
Insight into Crystal Phase Dependent CO Dissociation on Rh Catalyst
from DFT and Microkinetic Modeling
Xiaobin Hao, Riguang Zhang,* Lixia Ling, Maohong Fan, Debao Li, and Baojun Wang*

Cite This: J. Phys. Chem. C 2020, 124, 6756−6769 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: For the sake of understanding deeply the formation of
the ethanol from CO hydrogenation on the rhodium-based catalyst, the
investigation on the relationship of the activity−structure for CO
dissociation on Rh metal surface is necessary. Here, the effect of FCC
and HCP Rh crystal phases and Rh surfaces on CO dissociation is
predicted through DFT calculations, the equilibrium crystal shapes,
and microkinetic modeling. The calculated overall activation barriers
show that the H-assisted pathway with the relatively lower barrier
energies is favorable compared with the direct one, which is
independent of Rh crystal phases and surfaces. Among different FCC
and HCP Rh surfaces, the (100) surface exhibits the highest CO
dissociation activity with the relative reaction rate of 1.28 × 1011, which
is at least 105 times those on other surfaces. The CO dissociation
activity of FCC Rh depends on (100) and (111) while that of HCP Rh
depends on (0001), (10−12), and (10−10). The CO conversion rate
on FCC Rh is about 104 times that on HCP Rh, suggesting that FCC
Rh has a higher activity than HCP Rh. Moreover, the quantitative
study shows that CO dissociation is primarily dependent on the electronic effect on Rh surfaces by the barrier decomposition
method. PDOS, COHP, differential charge density, and Mulliken and Loewdin charges were further analyzed. Finally, this study can
be expected to enrich the knowledge of the activity−structure of CO dissociation on Rh catalyst and provide a valuable guide for
designing efficient Rh catalyst to improve CO conversion.

1. INTRODUCTION
The hydrogenation of carbon monoxide to ethanol on a metal-
based catalyst becomes a promising reaction.1−6 Three stages
have been proposed in the reaction: (1) CO dissociation,
including the direct and H-assisted pathway, followed by
hydrogenation to the key intermediate CHx species; (2) CO/
CHO insertion into the intermediate CHx to produce
CHxC(H)O; (3) CHxC(H)O hydrogenation to ethanol.7

Thus, as an initial stage, CO dissociation is an important step
for the formation of the key intermediates CHx and ethanol
and often considered as the rate-controlling step.8,9

CO dissociation depends largely on the crystal shape of
metal material.10−14 The hexagonal close-packed (HCP) and
face-centered cubic (FCC) crystal phases exist for the metals
Co, Ni, and Ru.15−23 Experiments combining with density
functional theory (DFT) showed that HCP Co possesses
much better CO dissociation activity than FCC Co since the
denser active sites can be available on HCP Co instead of
FCC.21 However, FCC Ni showed better activity of CO
dissociation than HCP Ni due to more abundant active
surfaces on FCC Ni.22 Meanwhile, it is reported that a CO
conversion rate over FCC Ru is ∼3 times higher than that over
HCP Ru.23 Therefore, the effect of crystal shape on CO

dissociation is of importance for designing a highly efficient
catalyst.
The metal Rh has been known as a promising element

toward the formation of ethanol from CO hydrogena-
tion.8,9,24,25 The Rh catalyst with FCC crystal phase structure
has been studied widely in both experiment and theory. The
experimentally prepared Rh-based catalysts with FCC crystal
phase exhibit a high selectivity of C2+ oxygenates but a low CO
conversion.27,28 Numerous DFT studies have been focused on
CO dissociation on FCC Rh surfaces.29−34 The results showed
that the H-assisted pathway through CHO is the underlying
activation way on Rh surfaces, and the studies also indicated
that the stepped surfaces have higher activity than the flat
surfaces.30−33 However, CO dissociation on HCP Rh has
rarely been studied, although the other metal nanoparticle with
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HCP crystal phase was reported to show different catalytic
properties compared to FCC crystal phase.15−23 Recent studies
by Huang et al.26 have successfully synthesized HCP Rh crystal
phase by the experimental technology for the first time. As a
result, the metal Rh can exist in the form of HCP and FCC
crystal phase. However, the catalytic activity of CO
dissociation on the newly synthesized HCP Rh remains
unclear, and whether the HCP Rh can increase CO conversion
and further improve the catalytic performance needs to be
studied. Therefore, it is necessary to study CO dissociation on
FCC and HCP Rh.
In this work, CO dissociation on two kinds of Rh crystal

shapes (FCC and HCP) has been studied through combining
the DFT method with the microkinetic modeling. Here, CO
dissociation pathways, involving the direct pathway (CO → C
+ O) and H-assisted pathway through CHO and COH (CO +
H → CHO → CH + O and CO + H → COH → C + OH),
have been calculated on different surfaces of FCC and HCP
Rh. Then, the structure sensitivity of CO dissociation pathways
on Rh catalyst was discussed. In addition, based on two
equilibrium shapes of FCC and HCP Rh, the activity difference
of CO dissociation between FCC and HCP Rh crystal phase
has been revealed. Moreover, the electronic and geometrical
effects of Rh crystal phases on CO dissociation were illustrated.

