.0)

ARARAARA

CH (475.7) CH3(244.4) CH4(28.4) C,H; (246.3) C>H,4 (159.9) C>H, (42.3)

DA BARA

CHCO (35390 CHCHO(518.9) CH:CO(277.6) CH,CHO(272.9) CH3CO(279 9) CH3CHO(129.8)
Fig. 2. The most stable adsorption configurations and the corresponding adsorption energies of all possible species involved in the possible formation pathways of C; species

on D(Rh4). C, O, H, Al and Rh atoms are shown in the grey, red, white, light pink and dark cyan balls, respectively. The data in the parenthesis are the adsorption energies
(inkJ mol~). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

b oo e NeBolher

C (697.6) 0O (496.5) H (303.1) CO (260.2) CHO (296.5) COH (499.4)

By Lo Dol Luly

CHOH (393.2) CH;O (1684) CH;OH (2534) CH30 (177.8) CH30H (68.8) CH (666.6)

Bely s Buduly

CH; (457.9) CHj3(237.6) CH4(29.1) C;H; (310.8) C2H;s (119.2) C;Hg (45.1)

CHCO (368.3) CHCHO®477.7) CH,CO(211.5) CH,CHO(237.2) CH3CO(289.2) CH3CHO(85.7)

Fig. 3. The most stable adsorption configurations and the corresponding adsorption energies of all possible species involved in the possible formation pathways of C, species
on H(Rh4). See Fig. 2 for color coding. The data in the parenthesis are the adsorption energies (in k] mol-1).

of CHy (x=1-3) and CH3OH species together with the structures of 3.2.1. COdissociation and hydrogenation
initial states (ISs), transition states (TSs) and final states (FSs) on Three Reactions (R1-R3) may occur for CO initial step. The
D(Rh4) and H(Rh4) surfaces, respectively. detailed potential energy profile of these reactions together with
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Fig. 4. The potential energy diagram of the most favorable route for the formation of CHy(x =1-3) species and CH3OH together with ISs, TSs and FSs on D(Rh4). Bond lengths
are in A. See Fig. 2 for color coding.

which is much more favorable kinetically than COH formation and

Figs. S1 and S2 in the Supporting information, respectively. CO direct dissociation, indicating that CHO is the major product of
Our results show that when CO and H is co-adsorbed on D(Rh4) CO initial step. Thus, the subsequent formations of CHx, CHyO and

and H(Rh4) surfaces, respectively, CO direct dissociation is not CHxOH species can only start with CHO.

energetically favored; CO is dominantly hydrogenated to form CHO,

the ISs, TSs and FSs on D(Rh4) and H(Rh4) surfaces are displayed in
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Fig. 5. The potential energy diagram of the most favorable route for the formation of CH,(x=1,2) species and CH3;OH together with ISs, TSs and FSs on H(Rh4). Bond lengths

are in A. See Fig. 2 for color coding.

3.2.2. CH formation

As mentioned above, CHO is the dominant product for CO
hydrogenation on D(Rh4) and H(Rh4), as a result, CH formation
is considered only by CHO and CHO+H in this study, one is the
direct C—0 bond dissociation of CHO to CH+O (R4); the other is

CHO hydrogenation to CHOH, followed by the C—0 bond cleavage
to CH (R5, R6). Meanwhile, CHO hydrogenation to CH,O (R7) is also
considered. The detailed potential energy profiles of these reactions
together with the corresponding structures on D(Rh4) and H(Rh4)



390 R. Zhang et al. / Applied Surface Science 379 (2016) 384-394

surfaces are shown in Figs. S3 and S4 in the Supporting information,
respectively.

3.2.2.1. OnD(Rh4)surface. As shown in Fig. 4, our results show that
CH is dominantly formed by the direct C—O bond scission of CHO,
CHO — CH + 0O, which has the relatively lower activation barrier of
135.9 k] mol~1. Meanwhile, the reaction of CHO + H — CH,O has the
activation barrier of 125.3 k] mol~1, which reveals that with respect
to CO+H species, the formations of CH and CH,0 are two paral-
lel reactions in kinetics with the corresponding highest barriers
of 221.2 and 210.6k] mol~!, respectively. Moreover, CHO hydro-
genation to CH,O (R7) with the activation barrier of 125.3 k] mol~!
is more favorable than CHO hydrogenation to CHOH (R5) with
the activation barrier of 155.4k]mol~1; thus, starting from CHO
species, CH and CH, 0 are the dominant products on D(Rh4) surface.

