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� The effect of Rh crystal phase on the
catalytic performance in syngas-to-
ethanol is for the first time identified.

� The fcc Rh exposes much denser
active facets compared to the hcp Rh.

� The fcc Rh exhibits higher intrinsic
activity for CH and ethanol formation
than the hcp Rh.

� Compared to Ni, Ru, Co and Cu, the fcc
Rh realizes a balance between CH and
undissociated CO/CHO.

� The fcc Rh is still superior to the hcp
Rh for Fe-modified Rh-based
catalysts.
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Design of Rh catalyst by controlling crystal phase and facet is significant for providing higher
mass-specific activity and selectivity for ethanol synthesis from syngas. We demonstrate here the roles
of crystal phase and facet in syngas conversion to ethanol on different crystal facets of fcc and hcp Rh
by DFT calculations and microkinetic modeling. Compared to hcp Rh, fcc Rh not only exhibits higher
intrinsic activity for CH and ethanol formation, but also exposes much denser active facets and inhibits
methanol, especially, the mainly exposed (111). Further, for the Fe-modified Rh catalysts, fcc Rh exhibits
better activity and selectivity toward ethanol, which is still superior to hcp Rh. Thus, Rh-based catalysts
should be focused on the fcc crystal phase instead of hcp crystal phase. The findings in this work are sig-
nificantly beneficial to the rational design of Rh-based catalysts for CO hydrogenation to desired ethanol.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogenation of CO/CO2 to high-value fuels and chemicals,
such as ethanol, is one of the most promising methods for
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utilization of the large amount of captured CO2 (Farrell et al., 2006;
Pan et al., 2007; An et al., 2019; Yang et al., 2019; Song et al., 2017).
Nowadays; certain promoters and/or reducible metal oxides
promoted-Rh catalysts (Spivey and Egbebi, 2007; Subramani and
Gangwal, 2008; Luk et al., 2017) have been widely used for ethanol
synthesis from CO hydrogenation, especially, the promoter (transi-
tion metals (Liu et al., 2013; Xie et al., 2016; Glezakou et al., 2012);
alkalis metals (Schwartz et al., 2011; Yang et al., 2018); rare earth
elements (Xu et al., 2017; Liu et al., 2016)-modified Rh-based
bimetallic catalysts. So far, extensive experimental (Yang et al.,
2017; Song et al., 2012; Liu et al., 2013; Xie et al., 2016;
Glezakou et al., 2012) and theoretical (Liu et al., 2016; Li et al.,
2012; Mei et al., 2010; Choi and Liu, 2009; Wang et al., 2014) stud-
ies on the Rh-based catalyst catalyzing CO hydrogenation have
been exclusively focused on the face-centered-cubic (fcc) Rh. How-
ever, it is well known that different crystal structures, such as fcc
and hexagonal-close-packed (hcp), will in general exhibit different
catalytic performance. For example, the mechanism and activity of
CO activation over the Ni (Liu et al., 2016); Ru (Li et al., 2017) and
Co (Liu et al., 2013) catalysts strongly depend on the crystal phase.
Recently, Huang et al. (Huang et al., 2017) discovered that hcp Rh
can be synthesized in the form of nanoparticles because of lower
surface energy of hcp Rh; moreover, the large lattice expansion
in the hcp Rh structure may be used to tune the reactivity and/or
selectivity of Rh-based catalysts.

Different crystal phases of metal catalyst correspond to differ-
ent symmetries and expose various crystal facets, which further
affect the catalytic performance toward the desired reactions
(Liu et al., 2016; Li et al., 2017; Liu et al., 2013; Zhang et al.,
2020; Kusada and Kitagawa, 2016; Liu and Li, 2016). CO hydro-
genation to ethanol over the different crystal facets of fcc Rh has
been intensively investigated, mainly focusing on Rh(100) (Li
et al., 2012); Rh(111) (Choi and Liu, 2009; Yang and Liu,
2014; Yang et al., 2016; Kapur et al., 2010) and Rh(211)
(Wang et al., 2014; Yang et al., 2016; Kapur et al., 2010;
Medford et al., 2014) facets, suggesting that the crystal facets
of fcc Rh catalysts not only affect the existence form of CHx

intermediates and the preferred pathway of ethanol formation,
but also affect the catalytic performance. Nørskov et al. (Yang
et al., 2016) experimentally and theoretically found that Rh
(211) presents high selectivity toward methane, whereas Rh
(111) is highly selective toward C2 oxygenates.

There has been little research on CO hydrogenation to ethanol
on hcp Rh. Hence, the performance of hcp Rh crystal facets for cat-
alytic hydrogenation of CO to ethanol was unknown until this
study. It has been shown that phase transitions between hcp and
fcc may occur as a result of the catalyst size (Huang et al., 2017;
Kitakami et al., 1997), varying the supports and promoters, and
pretreating the catalysts (Liu et al., 2013; Fan and Zhang, 2016;
Braconnier and Landrivon, 2013; Prieto, 2013).