2. CALCULATION DETAILS
2.1. Method and Model. All DFT calculations were

performed by the projector-augmented wave (PAW) method
in the Vienna Ab Initio Simulation Package (VASP).35,36 The
generalized gradient approximation (GGA) with a Perdew−
Burke−Ernzerhof (PBE) formalism was applied.37,38 The
functional can produce rather accurate adsorption geometries
and vibrational frequencies,39 which is very well applicable in
studying the heterogeneous catalytic reactions on metal
catalyst so far.40−45 Moreover, we have taken CO adsorption
on Rh(111) as an example and compared the revised PBE and
PBE-D3 functional with PBE functional (see Table S1); the
results show that the PBE-D3 functional overestimates the CO
adsorption energy compared with the PBE functional (−2.18
vs −1.96 eV). The revised PBE functional can give a lower
adsorption energy (−1.66 eV) than the PBE and PBE-D3
functionals (−2.18 and −1.96 eV), which is close to the
experimental value (−1.65 eV); however, the functional has
the defect that worsens the descriptions of bulk crystals and
surfaces46−48 and will result in the higher barrier than PBE
functional by Wang’s report.40 The cutoff energy was set to
400 eV. For structure optimization, the force on each atom and
the energy difference were converged to 0.01 eV/Å and 5 ×
10−6 eV. A k-point grid of 9 × 9 × 9 was chosen to calculate
the lattice parameters of FCC and HCP Rh bulk.
For the FCC Rh bulk, the calculated equilibrium lattice

parameter is 3.839 Å, which accords with the reported values
of 3.880 and 3.829 Å in experiment and theory, respectively.26

For HCP Rh bulk, the calculated lattice parameters a and b are
2.730 Å and c is 4.407 Å, which accord with the experimental
results (2.780 and 4.640 Å) and theoretical results (2.722 and
4.386 Å), respectively.26 Subsequently, FCC Rh surfaces
including the (111), (100), (110), (211), (221), and (311,
and HCP Rh surfaces including the (0001), (10−10), (11−
20), and (10−12), have been considered. For the surface size,
the (111), (100), (110), and (0001) surface uses the p(3 × 3)
supercells, while the p(2 × 3) supercells are used for (211),
(221), (311), (10−10), (11−20), and (10−12) surfaces. The

periodic slabs within 4−16 layers are used to model the
different Rh surfaces, where the bottom 2 or 3 layers are fixed
at the bulk position, while the remaining layers and the
adsorbates are allowed to relax. The vacuum thickness of 10 Å
is employed to avoid the interactions between the neighboring
slabs. The surface structures and the different kinds of
adsorption sites are shown in Figure S1.
In the calculation, considering that the surface species prefer

to adsorb at the most stable site in the real situation, the most
stable adsorption structures of surface species were used as the
initial states for reactant and the final states for product.21,22,33

The transition state structure was located through the
Climbing-Image Nudged Elastic Band method (CI-NEB)
and further optimized through the dimer method until the
forces on atom become converged to 0.03 eV/Å.49,50 The
frequency analysis was performed to confirm only one
imaginary frequency. To analyze the strength of the chemical
bond, the Lobster package51 with the wxDragon visualization
tool52 was used for the crystal orbital Hamilton population
(COHP) and the atom-projected density of states (PDOS).
The basis function 1s for the H element, 2s and 2p for C and
O elements, and 5s, 5p, and 4d for the Rh element were
employed. C−O, Ru−C, and Ru−O pair interactions within a
distance 1.8−3.8 Å were considered for COHP calculation. In
addition, the differential charge density and Mulliken and
Loewdin charges were also analyzed.
The adsorption energy (Eads) is calculated by the following

formula:

= − −E E E Eads adsorbate/surface surface adsorbate (1)

where Eadsorbate/surface, Esurface, and Eadsorbate are the total energies
of the Rh surface with the adsorbates, the clean Rh surface, and
the adsorbate in the gaseous state, respectively.
The activation barrier (Ea) and reaction energy (ΔE) are

calculated by the formulas

= − Δ = −E E E E E Eanda TS IS FS IS (2)

where EIS, EFS, and ETS correspond to the total energies of the
initial states, final states, and transition states, respectively.

2.2. Surface Energy. According to Wulff’s theory,53 the
equilibrium shape of FCC and HCP Rh can be constructed
based on the different Rh surface energies. The bulk energy is
important to obtain the accurate surface energy and
equilibrium crystal shape.54−57 Thus, to obtain FCC and
HCP Rh bulk energy, a series of Rh(111) and (0001) surfaces
with different layers are first calculated based on the following
formula:

γ≈ +E A NE2N
sur bulk

crystal
(3)

where Esur
N is the energy of the surface with N layers, 2A is the

total area of the top and bottom surface, γ is the surface energy,
and N is the atomic number. Ebulk

crystal is the energy of the bulk,
which is calculated by makes an linear fit to the total energy of
the surface as a function of the layer number and taking the
slope.57 The bulk energy Ebulk

crystal of FCC and HCP Rh (Ebulk
FCC

and Ebulk
HCP) can be obtained in Figure S2.

In addition, we construct different Rh surface models with
p(1 × 1) and the thickness of at least 30 Å. The k-points of 9 ×
9 × 1 were used to optimize the surface models, where all Rh
atoms are relaxed. The surface energy γhkl is determined by the
formula of γhkl = (Ehkl − NEbulk

crystal)/2A, where Ehkl is the total
energy of different Rh surfaces.
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2.3. Microkinetic Modeling. To quantify the dissociation
rate on different FCC and HCP Rh surfaces, the elementary
steps for three pathways of CO dissociation are assumed to be
as follows. Moreover, the microkinetic modeling (see details in
the Supporting Information) is applied based on the following
elementary steps:
(1) For CO direct dissociation

+ ∗ ↔ *CO CO
K1 (4)

* + ∗ → * + *CO C O
k2 (5)

The rate of CO direct dissociation is defined via the following
equation:

=
+

r k
P K

P K( 1)dis 2
CO 1

CO 1
2

(6)

(2) For H-assisted CO dissociation

+ ∗ ↔ *CO CO
K1 (7)

+ * ↔ *H 2 2H
K

2
2

(8)

* + * * + ∗ * + * * + ∗
− −

X Yoo X YooCO H COH or CO H CHO
k

k

k

k

3

3

3

3

(9)