3.2.2.2. On H(Rh4) surface. As shown in Fig. 5, for CH formation,
CO+H— CHO+H— CHOH— CH+OH and CO+H— CHO— CH+0O
are two parallel reactions in kinetics, with respect to CO + H species,
the corresponding highest barriers are 285.3 and 290.8 k] mol~1,
respectively. However, CHO hydrogenation to CHOH (R5) with
the activation barrier of 120.4kJmol-! is more favorable than
CHO hydrogenation to CH,O (R7) with the activation barrier of
168.2 k] mol~1; namely, for CHO hydrogenation, CHO prefers to be
hydrogenated to CHOH rather than being hydrogenated to CH,0
formation on H(Rh4) surface, which is quite different from D(Rh4)
surface. Therefore, starting from CHO species, CH and CHOH are the
dominant products on H(Rh4) surface.

3.2.3. CH; formation

There are two possibilities for CH, formation, one is the direct
C—0 bond dissociation of CH,0 (R8), and the other is the direct
C—O0 bond dissociation of CH,OH (R12). As mentioned above, CHO
prefers to be hydrogenated to CH,0 on D(Rh4) surface, while CHO
prefers to be hydrogenated to CHOH on H(Rh4) surface; thus, start-
ing from CH,0 and CHOH species (R9-R11) on D(Rh4) and H(Rh4)
surfaces, respectively, the detailed potential energy profiles of CH,
formation together with the corresponding structures on D(Rh4)
and H(Rh4) surfaces are shown in Figs. S5 and S6 in the Supporting
information, respectively.

3.2.3.1. On D(Rh4) surface. As shown in Fig. 4, with respect
to CO+H species, CO+H— CHO+H —CH,0—CH,+0 (R2,
R7, R8) is the most favorable pathway of CH, formation in
kinetics. Meanwhile, CH,O hydrogenation to CH30 (R10)
can compete with CH,O direct dissociation (R8); more-
over, both pathways have the same highest barrier of
210.6kJmol-'. Therefore, CO+H-— CHO+H— CH,0— CH,+0
and CO+H— CHO+H — CH,0+H — CH30 are two parallel path-
ways, namely, CH, and CH3O are the dominant products on D(Rh4)
surface.

3.2.3.2. OnH(Rh4)surface. AsshowninFig.5, withrespecttoCO+H
species, CO+H-—-CHO+H —CHOH+H— CH,OH— CH,+OH
is the most favorable pathway of CH, formation in Kinetics,
which has the highest barrier of 288.8kJmol~!. Mean-
while, CH30H formation by CH,OH hydrogenation (R13)
(CO+H— CHO+H — CHOH+H — CH,OH+H — CH30H) has the
highest barrier of 327.5 k] mol~!, indicating that CH,OH prefers to
be dissociated into CH, rather than being hydrogenated to CH30H
on H(Rh4) surface.

3.2.4. CHs3 formation

According to above results, on D(Rh4) surface, CH, and CH50
are the dominant products; however, on H(Rh4) surface, CH; is
the dominant product; thus, only on D(Rh4) surface, the direct

C—0 bond scission of CH30 can form CH3 (R14). In addition, CH30
hydrogenation to CH3OH (R15) is also examined.

As shown in Fig. 4, with respect to CO+H species, the
pathway of CO+H— CHO+H— CH,0+H— CH30— CH3+0 is
dominantly responsible for CHs formation with the highest bar-
rier of 291.4kJ mol~!, which competes with CH30 hydrogenation
to CH3OH with the highest barrier of 284.3 k] mol~!, indicating that
starting from CH3O species, CH3 and CH3OH are the dominant prod-
ucts on D(Rh4) surface.