We apply density functional theory (DFT) calculations and
microkinetic modeling to examine the mechanism of CO hydro-
genation to ethanol over the different crystal facets of fcc and
hcp Rh, as well as Fe-modified fcc and hcp Rh, in which both
(111) and (100) facets with the surface proportion (as estimated
from Wulff construction) of 66.95% and 14.83% for the fcc Rh, as
well as (0001), (10–10) and (10–12) facets with the surface pro-
portion of 45.34%, 37.74% and 16.92% for the hcp Rh are taken into
account. The Wulff construction results used here were obtained
by Huang et al. (2017). We also compare the key step of CO hydro-
genation to ethanol on the Rh, Ni, Co, Ru and Cu. The comprehen-
sive understanding of fcc and hcp Rh catalysts provide a pattern for
illustrating the catalytic activity and selectivity of more complex
Rh-based catalysts, and point the way for the experimental opti-
mization and design of novel Rh-based catalysts in CO hydrogena-
tion to ethanol.
2

2. Computational details

2.1. Computational models

According to the Wulff construction method, Huang et al.
(Huang et al., 2017) have obtained the equilibrium crystal shapes
of fcc Rh and hcp Rh, indicating that fcc Rh mainly contains the
(111), (100), (311) and (110) crystal facets with the surface pro-
portion of 66.95%, 14.83%, 11.86% and 6.36%, respectively. On the
other hand, hcp Rh mainly contains the (10–10), (10–12) and
(0001) crystal facets with the surface proportion of 45.34%,
37.74% and 16.92%, respectively. However, several researches have
shown that Rh(100) exhibits high activity of CO activation (Li et al.,
2012; Koster and Santen, 1990; Filot et al., 2011), and the effect of
fcc and hcp Rh crystal phases and facets on CO dissociation (Li
et al., 2012) have revealed that the activity of CO dissociation over
the fcc Rh depends on the (100) and (111) facets, while that over
the hcp Rh depends on the (0001), (10–12), and (10–10) facets.
Thus, both (111) and (100) facets with the total surface proportion
of 81.78% for the fcc Rh, as well as the (0001), (10–10) and (10–
12) facets with the surface proportion of 100% for the hcp Rh are
considered in this study.

In the current work, the calculated lattice constants for the hcp
Rh are a = b = 2.767 Å, c = 4.276 Å and a = b = c = 3.842 Å for the fcc
Rh, which agree with the experimental values (Huang et al., 2017)
of a = b = 2.78 Å, c = 4.64 Å for the hcp Rh and a = b = c = 3.88 Å for
the fcc Rh, respectively. p(3 � 2) and p(2 � 3) supercell surfaces
were used to model the (10–10) and (10–12) facets, respectively;
the p(3 � 3) supercell surface was adopted to model the (111),
(100) and (0001) facets (see Fig. 1). All these surfaces to model
different Rh crystal facets are large enough to avoid the lateral
interaction of adsorbates. The vacuum region of 15 Å was
employed. In all calculations, the bottom two layers were fixed,
and the other layers together with the adsorbed species were
allowed to relax. The structure of the five Rh crystal facets is
described in detail in the Supplementary Material. The dipole cor-
rection is not applied in this work on the basis of previous studies
about syngas conversion to ethanol is investigated over Rh cata-
lysts (Yang et al., 2017; Choi and Liu, 2009; Asundi et al., 2019;
Gu et al., 2020); in which the dipole correction has not been con-
sidered, moreover, the obtained results can well clarify the reac-
tion mechanism, and some results agree with the experimental
fact. Further, the adsorption free energy and stable adsorption con-
figurations of CH3CH2O on the different Rh facets are calculated
using the dipole corrections, as listed in Table S2, the adsorption
free energies of CH3CH2O with the dipole corrections are little
affected compared to those without the dipole corrections, more-
over, the change of the adsorption configurations is negligible.
2.2. Computational methods

All calculations in this study were conducted on the basis of
periodic density functional theory (DFT) implemented in the
Vienna Ab-initio Simulation Package (VASP) code (Furthmüller
et al., 1996; Kresse and Furthmüller, 1996). The exchange–correla-
tion functional was treated by the Perdew-Burke-Ernzerhof (PBE)
of the generalized gradient approximation (GGA) (Perdew et al.,
1996). The cutoff energy was set as 400 eV; and the Monkhorst-
Pack grid size of (9 � 9 � 9) was used to calculate the lattice
parameters. The optimization was thought to be converged when
the forces on the ions are less than 0.01 eV/Å, and the change of
total energy is converged to 5 � 10�6 eV/atom.

The surface Brillouin zone was sampled with a (3 � 3 � 1)
Monkhorst-Pack grid for the Rh(111), (100) and (0001) facets,
(4 � 4 � 1) for the Rh(10–10) facet, and (3 � 5 � 2) for the Rh



Fig. 1. The facet morphology and adsorption sites of (a) (111) and (b) (100) facets for the fcc Rh, (c) (0001), (d) (10–10), (e) (10–12) facets for the hcp Rh.
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(10–12) facet. The climbing-image nudged elastic band (CI-NEB)
and dimer methods were used to identify transition state (TS)
structure (Henkelman et al., 2000; Henkelman and Jónsson,
2000; Henkelman and Jónsson, 1999). Finally, the TS structure is
verified by the frequency analysis, which corresponds to only one
imaginary frequency, as listed in Table S3. Further, since CO
hydrogenation to ethanol usually occur at the temperature range
of 500–623 K (Glezakou et al., 2012; Yin et al., 2003), all energies
are calculated at 523 K in this study (see details in the Supplemen-
tary Material).