* + ∗ → * + * * + ∗ → * + *COH C OH or CHO CH O
k k4 4

(10)

where the coverage of the intermediate (CHO and COH) is
relatively steady with time according to the steady-state
approximation. The reaction rate for H-assisted CO dissoci-
ation is defined via the following equation:

=
+

×
+ + +

−

+ −( )

r
k k

k k

P K P K

P K P K P K P K 1k
k k

dis
3 4

3 4

CO 1 H
1/2

2
1/2

CO 1 H
1/2

2
1/2

CO 1 H
1/2

2
1/2

2
2

2
3

4 3 2

(11)

In addition, the total surface area of FCC or HCP Rh crystal
shape is assumed to 1 m2 for convenience, and all active sites
can be used to activate CO molecules; the conversion rate (C)
on the specified surface can be given by the following
equation:21

=C r Ndis act (12)

where Nact is the number of the active sites, and can be
obtained as the total surface area of the specified surface
divided by the surface area per site.

3. RESULTS AND DISCUSSION
3.1. Equilibrium Shape of FCC and HCP Rh. Based on

the calculated surface energy of different Rh surface models,
the equilibrium shape of FCC and HCP Rh, the exposed
surface area, and the occupied ratio are presented in Table 1
and Figure 1.
The FCC Rh crystal phase, as shown in Figure 1a, seems like

an octahedron. It contains three exposed surfaces: (111),
(311), and (100). As listed in Table 1, the (111) surface owns
the lower surface energy (108 meV/Å2) and occupies the most
surface area ratio (88.1%). The (100) and (311) surfaces only
occupy the small ratios of 7.5% and 4.4%, respectively. The

other (221), (211), and (110) surfaces are missing in the
equilibrium shape. The order of the occupied ratio for different
FCC Rh surfaces is (111) > (100) > (311) > (221) = (211) =
(110).
For HCP Rh crystal phase, as shown in Figure 1b, the

equilibrium shape seems like an octadecahedron. It also
contains three exposed surfaces: (10−12), (10−10), and
(0001). As shown in Table 1, similar to the (111) surface, the
(0001) owns the lower surface energy of 110 meV/Å2 while
covers only 10.5% in the equilibrium shape. On the contrary,
the (10−12) and (10−10) surface with larger surface energy of
123 and 153 meV/Å2 occupy the ratio of 68.8% and 20.7%,
respectively, and the remaining (11−20) surface has the
highest surface energy of 181 meV/Å2 and disappears in the
equilibrium shape. Therefore, on HCP Rh crystal phase, the
order of the surface area ratio is (10−12) > (10−10) > (0001)
> (11−20).

3.2. Adsorption of Reactant and Product. In the
section, the adsorption energies of the various species (CO, C,
O, H, CHO, COH, CH, and OH) involving the indirect and
H-assisted pathway were calculated. The most stable
adsorption site and adsorption energies are presented in
Table S2. As shown in the table, although the adsorption sites
of CO on different FCC and HCP Rh surfaces are different,
the adsorption energies of CO are in the range of −1.87 to
−2.02 eV on FCC Rh and −2.05 to −2.13 eV on HCP Rh,
respectively, which suggest that CO adsorption is structure
insensitive on the Rh catalyst. Similar to CO adsorption, the
adsorption energy of H is between −2.66 and −2.83 eV,
suggesting that H adsorption is also structure insensitive.
C and CH locate at the 3(4)-fold hollow site on different

FCC and HCP Rh surfaces; namely, both of them prefer to
coordinate with much more Rh atoms. This may be attributed
to that the electron deficiency of C or CH is difficult to fulfill
the octet rule. The change value of the adsorption energy of
0.83 and 0.67 eV suggests that C and CH adsorption are
structure sensitive on Rh catalyst.

Table 1. Surface Energy (γhkl, meV/Å2), Surface Area (Sa,
Å2), and the Corresponding Ratio (Sr, %) of the Different
Rh Surfaces on FCC and HCP Rh Crystal Phase,
Respectively

FCC Rh HCP Rh

surfaces γhkl Sa Sr surfaces γhkl Sa Sr

(111) 108 49.56 88.1 (10−12) 123 47.16 68.8
(100) 141 4.22 7.5 (10−10) 153 14.18 20.7
(311) 140 2.48 4.4 (0001) 110 7.17 10.5
(110) 144 0 0 (11−20) 181 0 0
(211) 141 0 0
(221) 136 0 0

Figure 1. Equilibrium shapes of FCC and HCP Rh crystal phases.
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The adsorption energy of O atom is in the range between
−5.40 and −5.81 eV on different Rh surfaces, and the
corresponding adsorption site is different. Compared with the
O atom, the adsorbate of OH lacks one electron to fulfill the
octet rule, and the bonded H atom reduces the coordination
unsaturation of O atom. This keeps OH locating exclusively at
the 2-fold bridge site with Eads of −3.06 to −3.75 eV on
different Rh surfaces. The change values of 0.41 and 0.69 eV in
Eads show that O and OH adsorption is structure sensitive on
the Rh catalyst. To sum up, the adsorption of reactant CO and
H is structure insensitive while that of products C, CH, O, and
OH is structure sensitive to CO dissociation on the Rh
catalyst.
3.3. CO Dissociation. 3.3.1. CO Direct Dissociation. In

this section, the direct pathway was calculated, where the
structures of the initial state (IS) for the adsorbed CO, the
transition state (TS), and the final state (FS) for the
coadsorbed C and O are presented in Figure 2. The activation
barrier, reaction energy, and the detailed structural parameters
are presented in Table 2.