3.2.5. The most favorable CHy (x=1-3) monomer and CH30H
formations

With respect to CO+H species, on D(Rh4) surface,
as shown in Fig. 4, CH is formed via the pathway of
CO+H— CHO— CH+0O with the highest barrier and reac-
tion energy of 222.1 and 69.0kJmol-!, respectively; CH, is
formed via the pathway of CO+H— CHO+H— CH,0— CH,+0O
with the highest barrier and reaction energy of 210.6 and
106.2kJmol-1, respectively; CHz is formed via the path-
way of CO+H— CHO+H— CH;0+H— CH30—~ CH3+0
with the highest barrier and reaction energy of 291.4 and
131.3kJmol~!; CH30H is formed via the pathway of CO+H—
CHO+H— CH,0+H — CH30+H — CH30H with the highest bar-
rier and reaction energy of 284.3 and 156.9 k] mol~!. As a result,
we can conclude that CH and CH; formations are much more easier
than CH3; and CH3OH formations, indicating that CH and CH are
the most favorable monomer among all CHy (x=1-3) species rather
than CH3 and CH3O0H on D(Rh4) surface.

Similarly, from Fig. 5, it can be also found that CH and CH,
formations (CO+H— CHO+H— CHOH— CH+OH/CHO— CH+O
and CO+H- CHO+H - CHOH+H — CH,0H — CH; +OH) have
the highest barriers of 290.8/285.3 and 288.8 kfmol~! on H(Rh4)
surface, respectively, which are favorable than CH30H formation
(CO+H—- CHO+H — CHOH+H — CH,OH+H — CH30H) with the
highest barrier of 327.5k]mol~!, suggesting that indicating that
CH and CH, are the most favorable monomer among all CHy
(x=1-3) species rather than CH3OH on H(Rh4) surface.

On the basis of above results, we can conclude that Rh/Al, O3 cat-
alyst (D(Rh4) and H(Rh4)) can exhibit the relative higher selectivity
towards CH and CH, formations rather than CH3 and CH3OH in syn-
gas conversion; since CHy is proposed to be a prerequisite for C—C
chain formation from syngas, more CHy is beneficial to produce C,
species [49,69,70]; therefore, Rh/Al, 03 catalyst can provide abun-
dant CH and CH, species to participate into the formation of C,
species.

3.3. C—C chain formation

For C—C chain formation, previous studies by Zhao et al. [50]
have found that CHO insertion into CHy(x = 1-3) is superior and/or
competitive to CO insertion and carbene coupling on Rh(111) and
Co(0001) surface; moreover, the reports by Kapur et al. [71] have
shown that CH,, is the precursor for C—C chain formationonRh(111)
and Rh(211) surfaces. Thus, since CH and CH; are the most favored
monomer among all CHx(x=1-3) species on D(Rh4) and H(Rh4)
surfaces, in this section, we further investigate CO/CHO insertion
into CHy(x=1,2) to C; oxygenates and CHy coupling to C, hydro-
carbons, as well as CHy dissociation and hydrogenation on D(Rh4)
and H(Rh4) surfaces. The detailed potential energy profiles for these
reactions on D(Rh4) and H(Rh4) surfaces together with the corre-
sponding structures are presented in Figs. S8-S12 in the Supporting
information. Meanwhile, Fig. 6 presents the potential energy pro-
file for the most favorable pathways of C—C chain on D(Rh4) and
H(Rh4) surfaces.
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Fig. 6. The potential energy profile comparisons for the most favorable pathways of C, species and CH4 formations on (a) D(Rh4), (b) H(Rh4) and (c) Rh(111) surfaces.

3.3.1. D(Rh4) surface

Our results show that CH coupling, CH+CH — C3H,, is the most
favorable both thermodynamically and dynamically with the acti-
vation barrier and reaction energy of 37.4 and —27.7 k] mol~!
among all reactions related to CH species (R16-R20). On the other
hand, among all reactions related to CH, species (R21-R25), CH,
species prefers to be dissociated into CH species (CH, — CH+H)
both thermodynamically and dynamically with the activation bar-
rier and reaction energy of 90.8 and —17.7kJmol~! rather than
other reactions, subsequently, CH coupling leads to C;H, for-
mation; Overall, among all reactions related to CHx(x=1,2),C;
hydrocarbon (C;H;) is the dominant product on D(Rh4) surface.

3.3.2. H(Rh4) surface

Firstly, among all reactions related to CH species, CH coupling,
CH+CH — C,Hy, is still the most favorable both thermodynam-
ically and dynamically with the activation barrier and reaction
energy of 106.1 and —24.0 k] mol !, respectively; then, the reaction
of CH+CO — CHCO (R16) has the activation barrier and reaction
energy of 121.7 and 74.2 k] mol~1, respectively.