3. Results and discussion

It is widely accepted that CO hydrogenation to ethanol involves
two key steps (Pan et al., 2007; Li et al., 2012; Kapur et al., 2010;
3

Zuo et al., 2014; Zhao et al., 2011; Zhang et al., 2014). The first step
is the formation of key CHx intermediates by either CO direct
dissociation followed by C successive hydrogenation, or CO
H-assisted dissociation via the C-O bond breakage of CHxO or CH-

x-1OH(x = 1–3); methanol may be formed by CHxO or CHx-1OH
(x = 1–3) hydrogenation to affect the selectivity and production
of the primary CHx intermediate. The second step is the C-C bond
formation of C2 oxygenates via CHO or CO reaction with the pri-
mary CHx intermediates to form CHxCHO or CHxCO, and subse-
quent successive hydrogenation to ethanol; the hydrocarbons
formed by CHx(x = 1–3) hydrogenation or coupling probably affect
the selectivity and production of ethanol. In this study, we examine
the reactions involving CO activation, the formation of CHx and
methanol, as well as the formation of ethanol and hydrocarbons
(methane and C2 hydrocarbons) on the (111), (100) facets of fcc
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Rh and (0001), (10–10), (10–12) facets of hcp Rh at 523 K
(Table 1, see details in the Supplementary Material).
3.1. The effects of Rh crystal phase and facet on CO activation, CHx and
methanol

For CO activation, our results show that for both fcc and hcp Rh,
CO direct dissociation is a significantly higher energy pathway
compared to CO hydrogenation to CHO or COH (see Figs. S6 and
S7); moreover, CHO formation is more favorable than COH forma-
tion, which agrees with previous results on Rh(111) (Choi and Liu,
2009; Yang and Liu, 2014; Yang et al., 2016; Kapur et al., 2010). We
find that both fcc Rh(100) and hcp Rh(10–10) facets are the most
active, in agreement with previous studies showing that Rh(100)
exhibits high activity for CO activation (Koster and Santen, 1990;
Filot et al., 2011). Thus, the activity of CO activation is sensitive
to Rh crystal facet; CHO will be the major intermediate leading
to the formation of CHx and methanol.

Based on the previous studies (Choi and Liu, 2009; Wang et al.,
2014; Yang et al., 2016; Zhang et al., 2014; Zhang et al., 2013;
Wang et al., 2018; Zhang et al., 2013; Zheng et al., 2015); the pos-
sible formation pathways of CHx(x = 1–3) and methanol over the
(111), (100) facets of fcc Rh and (0001), (10–10), (10–12) facets
of hcp Rh are considered in this study (see details in Figs. S8–S14).
The results show that the CH monomer is formed both thermody-
namically and kinetically favored over the CH2 and CH3 monomers
(see Fig. S9), suggesting that the CH monomer is the most abun-
dant CHx species over the five Rh crystal facets studied here, which
mainly comes from the C-O bond breakage of CHO or/and CHOH
Table 1
Activation free energy (Ga) and reaction free energy (DG) involving in CO hydrogenation t

Reactions Ga(DG) (kJ�mol�1)

(111) (100)

R1 CO ? C + O 343.2(130.8) 210.1(6
R2 CO + H ? COH 161.6(83.6) 159.1(6
R3 CO + H ? CHO 139.9(117.3) 118.9(8
R4 CHO ? CH + O 134.8(�10.6) 116.5(6
R5 CHO + H ? CHOH 105.0(44.4) 102.1(5
R6 CHOH ? CH + OH 64.2(�24.7) 113.0(�
R7 CHO + H ? CH2O 80.9(61.1) 78.1(59
R8 CH2O ? CH2 + O 105.1(�15.1) 107.1(2
R9 CH2O + H ? CH2OH 81.4(30.4) 91.6(45
R10 CH2OH ? CH2 + OH 81.7(�14.0) 87.6(�4
R11 CH2O + H ? CH3O 60.8(13.9) 93.6(35
R12 CH3O ? CH3 + O 129.8(�11.4) 136.6(�
R13 CH3O + H ? CH3OH 70.5(15.4) 88.9(12
R14 C + H ? CH 62.4(�40.1) 68.1(�2
R15 CH + H ? CH2 49.3(37.1) 82.4(61
R16 CH2 + H ? CH3 58.4(�1.7) 62.4(�1
R17 CH3 + H ? CH4 53.9(�44.6) 47.8(�5
R18 CH + CO ? CHCO 133.6(94.8) 145.3(1
R19 CH + CHO ? CHCHO 71.1(�0.8) 151.8(8
R20 CH + CH ? C2H2 97.9(10.3) 156.7(1
R21 CH2 + CO ? CH2CO 129.3(86.9) 114.9(2
R22 CH2 + CHO ? CH2CHO 72.5(�32.3) 141.1(�
R23 CH2 + CH2 ? C2H4 86.7(�62.6) 125.2(�
R24 CH3 + CO ? CH3CO 149.0(21.5) 133.1(1
R25 CH3 + CHO ? CH3CHO 84.8(�61.7) 98.1(�7
R26 CH3 + CH3 ? C2H6 139.1(�75.1) 116.1(�
R27 CHCO + H ? CH2CO – 107.5(1
R28 CHCO + H ? CHCHO – 86.3(76
R29 CHCO + H ? CHCOH – 91.5(2.5
R30 CHCHO + H ? CH2CHO 49.9(�2.2) 66.0(�5
R31 CHCHO + H ? CHCHOH 82.5(26.8) 90.1(�8
R32 CH2CHO + H ? CH3CHO 62.6(�23.2) 61.3(7.8
R33 CH2CHO + H ? CH2CHOH 76.3(32.8) 93.5(28
R34 CH3CHO + H ? CH3CH2O 57.2(�14.2) 48.3(�9
R35 CH3CHO + H ? CH3CHOH 81.8(1.7) 92.6(8.9
R36 CH3CH2O + H ? C2H5OH 79.7(�30.4) 110.2(1