On the FCC Rh, both (211) and (311) surfaces have the
largest Ea of 4.15 and 4.05 eV and the positive ΔE of 0.77 and
0.76 eV, respectively. Both (100) and (110) surfaces exhibit
the most activity with the least Ea of 2.14 and 2.17 eV as well as
the ΔE of 0.61 and 0.99 eV, respectively. The remaining (111)
and (221) surfaces have the modest Ea of 3.74 and 3.49 eV,
respectively, and the corresponding ΔE is 1.38 and 0.80 eV,
respectively. For the HCP Rh, the (10−12) and (11−20)
surfaces are the most active surfaces with the least Ea (2.67 and
2.80 eV), and this corresponding ΔE is positive (1.38 and 1.60
eV), followed by the (0001) and (10−10) surfaces, where the
calculated Ea and ΔE are 3.55 and 1.06 eV, as well as 3.84 and
1.41 eV, respectively. Therefore, the Ea changes from 2.14 to
4.15 eV and from 2.67 to 3.85 eV on FCC and HCP Rh,
respectively.
To summarize, the larger change values in Ea suggest that

the direct pathway is highly sensitive to Rh surface structures
and crystal phases, which accords with the studies of Li et al.
on Co and Ni.21,22 The least Ea are 2.14 and 2.17 eV on the
(100) and (110) surface for FCC Rh as well as 2.64 and 2.80
eV on the (10−12) and (11−20) surface for HCP Rh. The
difference in the least activation barriers between FCC and
HCP Rh surfaces suggests that FCC Rh might have higher CO
direct dissociation activity than HCP Rh in case the (100),
(110), (10−12), and (11−20) surfaces can be available and
cover the similar area ratios on their respective crystal phase. In
addition, the least Ea of 2.14 eV on the Rh catalyst is larger by
1.74 and 1.07 eV than that on the Ni and Co catalysts for CO
direct dissociation, respectively,21,22 which suggests that CO
direct dissociation activity on the Rh catalyst is low compared
to that on the Ni and Co catalysts. Meanwhile, the pathway is
highly endothermic, which is irrespective of Rh surface
structure and crystal phase.

Figure 2. Optimized structures of CO, the coadsorbed C and O, and the transition state structure for CO direct dissociation on different FCC and
HCP Rh surfaces. The C, O, and Rh atoms are shown in gray, red, and green colors, respectively.

Table 2. Activation Barrier (Ea, eV), Reaction Energy (ΔE,
eV), and the Distance between C and O Atoms in the
Transition State Structure (dTS, Å) for CO Direct
Dissociation on Different FCC and HCP Rh Surfaces

FCC Rh HCP Rh

surfaces Ea ΔE dTS surfaces Ea ΔE dTS

(111) 3.74 1.38 2.139 (0001) 3.55 1.06 2.177
(100) 2.14 0.61 1.909 (10−10) 3.84 1.41 2.237
(110) 2.17 0.99 1.883 (11−20) 2.80 1.60 1.952
(211) 4.15 0.77 2.011 (10−12) 2.67 1.38 1.835
(221) 3.49 0.80 1.945
(311) 4.05 0.76 2.013
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3.3.2. H-Assisted CO Dissociation via the CHO Inter-
mediate. H-assisted pathway via CHO can occur through the
hydrogenation on C atom in adsorbed CO. In this section, the
two successive elementary steps, CO + H → CHO and CHO
→ CH + O, were calculated. The corresponding activation
barrier (Ea,1, Ea,2) and reaction energy (ΔE1, ΔE2) are
presented in Table 3. The IS structures of the coadsorbed
CO and H, the intermediates CHO, FS structures of the
coadsorbed CH and O, and TS structures on different FCC
and HCP Rh surfaces are presented in Figures 3 and 4.
For CO + H → CHO, the calculated Ea,1 range is 0.90−1.52

eV on FCC Rh and 1.20−1.53 eV on HCP Rh. The reaction

energy ΔE1 is exclusively endothermic, which is independent
of the Rh surface structures and crystal phase. The
corresponding ranges are 0.56−1.03 eV and 0.83−1.08 eV
on FCC and HCP Rh, respectively. For CHO → CH + O, the
calculated Ea,2 and ΔE2 range are 1.41−3.13 eV and −0.17−
0.46 eV on FCC Rh and 1.33−2.03 eV and −0.34−0.39 eV on
HCP Rh, respectively. The Ea,2 and ΔE2 change in value by
1.80 and 0.80 eV on all the surfaces, respectively, which are
larger than the change value (0.63 and 0.52 eV) in Ea,1 and
ΔE1. Therefore, CHO dissociation is more structure sensitive
than its formation in kinetics and thermodynamics.

Table 3. The (Overall) Activation Barrier (Ea,1, Ea,2, and Ea, eV), Reaction Energy (ΔE1, ΔE2, and ΔE, eV), and the Distance
(dTS,1 and dTS,2, Å) of the Forming C−H and Breaking C−O in the Transition State Structure for H-Assisted CO Dissociation
via the CHO Intermediate on Different FCC and HCP Rh Surfaces, Respectively

CO + H → CHO CHO → CH + O CO + H → CH + O

surfaces Ea,1 ΔE1 dTS,1 Ea,2 ΔE2 dTS,2 Ea ΔE

FCC Rh
(111) 1.52 1.03 1.183 1.41 −0.17 1.835 2.44 0.86
(100) 1.31 0.61 1.360 1.85 −0.09 2.035 2.46 0.52
(110) 0.90 0.56 1.183 1.71 0.46 1.919 2.27 1.02
(211) 1.25 0.84 1.182 3.13 0.14 2.019 3.97 0.98
(221) 1.26 0.85 1.169 3.02 0.17 2.686 3.87 1.02
(311) 1.24 0.84 1.181 2.62 0.17 2.059 3.46 1.01

HCP Rh
(0001) 1.44 1.08 1.169 1.33 −0.34 1.853 2.41 0.74
(10−10) 1.53 0.87 1.192 1.94 0.39 1.820 2.81 1.26
(11−20) 1.33 0.85 1.182 2.03 0.29 1.908 2.88 1.14
(10−12) 1.20 0.83 1.170 1.49 0.05 1.855 2.32 0.88