Among all reactions related to CH, species, CHO insertion into
CH, to CH,CHO competes with CH, hydrogenation to CH3 (95.8
vs. 94.8 kjmol-1), subsequently, we further investigate all reac-
tions related to CH3 (R26-R30), suggesting that CH3 dissociation
or hydrogenation to CH, or CHy (68.5 vs. 76.3k]mol~!) is more
favorable than other reactions, namely, once CHs species is formed,
partial CH3 can be hydrogenated to form CHg4, the other can be
dissociation into CH,, which continues to participate into the for-
mations of C; oxygenates (CH,CHO) and CHs.

As illustrated in Fig. 6(b), we can obtain that on H(Rh4) surface,
CH species is responsible for the formations of C; oxygenate (CHCO)
and C; hydrocarbon (C;H;); CH; species mainly contribute to the
formations of C; oxygenate (CH,CHO) and methane (CH4). Namely,
C, oxygenates and hydrocarbon are the dominant products, mean-
while, CH4 formation can compete with C, species, which are in
consistent with the experimental results [27,69].

3.4. General discussion

3.4.1. Selectivity between CHy and CH30H on D(Rh4), H(Rh4) and
Rh(111)

As mentioned above, CHO species is the major product of CO
initial step on D(Rh4) and H(Rh4) surfaces, which is agreement with

the previous studies on Rh(111) surface [49]. Moreover, CH and
CH, species are the dominant existence form of CHy (x=1-3) rather
than CH3 and CH30H on D(Rh4) and H(Rh4); while CH3 species is
the dominant existence form of CHy (x=1-3) on the pure Rh(111)
surface rather than CH3;OH.

Interestingly, to better understand the effect of y-Al, 03 support
and its surface properties on reaction behavior of syngas conversion
compared to the pure Rh(111) surfaces, it is necessary to quantify
the selectivity between CHyx and CH30H on Rh-supported on ~y-
Al,0O53 surface (D(Rh4), H(Rh4)) and the pure Rh(111) surface, the
effective barrier difference between CHy and CH3OH formations is
used a descriptor. In principle, the higher barrier difference rep-
resents the higher selectivity of CHy and the lower selectivity of
CH3OH. Starting from CHO species, Fig. 7 presents the comparisons
for the potential energy profile of the most favorable CHy(x=1-3)
and methanol formations on D(Rh4), H(Rh4) and Rh(111) surfaces.

As shown in Fig. 7, with respect to CHO or CHO+H species,
our calculated energy differences of the highest barrier between
CHy and CH3OH formations are 73.7 and 63.1 k] mol~! on D(Rh4)
surface, 36.7 and 38.7kJmol-! on H(Rh4) surface, as well
as —25.1kJmol~! on Rh(111) surfaces, respectively; obviously,
D(Rh4) and H(Rh4) surfaces exhibit the higher selectivity of CHy
(x=1,2), as well as the lower selectivity of CH30H, moreover,
D(Rh4) is more favorable than H(Rh4) surfaces for CHy (x=1,2)
selectivity due to the different surface properties, which implies
that CH30H formation can not compete with CHy (x=1,2) in syn-
gas conversion on D(Rh4) and H(Rh4) surfaces. Whereas, the pure
Rh(111) surface exhibits the higher selectivity of CH30H and the
lower selectivity of CHs.

Above results suggest that compared to the pure Rh(111) sur-
face, the catalytic selectivity of Rh catalyst toward CHy (x=1-3)
formation obviously depends on y-Al,03 support and its surface
properties; Rh-supported on y-Al,03 can change the dominant
existence form of CHy (x=1-3) species, provide the abundant CHy
(x=1,2) source to participate into the formation of C, species, and
inhibit methanol formation.