4

intermediates. However, the favorable formation pathway of CH
monomer depends on the structure of crystal facet, as shown in
Fig. S9, the dissociation of CHO and CHOH are two competitive
pathways for CH formation on the Rh(0001) and (10–10) facets;
CHO dissociation is more favorable for CH formation on the Rh
(10–12) and (100) facets; CHOH dissociation mainly contribute
to CH formation on Rh(111) facet. Moreover, the activity of CH for-
mation is also affected by Rh crystal facet and phase, as shown in
Fig. 2(a), among five Rh facets, Rh(100) exhibits the highest activ-
ity for CH formation with the smallest overall free energy barrier of
196.7 kJ�mol�1. The reason for the low barrier is attributed to that
Rh(100) facet is composed of 4-fold flatted sites that favor CAO
bond breakage of CHO, and the identical conclusions were also
obtained for Ru (Li et al., 2017) and Cu (Zheng et al., 2015) cata-
lysts. More importantly; the overall free energy barriers of CH for-
mation over the (111) and (100) facets of fcc Rh are lower than
those over the (0001), (10–10) and (10–12) facets of hcp Rh.
On the other hand, among the five Rh facets, CH formation is much
easier in kinetics than methanol formation over the (111), (100),
(0001) and (10–12) facets; methanol formation is energetically
competitive with CH formation only on the (10–10) facet. Taking
the intermediate coverage in the process of CH formation into con-
sideration, microkinetic modeling (Choi and Liu, 2009) (see details
in the Supplementary Material) is employed to quantitatively cal-
culate the formation rate of the favored CH monomer and CO
hydrogenation to methanol under the typical conditions (PCO = 4-
atm, PH2 = 8 atm; T = 523 K). Considering the complexity of the
reaction system in this study and the computational cost, microki-
netic modeling assumes that there are no interactions between the
o ethanol over the Rh(111), (100), (0001), (10–10) and (10–12) facets at 523 K.

(0001) (10–10) (10–12)

3.2) 262.3(108.5) 317.6(183.7) 252.4(94.1)
5.5) 160.9(78.6) 126.5(59.0) 195.6(108.9)
0.2) 149.1(119.8) 110.7(79.5) 147.0(106.0)
.0) 118.0(�32.6) 150.2(15.3) 143.4(�3.4)
9.5) 104.2(51.5) 95.0(49.0) 153.6(42.5)
71.0) 67.8(�54.2) 102.6(�27.1) 121.0(�58.6)
.2) 94.4(76.1) 68.0(61.1) 78.7(60.2)
2.3) 105.4(�41.7) 173.1(13.1) 150.9(0.7)
.9) 85.8(32.7) 78.9(10.1) 101.9(22.4)
2.6) 76.6(�37.2) 91.2(�3.7) 64.7(�46.0)
.2) 79.2(3.9) 43.3(�9.4) 77.0(15.6)
11.1) 129.1(�9.9) 158.4(1.1) 164.9(�4.8)
.3) 95.9(23.1) 86.4(12.1) 129.7(51.9)
6.2) 74.3(�26.9) 60.0(�60.2) 79.9(0.9)
.5) 69.2(54.1) 61.0(6.3) 92.4(56.1)
3.6) 82.2(12.8) 37.5(�34.3) 49.1(8.6)
3.8) 63.2(�27.0) 23.9(�63.4) 64.2(11.4)
09.4) 143.9(122.9) 94.8(77.2) 146.5(100.2)
9.0) 89.0(40.2) 112.1(83.3) 142.5(�4.4)
3.7) 105.2(38.3) 104.3(�13.3) 158.4(�21.5)
6.8) 162.0(63.4) 80.6(41.0) 121.0(64.6)
18.4) 76.6(�0.9) 64.7(�66.3) 132.2(�13.4)
65.6) 114.4(�43.0) 65.5(�83.5) 86.3(�52.0)
4.0) 155.2(25.2) 128.1(11.9) 137.0(26.5)
.1) 94.9(�29.6) 50.7(�45.3) 106.9(24.7)
112.5) 114.3(�75.8) 174.6(�42.0) 203.1(�49.0)
6.1) – – 97.2(10.2)
.3) – – –
) – – 88.7(�24.3)
9.5) 59.2(24.1) – 47.0(�24.0)
.2) 102.7(31.2) – 97.5(24.5)
) 64.9(0.7) – 69.1(24.4)
.0) 86.6(22.1) – 80.4(12.1)
.1) 69.6(0.2) 54.4(�5.3) 53.5(�3.0)
) 89.4(7.5) 89.0(�7.4) 107.4(�18.4)
0.9) 60.0(�13.8) 99.5(�6.2) 67.1(�22.2)



Fig. 2. (a) The overall free energy barrier and (b) the reaction rate for the favorable pathway of CH and methanol formation with respect to CO + H species over different
crystal facets of fcc and hcp Rh. The arrows in (a) represent the deviations between overall free energy barrier gap for methanol and CH formation.