Figure 3. Optimized structures of the coadsorbed CO and H, the intermediate CHO, the transition state structures (TS1 and TS2), and the
coadsorbed CH and O for H-assisted CO dissociation to CH on different FCC Rh surfaces. The C, O, H, and Rh atoms are shown in the gray, red,
white, and green colors, respectively.
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The overall activation barriers (Ea) and reaction energies
(ΔE) for CO + H → CH + O are presented in Table 3. As
seen from Table 3, the Ea changes from 2.27 to 3.97 eV, and
the corresponding change value is 1.70 eV. The structural
sensitivity of H-assisted pathway via CHO is decreasing
obviously in comparison with the direct one, in which the
change value of Ea is 2.01 eV. The most active surfaces are
(110) and (10−12) with the least Ea of 2.27 and 2.32 eV,
followed by (0001), (111), and (100) with Ea of 2.41, 2.44,
and 2.46 eV, respectively. (110), (100), and (10−12) remain
the active surface, as also found in the direct pathway.
Compared with direct dissociation pathway, the barriers of H-
assisted pathway via CHO are 1.30 and 1.11 eV lower on the
closed-packed (111) and (0001), respectively. For the
remaining (211), (311), and (10−10) surfaces, the calculated
activation barriers for H-assisted pathway via CHO are also
lower than those for direct one. Therefore, H-assisted CO
dissociation via CHO is favorable than direct dissociation as a
whole.

3.3.3. H-Assisted CO Dissociation via the COH Inter-
mediate. The H-assisted pathway via COH can occur through
the hydrogenation on O atom in adsorbed CO. In this section,
two successive elementary steps, CO + H → COH and COH
→ C + OH, were calculated. Correspondingly, the activation
barrier (Ea,1, Ea,2) and the reaction energy (ΔE1, ΔE2) are listed
in Table 4. The IS structures for the coadsorbed CO and H,
the intermediates COH, the FS structures for the coadsorbed
C and OH, and TS structures are presented in Figures 5 and 6.
For CO + H→ COH, the calculated activation barriers, Ea,1,

are in the range of 1.66−2.02 eV on FCC Rh and 1.23−1.76
eV on HCP Rh. Similar to CHO, COH formation is
exclusively endothermic. The corresponding ΔE1 range is
0.52−1.07 eV on FCC Rh and 0.65−1.04 eV on HCP Rh. For
COH → C + OH, the calculated activation barriers, Ea,2, range
from 0.90 to 2.23 eV on FCC Rh and from 1.64 to 2.17 eV on
HCP Rh. The calculated ΔE2 range is −0.57−0.98 eV on FCC
Rh and −0.15−0.89 eV on HCP Rh. Therefore, COH
dissociation is also more structure sensitive than its formation.

Figure 4. Optimized structures of the coadsorbed CO and H, the intermediate CHO, the transition state structures (TS1 and TS2), and the
coadsorbed CH and O for H-assisted CO dissociation to CH on different HCP Rh surfaces. The C, O, H, and Rh atoms are shown in the gray, red,
white, and green colors, respectively.

Table 4. The (Overall) Activation Barrier (Ea,1, Ea,2, and Ea, eV), Reaction Energy (ΔE1, ΔE2, and ΔE, eV), and the Distance
(dTS,1 and dTS,2, Å) of the Forming O−H and Breaking C−O in the Transition State Structure for H-Assisted CO Dissociation
via the COH Intermediate on Different FCC and HCP Rh Surfaces, Respectively

CO + H → COH COH → C + OH CO + H → C + OH

surfaces Ea,1 ΔE1 dTS,1 Ea,2 ΔE2 dTS,2 Ea ΔE
FCC Rh

(111) 1.69 0.61 1.331 1.91 0.98 2.146 2.52 1.59
(100) 1.66 0.52 1.381 1.38 −0.16 2.005 1.90 0.36
(110) 1.87 0.91 1.287 0.90 −0.31 2.004 1.87 0.58
(211) 2.02 1.07 1.272 2.16 −0.57 2.044 3.23 0.50
(221) 1.95 0.86 1.294 1.00 −0.57 2.042 1.95 0.29
(311) 2.00 0.89 1.267 2.23 −0.41 2.061 3.12 0.48

HCP Rh
(0001) 1.76 0.65 1.343 1.88 0.89 2.153 2.54 1.54
(10−10) 1.54 0.72 1.301 1.64 0.57 3.238 2.36 1.29
(11−20) 1.64 1.04 1.297 1.64 0.16 2.066 2.68 1.20
(10−12) 1.23 0.84 1.277 2.17 −0.15 1.817 3.01 0.69
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The breakage of C−O bond irrespective of CHO or COH
needs less energy than that in CO.
In addition, as shown in Table 4, there are the least overall

activation barriers of 1.87, 1.90, and 1.95 eV on (110), (100),

and (221) surface, which are even lower than the least Ea on all
Rh surfaces for the other two pathways, CO → C + O and CO
+ H→ CH + O, calculated so far. Therefore, the (110), (100),
and (221) are the most active surfaces for H-assisted pathway

Figure 5. Optimized structures of the coadsorbed CO and H, the intermediate COH, the transition state structures (TS1 and TS2), and the
coadsorbed C and OH for H-assisted CO dissociation to C on different FCC Rh surfaces. The C, O, H and Rh atoms are shown in gray, red, white,
and green colors, respectively.