3.4.2. Selectivity of C, species on D(Rh4), H(Rh4) and Rh(111)

Fig. 6 presents the potential energy profile comparison for the
most favorable pathways of C, species and CH4 formation on
D(Rh4),H(Rh4)and Rh(111)surfaces. On D(Rh4) surface, CH species
coupling to form CyH, is dominantly responsible for the forma-
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Fig. 7. The comparisons for the potential energy profile of the most favorable CHy(x=1-3) and CH3OH formations on (a) D(Rh4), (b) H(Rh4) and (c) Rh(111) surfaces.

tions of C;, species. On H(Rh4) surface, starting from CH species, CH
coupling to C,H, is competitive with CHCO formation by CO inser-
tion into CH (106.1 vs. 121.7 k] mol~1); starting from CH, species,
CHO insertion into CH, to CH,CHO competes with CH, formation
by CH, successive hydrogenation (95.8 vs. 102.6 kjmol~1); thus,
C, oxygenates (CHCO,CH,CHO), C, hydrocarbon (C,H,) and CH4
are the main products starting from CHx(x=1,2) on H(Rh4) sur-
face. However, on the pure Rh(111) surface [49], CH3 prefers to
be hydrogenated to CH4 rather than being formed C, oxygenates
by CO insertion into CHs (55.0 vs. 89.7 k] mol~1), namely, the pure
Rh(111) surface is more favorable for CH4 formation rather than
C, species. As a result, compared to the pure Rh(111) surface, Rhy
cluster supported on y-Al,03(110) surface (D(Rh4) and H(Rh4)) not
only promote the productivity and selectivity of C; species, but also
suppress CH4 formation to some extent.

On the other hand, by comparing the selectivity of C, species
between D(Rh4) and H(Rh4) surfaces, we can obtain that D(Rh4)
with Rhy cluster supported on the dry y-Al,03(110) surface is more
favorable to form C, hydrocarbons (C;H,), whereas, H(Rh4) with
Rhy cluster supported on the hydroxylated y-Al;03(110) surface
not only produces C, hydrocarbons (C,H> ), but also easily forms C,
oxygenates (CHCO,CH,CHO), indicating that the surface hydroxyls
of y-Al, 03 support can affect the selectivity of C, species over Rh/y-
Al,03 catalyst in syngas conversion.

Therefore, when Rh-based catalysts are developed for C, species
synthesis from syngas, the catalytic activities of the catalysts
toward CHy formation and C—C bond formation have to be espe-
cially considered. This is the reason why to achieve high C, species
productivity and selectivity, promoters and/or supports have to be
employed for Rh catalysts to tune the reactivity and selectivity of
key steps in syngas conversion, which should minimize CH30H
and CH,4 production and/or maximize CHy formation and chain
growth from Cq species to C; species. In addition, extensive stud-
ies about the effect of promoters added into Rh/y-Al, 03 catalyst on
the catalytic performance of syngas conversion to C, species will be
carried out in our next work, which is beyond the scope of present
studies.

4. Conclusions

In the present study, density functional theory method together
with periodic slab model have been employed to probe into a

comparative study of the preference formation mechanisms of
CHy (x=1-3) and C;, species in syngas conversion on Rhy clus-
ter supported on the dry and hydroxylated y-Al,05(110) surfaces,
denoted as D(Rh4) and H(Rh4), respectively. Meanwhile, compare
to the pure Rh(111) surface, the effect of y-Al,O3 support and
its surface properties on reaction behavior of syngas conversion
has been identified. Our results show that CHO is the dominant
product for CO initial step. Then, starting from CHO, CH and CH,
species are dominantly formed rather than CH3 and CH3OH on
D(Rh4) and H(Rh4), namely, compared to the pure Rh(111) sur-
face, Rh cluster supported on y-Al;03 can exhibit high selectivity
for CHy formation. On the other hand, the hydrogenation, dissocia-
tion and coupling of CHy(x=1,2), as well as CO/CHO insertion into
CHx(x=1,2) show that D(Rh4) surface is more easier to C; hydrocar-
bon (Cy,H;) formation, whereas, H(Rh4) surface easily produces C,
hydrocarbon (C,H; ) and oxygenates (CHCO,CH,CHO), which com-
pete with CH,4 formation, indicating that the surface hydroxyls of
support y-Al, 03 can affect the selectivity of C, species over Rh/y-
Al, 03 catalyst in syngas conversion; meanwhile, compared to the
pure Rh(111) surface with CH4 formation rather than C, species
formation, Rh/y-Al, 03 catalyst can promote C, species formation.
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