L. Kang, Y. Zhang, L. Ma et al. Chemical Engineering Science 248 (2022) 117186
adsorbate–adsorbate based on the mean-field theory. In fact, for
the high-coverage system, the coverage effect becomes highly
complex and cannot be ignored, for example, previous studies
about the coverage-dependent kinetic model (Yang et al., 2016;
Lausche et al., 2013; Yao et al., 2019; Li and Sholl, 2015; Van
Belleghem et al., 2016) showed that the adsorbate–adsorbate
interactions have a great influence on the activity and products
selectivity in the FTS reaction. Yang et al. (Yang et al., 2016) indi-
cated that the high CO coverage decreases the adsorption of the
intermediate and the stability of transition state on the Rh catalyst,
especially the C-O bond cleavage in CHOH, reducing the activation
energy to improve the reaction activity. Further, to confirm that
the adsorbate–adsorbate interaction is the dominant reason for
the deviation between our calculation and the literature (Yang
et al., 2016), the adsorption free energy of CO is decreased
to �0.98 eV based on the previous studies by Yang et al. (Yang
et al., 2016), suggesting that when the adsorption free energy of
CO is �0.98 eV, the coverage of CO reaches equilibrium (0.55 ML)
at 523 K on Rh(111) facet, which can model the high coverage of
CO under the realistic conditions on Rh(111) facet, as a result,
the formation rates of CH and CH3OH are 1.27 � 10�8 and
5.00 � 10�12 s�1, respectively, which are close to the results in
the literature (Yang et al., 2016). Thus, although the agreement
between the microkinetic modeling in this work and the previ-
ously reported values is only semi-quantitative, the results can
provide strong support for the structure-sensitive of Rh crystal
phase and crystal facets; in addition, the effect of the adsorbate–
adsorbate interactions on the reaction activity and product selec-
tivity will be considered in our future work. Additionally, given
that CH species as the intermediate has poor stability, methane for-
mation rate is employed as an indicator for the extent of CH forma-
tion, as well as methanol as the reference in the microkinetic
5

modeling, to study the effect of crystal Rh crystal phases and facets
on the methane (CH*) and methanol formation under the typical
conditions.

As indicated in Fig. 2(b), the rate of CH formation is the fastest
on the (100) facet, followed by the (111), (0001), (10–12) and
(10–10) facets, which agrees with that obtained by the overall free
energy barrier, that is, among five Rh facets, the fcc Rh(100) facet
has the highest intrinsic activity for CH formation. Further, CH for-
mation rate over the (100) and (111) facets for the fcc Rh is higher
by 1–3 orders of magnitude than those over the (10–10), (0001)
and (10–12) facets for the hcp Rh. This implies that the fcc Rh cat-
alyst overall exhibits higher intrinsic activity toward CH formation
than the hcp Rh catalyst. Thus, the intrinsic activity of CH forma-
tion during CO hydrogenation on Rh catalyst is affected by the
crystal phase and facet.

Additionally, the degree of rate control (DRC) of each elemen-
tary step is applied to measure the contribution of each elementary
reaction to the product formation rate and confirmed the rate-
controlled steps (Stegelmann et al., 2009; Kozuch and Shaik,
2006) on the fcc Rh(111) and (100) facets. The values of DRC
can be calculated using the following equation (Wang and Wang,
2021):

DRCi; j ¼ dðln RjÞ
dðln AiÞ ¼

AidRj

RjdAi

where Rj is the formation rate of product j, Ai is the pre-exponential
factor of elementary reaction i. According to above equation, the
DRC of the pre-referential factor response of each elementary step
to the formation rate can be obtained (see Fig. 3). A positive value
means the promoting effects of the elementary reaction on the pro-
duct formation; a negative value means the inhibitory effects of the
elementary reaction to the product formation. As shown in Fig. 3(a)



Fig. 3. DRC distribution of the elementary steps in the formation of methane and methanol on (a-b) Rh(111) and (c-d) Rh(100) facets, respectively. Only the reactions with
DRC values greater than 0.05 are shown. +/- refer to positive or negative values of the DRC, which correspond to the promoting or inhibitory effects on the formation rate of
methane and methanol.
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and (b), on Rh(111) facet, the reactions related to CHOH formation
and CHOH dissociation to CH are of great importance for methane
formation rate; the reactions related to CH3O hydrogenation to CH3-
OH are critical for methanol formation rate. As shown in the Fig. 3
(c) and (d), on Rh(100) facet, the reactions related to CHO formation
and CHO dissociation to CH are vital for methane formation rate;
similar to Rh(111), the reactions related to the CH3O hydrogenation
to CH3OH are significant for methanol formation rate.

On the other hand, CH formation is more favorable than metha-
nol over (10–12) facet occupying 37.74% of the hcp Rh surface, and
over the (100) and (111) facets occupying 81.78% of the fcc Rh
surface (see Fig. 2(b)). In contrast, on (10–10) facet occupying
45.34% of the hcp Rh surface, the formation rate of methanol is
higher than that of CH; on (0001) facet occupying 16.92% of the
hcp Rh surface, the formation rate of methanol is equal to that of
CH. Overall, based on the occupied proportion of different crystal
facets in the hcp and fcc Rh crystal phases, the fcc Rh inhibits
methanol formation and exhibits high activity of CH production,
however, for the hcp Rh, only one third of the crystal facets show
high CH selectivity.

Thus, the higher selectivity and intrinsic activity of fcc Rh for CO
activation to form the primary CH monomer instead of methanol is
verified from the formation of various favorable active facets not
available for the hcp Rh, due to their different crystallographic
6

symmetries. The fcc Rh has a morphology effect distinct from that
of hcp Rh, allowing fcc Rh to expose much denser active facets to
effectively inhibit methanol formation and produce more CH spe-
cies to take part in the subsequent C-C bond formation.

3.2. Comparisons of CH formation among the metals Rh, Ni, Co, Ru, Cu

CH monomer is the primary CHx species on the different crystal
facets of hcp and fcc Rh. Meanwhile, CH monomer is also a key
intermediate in CO methanation on Ni (Liu et al., 2016; Zhi et al.,
2015; Zhi et al., 2017) and in the FTS reaction on the Ru (Li et al.,
2017; Liu and Hu, 2002; Filot et al., 2014) and Co (Liu et al.,
2013; Yao et al., 2019; Zhang et al., 2016; Wen et al., 2016; Chen
et al., 2016). Thus, the behavior of CO activation to form CH species
is compared among the Ni, Co, Ru, Cu and Rh catalysts.