Figure 6. Optimized structures of the coadsorbed CO and H, the intermediate COH, the transition state structures (TS1 and TS2), and the
coadsorbed C and OH for H-assisted CO dissociation to C on different HCP Rh surfaces. The C, O, H and Rh atoms are shown in gray, red, white,
and green colors, respectively.
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through COH. For the other surfaces, the calculated Ea range is
2.36−3.23 eV, and the change value of 1.36 eV on Rh surfaces
indicates that H-assisted pathway via COH is highly structural
sensitive. This may be ascribed to the structural sensitivity of
the C adsorption from the dissociated COH.
3.4. FCC Rh vs HCP Rh. The overall barriers for the direct,

H-assisted pathways through CHO and COH on different
surfaces are presented in Figure 7. The H-assisted pathway on
all Rh surfaces has a relatively lower barrier and is kinetically
more advantageous than direct one on Rh catalyst. Thus, the
presence of H2 is beneficial for CO activation. Moreover, CO
dissociation proceeds via the CHO intermediate on the (111),
(0001), and (10−12) surface along with the barriers of 2.44,
2.41, and 2.32 eV, respectively. On the other surfaces,
including the (100), (110), (211), (221), (311), (10−10),
and (11−20), CO dissociation prefers to occur via CO + H →
COH → C + OH with the overall activation barriers in the
range from 1.87 to 3.23 eV.
CO dissociation rates on the exposed FCC and HCP

surfaces have been first calculated by using the microkinetic
modeling for purpose of comparing the activity of FCC and
HCP Rh crystal phase. The relative dissociation rates at the
reaction condition (PCO = 4 atm, PCO/PH2

= 1/2, and T = 543

K) are presented in Figure 8a. The dissociation rate, rate
constants, and surface coverage of intermediates are listed in
Tables S3 and S4. The (311) surface has the smallest
dissociation rate (1.03 × 10−21 s−1 site−1), which is chosen
as the reference to facilitate the comparison for the activity of
different surfaces. Among six exposed surfaces, the (100) has
the largest relative r of 1.28 × 1011, followed by the (111),
(10−12), (0001), and (10−10) with a similar r of 9.66 × 105,
3.94 × 105, 1.91 × 105, and 1.34 × 105, respectively. The
predicted CO dissociation rate is extremely low due to the low
surface coverage of CHO (COH) intermediates; as shown in
Table S4, the order of surface coverage of the species is ΘH >
ΘCO > ΘCOH (ΘCHO). In addition, as seen from Table 1, the
(100) and (111) surfaces with the occupied more than 90% of
the surface area of FCC Rh crystal phase have larger
dissociation rates than the (10−12), (0001), and (10−10)
surfaces with the similar occupied ratio of HCP crystal phase,
which suggests that FCC Rh crystal phase might have the
higher activity than HCP one for CO dissociation.
In addition, to make a comparison between the activity of

FCC and HCP Rh quantitatively, the CO conversion rates
have been calculated based on the dissociation rates on the
exposed surfaces in the equilibrium shape of FCC and HCP Rh

Figure 7. The (overall) activation barriers (eV) for CO direct dissociation (red) and H-assisted CO dissociation via the CHO (blue) and COH
(black) intermediates on the FCC (left) and HCP (right) Rh crystal phase.

Figure 8. (a) CO dissociation rates (s−1 site−1) on the exposed Rh surfaces. All rates are normalized by that of (311). (b) CO conversion rate (s−1)
on FCC (left) and HCP (right) Rh crystal phase at the temperature of 543 K, H2/CO = 2, and H2 partial pressure of 8 atm. The colors displayed in
diagram (b) correspond to those in diagram (a) and represent the contribution of CO conversion rate of the different surfaces.
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and the corresponding area ratio. The CO conversion rates are
presented in Figure 8b (see details in Table S5). For the FCC
crystal phase, the CO dissociation rate on the (311) surface is
smaller than those on other surfaces. Meanwhile, the (111)
and (100) surfaces occupied more than 90% of the surface area

of FCC Rh crystal phase; thus, the activity of the FCC Rh
crystal phase depends on the (111) and (100) surface (see
Figure 8b). In addition, the calculated CO conversion rate is
3.85 × 106 s−1 on the FCC Rh. For the HCP crystal phase, CO
conversion rates correspond to 12.88, 36.35, and 78.43 s−1 on

Figure 9. Energetic diagrams for (a) Class I and (b) Class II. The inset shows the energy decomposition of the TS (ETS) at TS. All of the terms are
defined and discussed in the text.

Figure 10. Electronic and geometrical effect for Class I and II on different Rh surfaces. The black and red bar show electronic and geometrical
effect, respectively. The left and right areas of the dashed line represent the electronic and geometrical effect plays the key role, respectively. The
inserted green line indicates the activation barriers for different CO dissociation pathways on different Rh surfaces. Note that the left and right of
diagram (b) and (c) indicate H-assisted CO dissociation pathway via CHO and COH, respectively. All energies are normalized by that of (211)
with units of eV.
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the (0001), (10−10), and (10−12) surfaces, which result in
1.28 × 102 s−1 of CO conversion rate on the HCP Rh. Thus,
the CO conversion rate over the FCC Rh is larger by about 104

times than that over the HCP Rh; namely, the FCC Rh crystal
phase has a higher activity than the HCP Rh crystal phase. In
addition, the CO dissociation activity can be significantly
improved when the occupied area ratio of the (100) surface
increases on Rh catalyst (see Figure S3).
3.5. A Quantitative Method for the Electronic and

Geometrical Effect. To understand CO dissociation in
depth, the individual contributions of the electronic and
geometrical effect to the activation barrier should be
revealed.58−60 The following barrier energy decomposition
methods were utilized. Three CO dissociation pathways are
classified into Class I and II in Figure 9. The CO → C + O
reaction belongs to AB → A + B reaction, which is defined as
Class I type. The H-assisted dissociation reaction belongs to
the AB + C → ABC → AC + B reaction, which is defined as
Class II type.
For Class I, as shown in Figure 9a, where the gaseous AB

molecule dissociation to the adsorbed A and B atom on the
catalyst, one can decompose the activation barrier, Ea, into
three parts:

= + = + + +E E E E E E E( )a g,a
TS

g,a A
TS

B
TS

int
TS

(13)

where Eg,a is the gaseous AB bond energy and ETS and EA
TS

(EB
TS) are the adsorption energy of TS and A (B) atom in TS

without B (A) atom, respectively. Eint
TS is the mutual

interaction between A and B. In addition, for Class I reaction
on different surfaces, to reflect the degree of the change in
these parts intuitively, we can use one surface with the largest
activation barrier as the reference standard according to ref 60:

− = Δ = Δ + + ΔE E E E E E( )a a
ref

a A
TS

B
TS

int
TS

(14)

The equation suggests that the difference of the barrier (ΔEa)
on different surfaces is caused by two parts: (i) Δ(EA

TS, EB
TS),

the negative value indicates that the electronic effect enhances
the binding ability of A (B) on surface relative to the reference
surface; and (ii) ΔEint

TS, the negative value shows that the
geometrical effect weakens the repulsion between A and B
atoms in TS. Moreover, the negative Δ(EA

TS, EB
TS) and ΔEint

TS

suggest that the improved binding ability (the electronic effect)
and weaken repulsion (the geometrical effect) can stabilize the
TS and facilitate reducing the activation barrier.
For Class II, the second elementary step largely determines

the overall process in H-assisted dissociation on surfaces (seen
in Figure 9b); thus, we decompose the activation barrier, Ea,2,
in the following equation:

= − = + + −E E E E E E E( )a,2
TS2

med
IS

AC
TS

B
TS

int
TS

med
IS

(15)

where EAC
TS, EB

TS, and Emed
IS are the adsorption energy of AC

and B alone in TS and the ABC intermediate, respectively;
Eint

TS is the mutual interaction between AC and B. Similar to
eq 14, the following equation can be obtained:

Δ = [Δ + + Δ ] − ΔE E E E E( )a,2 AC
TS

B
TS

int
TS

med
IS

(16)

The equation suggests that the difference of the barrier (ΔEa,2)
on surfaces is caused by three parts: (i) Δ(EAC

TS and EB
TS),

(ii) ΔEmed
IS, and (iii) ΔEint

TS. The negative Δ(EAC
TS and EB

TS)
and ΔEint

TS decrease the barrier Ea,2; however, the negative
ΔEmed

IS stabilizes the intermediate and increases the barrier

Ea,2. Therefore, the electronic effect is reflected by the
combination of Δ(EAC

TS and EB
TS) and ΔEmed

IS, and the
geometrical effect is reflected by ΔEint

TS.
In the following study, the (211) surface is thought as the

reference standard, in which there are the highest (overall)
activation barriers for three types of reactions. Figure 10
presents the electronic and geometrical effects for three
dissociation pathways on different Rh surfaces (see Tables
S6 and S7 for details). As can be seen from section 3.4, (100)
exhibits the highest activity for CO dissociation, and
meanwhile, there are the lower activation barriers for both of
three dissociation pathways. Therefore, (100) is taken as an
example below to clarify that how the surface structure affects
CO dissociation and why the (100) surface exhibits so high
activity.
(i) For Class I, as shown in Table S6, on the (100) surface,

there is the large increase of 2.22 eV in EC
TS and EO

TS but the
small Eint

TS of 0.21 eV, which suggests that the electronic effect
is obviously stronger than the geometrical effect (in Figure 10).
The (100) surface has the strong binding ability of C and O
atom and improves the TS stability significantly. Therefore,
compared with the (211) surface, the reduction of Ea on the
(100) surface is mainly caused by the electronic effect. In
addition, as shown in Figure 10, the geometrical effect plays
the more important role than the electronic effect on the
(111), (0001), and (10−10) surface; however, the electronic
effect plays the more important role on the (110), (221),
(311), (11−20), and (10−12) surface. Therefore, in total, the
electronic effect is more important than geometrical one for
Class I on different Rh surfaces.
(ii) For H-assisted dissociation via the CHO intermediate,

as listed in Table S7, ECH
TS + EO

TS, ECHO
IS, and Eint

TS increase
1.26, 0.05, and 0.21 eV on the (100) surface, respectively.
Thus, not only the electronic effect (1.21 eV) but also the
geometrical effect (0.21 eV) leads to this large reduction (1.42
eV) in Ea,2 compared with the (211) surface. Moreover, the
electronic effect is obviously larger than geometrical effect,
which suggests that the electronic effect plays the more
important role than geometrical effect. On the other Rh
surfaces, such as the (111), (110), (311), (0001), (10−10),
(11−20), and (10−12), the similar cases occur that the
electronic effect is much stronger than the geometrical effect
(see the left diagram of Figure 10b). However, on the (221)
surface, although the electronic effect of 0.67 eV destabilizes
the TS, the geometrical effect of 0.78 eV weakens the repulsion
between CH and O and stabilizes the TS. Thus, the
geometrical effect contributes to the reduction of 0.11 eV in
Ea,2. In total, as shown in the left diagram of Figure 10b, the
electronic effect plays the key role in H-assisted pathway
through CHO on different Rh surfaces.
For H-assisted pathway through the COH intermediate,