On the one hand, the activity of CO activation toward CH species
is dependent on the metal. The overall free energy barrier of CH
formation is 196.7 kJ�mol�1 on the fcc Rh(100), which is much
higher than that over the Ni (Liu et al., 2016); Ru (Li et al., 2017)
and Co (Liu et al., 2013) catalysts (152.4, 90.7 and 103.2 kJ�mol�1,
respectively). On the Cu catalyst, the formation of CHx is difficult
to occur by the breakage of CAO bond in the CHx-1OH or CHxO
(x = 1–3) intermediate, which is mainly hydrogenated to methanol
(Zhang et al., 2013); However, CHx formation is easier than metha-
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nol over the Ni (Zhi et al., 2015; Zhi et al., 2017); Ru (Filot et al.,
2014), Co (Wen et al., 2016; Chen et al., 2016) and Rh. These results
show that Rh catalyst exhibits a lower activity for CH formation
compared to the Ni, Ru and Co catalysts, and a higher activity com-
pared to Cu catalyst. As shown in Fig. 4(a), Rh exhibits a moderate
activity toward CH formation among the five types of metals, and
contributes to the presence of the matched amount of CHx and
undissociated CO/CHO on Rh catalyst and facilitates the formation
of C2 oxygenates via the undissociated CO/CHO insertion into CHx,
thereby favoring ethanol formation. In contrast, the higher activity
of CHx formation on the Ni, Ru and Co catalysts lead to the majority
of CO activation to form the abundant CHx species, which in turn
results in CHx self-coupling or hydrogenation to form C2 hydrocar-
bons or methane due to the absence of the undissociated CO/CHO
species. On Cu catalyst, since CO is dominantly hydrogenated to
form methanol and it is difficult to be activated to form CHx spe-
cies, C2 oxygenates cannot be formed by CO/CHO insertion into
CHx species due to the lack of CHx species.

On the other hand, the thermodynamics of the relevant reac-
tions are also closely related to the type of metal catalysts. On
the Rh catalyst, most of hydrogenation reactions are strongly
endothermic, while the dissociation reactions are exothermic.
Fig. 4. (a) The product distribution of CO hydrogenation over the metals Rh, Ni, Co,
Ru, Cu depending on the activity of CHx formation, (b) Electronic densities of states
(DOS) projected onto the molecule orbital of CO and d orbital of metal atoms on the
Cu(111), Rh(111), Ru(111), Ni(111) and Co(111). The lower, moderate, and higher
in (a) represent the relative activity of CHx formation on five types metal catalysts.
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Accordingly, CHO hydrogenation is thermodynamically difficult
to form CHxO and CHxOH, as a result, methanol formation is inhib-
ited and the primary CH monomer formation is promoted over Rh
catalyst. Similar to Rh catalyst, on the Co (Liu et al., 2013; Yao et al.,
2019; Zhang et al., 2016; Wen et al., 2016; Chen et al., 2016) and Ni
(Zhi et al., 2015; Zhi et al., 2017) catalysts, the C-O bond cleavage of
CO, CHxO and CHxOH are exothermic, the hydrogenation reactions
are endothermic, thus, the CHO intermediate is thermodynami-
cally inclined to the cleavage of C-O bond to form CH, and inhibit
CO successive hydrogenation to methanol over the Co, Ni and Rh
catalysts. In contrast, on the Cu catalyst (Koster and Santen,
1990; Zuo et al., 2014; Zhang et al., 2013; Wang et al., 2018), CO
hydrogenation to methanol via the CHO, CH2O and CH3O interme-
diates is mostly exothermic, while the reactions related to the CAO
bond breakage of CHxO are endothermic, suggesting that Cu cata-
lyst is thermodynamically conducive to CO successive hydrogena-
tion to produce methanol and it is difficult to break the CAO bond
of CHxO and CHxOH intermediates to form CHx species.

To achieve a better understanding for the influence of metal cat-
alyst type on CO activation to CH, the electronic properties analysis
were carried out for CO adsorbed on the Cu(111), Rh(111), Ru
(111), Ni(111) and Co(111) facets. Several excellent reviews
(Van Santen and Neurock, 1995; Hammer and Nørskov, 2000)
showed that CO adsorption on metal surface is mainly attributed
to the interaction between the 5d (HOMO) and 2p (LUMO) orbitals
of CO molecule and the d orbitals of metal atom, especially, the
back-donation from metal d orbitals to CO 2p antibonding orbitals
will weaken the C-O bond. As shown in Fig. 4(b), depending on the
number of electrons filled in the d orbital, the position d-band cen-
ter related to Fermi level decreases in the order of
Cu > Rh > Ru > Ni > Co, which agrees with the previous studies
(Hammer and Nørskov, 2000). The d-band center of Co close to
Fermi level readily back-donate the electrons to CO 2p anti-
bonding orbital, contributing to the CAO bond activation. Addi-
tionally, the variation of the energy gap between HOMO and
LUMO, the C-O bond length and the numbers of donated electrons
for CO molecule before and after adsorbed on the Rh(111), Ru
(111), Ni(111) and Co(111) facets are all more remarkable com-
pared to Cu(111) facets (see details in Fig. S21 and Table S14).
These results further confirmed that the adsorption behavior of
CO on different metal catalysts could affect CH formation activity.

Above results confirm that compared to the Ni, Ru, Co and Cu
catalysts, the Rh catalyst produces a balance between the amount
of CHx species and the undissociated CO/CHO. This is due to the
catalyst’s moderate activity toward CHx formation. Having a bal-
ance of these species is necessary for CO hydrogenation to ethanol
by C2 oxygenates formation via the undissociated CO/CHO inser-
tion into CHx. The moderate activity of Rh gives a reasonable expla-
nation for its success in the ethanol synthesis from syngas.

3.3. The effects of Rh crystal phase and facet on ethanol, methane and
C2 hydrocarbons formation

Previous studies (Li et al., 2012; Zhao et al., 2011; Zhang et al.,
2014; Wang et al., 2018) found that three types of reactions can
take place once the primary CHx monomer is formed: the hydro-
genation of CHx to methane, the coupling of CHx to C2 hydrocar-
bons, and CO/CHO reaction with CHx to C2 oxygenates. Although
CH is the primary CHx monomer, CH2 and CH3 can be formed by
CH successive hydrogenation; thus, the related reactions of CH,
CH2 and CH3 species to produce methane, C2 hydrocarbons and
ethanol are further considered (see details in Figs. S15-S19),
respectively.

As shown in Fig. 5(a), with respect to CH + CHO species, the
most favorable pathway of ethanol formation is CH + CHO+(H) ?
CHCHO + H? CH2CHO + H? CH3CHO + H? CH3CH2O + H? C2H5-



Fig. 5. (a) The free energy profiles of the most favorable pathway for ethanol formation with respect to CH + CHO species, (b) the comparison for the overall free energy
barriers of the favorable pathway between ethanol and hydrocarbons on different crystal facets of fcc and hcp Rh at 523 K. The clusters in the right of (a) represent the
structure features of the reaction sites on the corresponding Rh facets.
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OH, which has the overall free energy barriers of 71.1, 155.0, 134.6
and 142.5 kJ�mol�1 over the (111), (100), (0001) and (10–12)
facets, respectively. In contrast, on Rh(10–10) facet, CH is easily
hydrogenated to form CH3, then, CHO insertion into CH3 produces
C2 oxygenates, the pathway of ethanol formation is CH+(CHO) +
H ? CH2+(CHO) + H ? CH3 + CHO+(H) ? CH3CHO + H ? CH3CH2-
O + H ? C2H5OH with the overall free energy barrier of
60.0 kJ�mol�1. Thus, the activity of ethanol formation over Rh cat-
alyst also depends on the structure of crystal facet and correspond-
ing reaction site, for example, the stepped Rh(10–10) facet
presents a higher activity since all reactions related to ethanol for-
mation mainly occur at the stepped sites; however, the stepped Rh
(10–12) facet has a relatively lower activity, which is attributed to
8

that the related reactions preferentially occurred at the flatted sites
instead of the stepped sites.

As presented in Fig. 5(b), for methane formation, the overall free
energy barriers of 95.5, 123.9, 137.4, 60.0 and 128.9 kJ�mol�1 are
required over the (111), (100), (0001), (10–10) and (10–12)
facets, respectively. For C2 hydrocarbons formation, CH self-
coupling to C2H2 is favored over the (111), (100) and (0001)
facets with the overall free energy barriers of 97.9, 156.7 and
105.2 kJ�mol�1, respectively; CH2 self-coupling to C2H4 is the most
favored over the (10–10) and (10–12) facets accompanied the
overall free energy barriers of 71.8 and 142.4 kJ�mol�1,
respectively.
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On the other hand, with respect to CH + CHO + H species, as
shown in Fig. 5(b), on fcc Rh(111), ethanol is the major product,
which is also indirectly supported by Nørskov et al.’s experiment
and DFT calculations (Yang et al., 2016) that Rh(111) exhibits high
selectivity toward acetaldehyde. On hcp Rh(10–10), methane and
ethanol are the main products, methane reduces ethanol produc-
tion. On hcp Rh(0001), acetylene is the dominant product,
methane is competitive with ethanol. On hcp Rh(10–12) and fcc
Rh(100), methane is the favored product, but the formation of
ethylene or acetylene affects the yield of ethanol. These results
are coinciding with the experimental results that methane or C2+

hydrocarbons is the main product on Rh catalyst (Xie et al.,
2016; Glezakou et al., 2012; Song et al., 2012; Mei et al., 2010;
Chen et al., 2016; Ding et al., 2018). More importantly, according
to the occupied proportion of different crystal facets in the hcp
and fcc Rh crystal phases, compared to the hcp Rh catalysts, the
fcc Rh catalyst has higher ethanol selectivity, especially, the dom-
inantly exposed Rh(111) facet.

Starting from the CHx monomer, except for Rh(111) facet, the
selectivity of ethanol is lower than that of methane or C2 hydrocar-
bons on the other four Rh facets. The microkinetic modeling results
also show that Rh(111) exhibits the excellent selectivity toward
ethanol formation, the formation rates of methane, methanol, acet-
ylene and ethanol (see details in the Supplementary Material) are
7.14 � 10�19, 2.62 � 10�21, 1.71 � 10�17 and 2.39 � 10�8 s�1,
respectively. The selectivity of ethanol over the fcc Rh(100) and
hcp Rh(0001), (10–10), (10–12) facets is mainly controlled by
methane and C2 hydrocarbons formation. That is, the self-
coupling and hydrogenation of CHx and CHO with CHx are the
selectivity-controlled steps of ethanol formation on the fcc Rh
and hcp Rh catalysts.