Δ(EC
TS + EOH

TS) and ΔECOH
IS are −1.08 and −0.37 eV,

respectively, while ΔEint
TS is −0.07 eV on the (100) surface,

which suggests that the improved stability of the TS and the
reduction of Ea are mainly determined by the electronic effect
(0.71 eV). Similarly, on the (311) and (11−20) surface, the
electronic effect (0.14 and 0.51 eV) is stronger than the
geometrical effect (0.09 and 0.01 eV) in the change of Ea,2.
However, as shown in the right diagram of Figure 10c, the
reduction in Ea,2 on the (111), (0001), (10−10), and (110)
surface is mainly caused by the weaken repulsion between C
and OH at TS, that is, the geometrical effect. In addition, as
listed in Table S7, the electronic effect (−0.80 eV) is offset by
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the geometrical effect (0.81 eV) on the (10−12) surface, and
thus there is no obviously change in Ea,2. Therefore, both the
electronic and geometrical effect plays the key role in H-
assisted dissociation via the COH intermediate on different Rh
surfaces.
Based on the above analysis of Class I and II reaction, the

electronic effect is the key reason influencing CO dissociation
activity on Rh surfaces. The strong electronic effect stabilizes
the TS structures and lowers the activation barrier for CO
dissociation. Moreover, in the left areas of Figures 10a−c, the
activation barrier decreases as the electronic effect becomes
strong in general, which suggests that the strong electronic
effect becomes benefit to CO activation; in the right areas of
Figures 10a and 10c, the change of the activation barrier is in
line with that of the geometrical effect, and the weaken
repulsion is beneficial to CO activation.
3.6. Electronic Property Analysis. As mentioned above,

the electronic effect on Rh surfaces was regarded as the
dominating reason; therefore, we further analyzed the
electronic property of the TSs for the most favorable pathway,
H-assisted mechanism via the COH intermediate, on the most
active (100) and least active (311) surface.
The pDOS and pCOHP curves for TS of COH dissociation

on the (100) surface are presented in Figure 11a. According to

the pDOS curves, there are two sharp peaks around −11.0 and
−19.0 eV in C and O curve relative to Fermi level, which are
attributed to C 2s and O 2s orbitals. The broad peak is
observed at 0 to −7.0 eV, which corresponds to C 2p and O 2p
orbitals hybrid with metal d-bands. In addition, combining
with the pDOS and pCOHP curves, it can be found that C and
O have the weak interaction in TS. The Rh−O curve presents
the small peak at around −7.0 eV, and the Rh−C curve
presents the sharp band at the value of −6.0 eV, which are
below the Fermi level and thus occupied.
As shown in Figure 11b, on the (311) surface, it can be

found that C 2s and O 2s orbitals are at the values of −10.0
and −18.0 eV, respectively,and C 2p and O 2p orbitals mixed
with metal d-bands are in the range of 0 to −5.8 eV in the
pDOS curve. The hybridized orbital in pDOS curve is more
flat on the (311) surface compared to that on the (100)
surface, which suggests that the strength of the C−O bond in
TS on the (311) surface is weaker than that on the (100)
surface. This accords well with the C−O distances in TSs on
the (311) and (100) surfaces (2.061 vs 1.381 Å). In addition,
as shown in pCOHP curves, the Rh−O curve presents the
small peak at around −5.8 eV. The Rh−C curve presents the
band at the value of −5.0 eV. The Rh−C interaction is

Figure 11. DOS, pCOHP curves, and differential charge density analysis for the transition state structures of COH dissociation on the (a) (100)
and (b) (311) surface. The blue and yellow shaded regions represent the charge loss and charge gain, respectively. The values of the absolute
isosurface are 0.01 e Å−3.
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obviously stronger than the Rh−O interaction on both (100)
and (311) surfaces.
Moreover, by comparison of the pCOHP curve of the TS on

the (100) with that on the (311) surface, it can be found that
the Rh−C bond on the (100) is stronger than that on the
(311) surface. The larger strength of the Rh−C interactions
seems to be responsible for the higher stabilization of the TS,
which leads to the lower Ea on the (100) compared to that on
the (311) surface. The role of the M−C bond in facilitating
CO dissociation was also pointed out as the reason for the
increased reactivity of Co and Ni sites for CO activation on Co
and Ni catalysts.21,22

The difference charge density analysis for TS of COH
dissociation on the (100) and (311) surfaces also shows there
are more electron transferring between C and Rh atom on the
(100) than (311) surface, which is beneficial to stabilize the
transition state structure. Thus, the difference charge density
analysis accords with the pCOHP analysis. In addition, the
Mulliken and Loewdin charge analyses for the transition state
structures show that the C atom loses the charge of 0.58 and
0.49 e on the (100) surface, respectively, which is larger by
0.26 and 0.24 e than that on the (311) surface.

4. CONCLUSIONS

In this study, CO dissociation on different FCC and HCP Rh
surfaces and crystal phases has been investigated by combining
DFT with the equilibrium crystal shapes and microkinetic
modeling. By comparison of the calculated overall barriers of
three CO dissociation pathways on surfaces, it is found that the
H-assisted pathway has lower overall activation barriers than
the direct one. This suggests that H-assisted pathway is the
advantageous activation way on Rh-based catalyst, which is
independent of Rh crystal phases and surfaces. The micro-
kinetic modeling show that, among different FCC and HCP
Rh surfaces, the (100) surface has a relative reaction rate of
1.28 × 1011, which is at least 105 times those on other surfaces.
This suggests that the activity of the (100) surface is far
superior to other surface. Based on the occupied ratio of the
exposed surface on FCC and HCP Rh crystal shape, the CO
dissociation activity of FCC Rh depends on the (100) and
(111) surfaces, while that of HCP Rh depends on the (0001),
(10−12), and (10−10) surfaces. The CO conversion rate on
the FCC Rh is about 104 times that on the HCP Rh, which
suggests that the FCC Rh has a higher activity than the HCP
Rh. In addition, the quantitative results of the electronic and
geometrical effect show that CO dissociation is primarily
influenced by the electronic effect on Rh surfaces through the
barrier decomposition method. The strong electronic effect
was found on the most active (100) surface. The analysis of the
electronic structure suggests that there is stronger electronic
effect on the most active (100) than the least active (311)
surface.
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