According to DFT calculations, two possible ways are proposed
to increase the productivity of ethanol on Rh catalyst: one is to
inhibit the formation of methane and C2 hydrocarbons; the other
is to accelerate CHO insertion into CHx. Aiming at realizing above
proposals, we need to get the help frommetal promoter introduced
into Rh catalyst to inhibit the coupling and hydrogenation of CHx

and/or promote CHO insertion into CHx species. Several publica-
tions on the fcc Rh-based catalysts (Glezakou et al., 2012; Yang
et al., 2017; Yang et al., 2016; Yin et al., 2003) have shown from
Fig. 6. The effect of Fe for the catalytic activity and selectivity of C2 oxygenates formatio
methane, C2 hydrocarbons and C2 oxygenates formation with respect to CH species on d
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both experiments and theory that the dominant function of intro-
ducing a metal promoter is to inhibit the reactions of CHx hydro-
genation and CHx coupling.

3.4. The effects of Rh crystal phase and facet in the Fe-modified Rh on
C2 oxygenates

As mentioned above, aiming at increasing ethanol productivity
over Rh catalysts, we introduce the promoter Fe into Rh catalyst,
which is known to be one of the promising promoters (Palomino
et al., 2015; Liu et al., 2015; Carrillo et al., 2018; Liu et al., 2017);
the results are expected to further clarify the effects of Rh crystal
phase and facet in the metal promoter-modified Rh catalyst on
the catalytic activity and selectivity of C2 oxygenates formation.
Starting from the CH monomer, the formation of methane, C2

hydrocarbons and C2 oxygenates over the Fe-modified Rh(111),
(100), (0001), (10–10) and (10–12) facets are examined (see
details in Figs. S22-S29). As presented in Fig. 6, the formation of
methane and C2 hydrocarbons is effectively inhibited on the Fe-
modified Rh(111), (100) and (0001) facets, which exhibits excel-
lent selectivity toward C2 oxygenates. However, methane forma-
tion is preferred over C2 hydrocarbons and C2 oxygenates on the
Fe-modified Rh(10–10) facet; the formation of methane and C2

hydrocarbons is more favorable than that of C2 oxygenates on
Fe-modified Rh(10–12) facet. On the other hand, the activity order
of C2 oxygenates formation is FeRh(100) > FeRh(111) > FeRh
(0001) > FeRh(10–12) > FeRh(10–10) with the overall free
energy barriers of 66.5, 85.0, 87.9, 121.7 and 144.6 kJ�mol�1,
respectively. Further, among the FeRh(111), (100) and (0001)
facets with better C2 oxygenates selectivity, the Rh(0001) facet
only covers 16.92% of the hcp Rh surface, meanwhile, the activity
of C2 oxygenates formation on FeRh(0001) facet is lower than that
on the FeRh(111) and (100) facets.

In general, the promoter Fe has a slight promotion effect for the
catalytic activity and selectivity improvement of C2 oxygenates for-
mation on the hcp Rh; whereas on the Rh(100) and (111) facets
occupying 81.78% surface proportion of fcc Rh, the selectivity and
activity of C2 oxygenates formation is higher than that of three
hcp Rh facets, which means that the promoter Fe significantly
improve the catalytic performance of fcc Rh toward C2 oxygenates
n on the fcc and hcp Rh crystal facet. The calculated overall free energy barriers of
ifferent Rh and Fe-modified Rh facets at 523 K are presented in Fig. S29.
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formation. Therefore, the activity and selectivity of C2 oxygenates
formation on the Fe-modified Rh catalysts still depended on Rh
crystal phase and facet, in which the effect of the promoter Fe into
the fcc Rh is much superior to that into the hcp Rh. Meanwhile, this
result also confirms that inhibiting the coupling and hydrogenation
of CHx and/or promoting CHO insertion into CHx species can
improve the productivity of ethanol on Rh catalyst by introducing
metal promoters, especially, the fcc Rh catalysts.

Therefore, for CO hydrogenation to ethanol on the promoter-
modified Rh-based catalyst, it should be focused on the fcc crystal
phase instead of hcp crystal phase, especially the dominant
exposed fcc Rh(111) facet, which not only highly-active catalyze
CH formation and CHO reaction with CHx to C2 oxygenates, but also
effectively inhibit methanol and hydrocarbons formation, leading
to excellent production of ethanol. The findings in this work for
the first time provide a fundamental understanding for the sensi-
tivity of Rh crystal phase to catalyze CO hydrogenation to ethanol,
and give out experimental clues for the design of high-
performance Rh-based catalyst.
4. Conclusions

This study has systematically investigated the activity and
selectivity of ethanol synthesis from syngas over different crystal
facets of hcp Rh ((0001), (10–10), (10–12)) and fcc Rh ((100)
and (111)) using DFT calculations with microkinetic modeling.
The results identify the effects of Rh crystal phase and facet on
the catalytic performance of ethanol formation from syngas. That
is, compared to the hcp Rh, the fcc Rh can expose much denser
active facets to present higher intrinsic activity of CH and ethanol
formation. Moreover, compared to Ni, Ru, Co and Cu catalysts, the
fcc Rh catalyst realizes a balance between CO/CHO dissociation
into CH species and the undissociated CO/CHO species, which is
significantly necessary for syngas conversion to ethanol. Further,
the activity and selectivity of C2 oxygenates formation over the
Fe-modified Rh catalysts still depended on Rh crystal phase and
facet, in which the effect of the promoter Fe into the fcc Rh is much
superior to that into the hcp Rh. Therefore, Rh-based catalysts
should be focused on fcc crystal phase instead of hcp crystal phase,
ethanol productivity on the fcc Rh should be regulated by introduc-
ing metal promoter, which dominantly plays a role to inhibit the
formation of hydrocarbons and/or promote the formation of C2

oxygenates.
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