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a b s t r a c t

Efficient CO activation on Rh particles promoted by Mn cocatalysts is important to the activity for the
conversion of the syngas (CO and H2) to hydrocarbon and oxygenates. To study the effect of the step
eywords:
arbon monoxide
issociation
hodium
anganese

irst-principles

edge and promotion of Mn cocatalysts on CO activation, we studied the CO dissociation on Mn-decorated
Rh(1 1 1) and stepped Rh(5 5 3) surfaces using density functional theory calculations. We found that the
presence of the step edge and Mn stabilizes the transition state and reaction products: compared to
clean Rh(1 1 1), calculated barrier for CO dissociation on Mn-decorated Rh(5 5 3) is lowered by about
1.60 eV, and corresponding reaction energies with respect to CO in gas phase changes from endothermic
(0.21 eV) to strong exothermic (−1.73 eV). The present work indicates that the addition of Mn cocatalysts
and decrease of Rh particle sizes improves greatly the activity of CO dissociation.
. Introduction

Synthesis gas (CO and H2) reforming from coal, gas or biomass
s rapidly growing in importance as a source of ultra-clean liquid
nergy fuels and valuable raw chemicals. For example, the high
uality of the diesel fuel with a little sulfur/(poly) aromatics and
igh cetane number can be obtained via Fischer–Tropsch synthesis
FTS) [1]. In addition, selective conversion of the syngas towards
arious petrochemicals and raw chemicals such as short chain
lefins and oxygenates (alcohols, carboxylic acids, ethers, etc.), pro-
ides an alternative and oil-independent supply for the important
olvent and polymer industries [2]. Fundamental understanding to
eaction mechanism is therefore required to design the catalysts
ith better activity and selectivity. The reaction involves an intri-

ate reaction network composed of tremendous intermediates and
lementary reaction pathways, such as CO activation, hydrogena-
ion of carbon-containing species and oxygen, hydrocarbon chain
rowth, and CO insertion (oxygenates). These are still challenge in
he field, and attract extensive efforts from both of experimental

3–10] and theoretical [11–13] point of views. Among them the
ddition of promoters/cocatalysts receives particularly attention
14–17]. In general, efficient CO adsorption and activation on the
atalysts is essential to the activity and selectivity of the syngas
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conversion. On noble transition metals (TMs) (such as Pt, Pd, and
Cu), in which the carbon–oxygen bond breaking is prohibited, the
formation of the methanol via hydrogenation is preferred [18–22].
On the other hand, on highly active TMs such as Ru, Fe, Co and
Ni, in which carbon–oxygen bond breaking is facile [1,23–28], the
selectivity towards the hydrocarbons is high. For the catalysts with
modest activity (such as Rh), there are considerable CO molecules
remained on the catalysts, and the selectivity of various oxygenates
is considerable [29,30].

Rh catalysts with modest activity for CO activation is widely
used as a catalyst for selective conversion of the syngas to Cn-
oxygenates (n ≥ 2, such as acetic acid, ethanol, and acetaldehyde)
[30–37]. Typically Mn is added to improve the performance of
Rh catalysts [38–44]. Despite the numerous studies, the detail
mechanism for the promotion of Mn on the reactivity of Rh cat-
alysts for this process remains unclear. Knözinger et al. [45] and
Ichikawa et al. [46,47] proposed that the addition of Mn enhances
CO dissociation through the formation of a tilted CO adsorbed
at the Rh–Mn interface. In this case, the existence of the sec-
ond metal creates the favorable sites for C and O adsorption
(bifunctional effect), thus lead to the reduction of the barrier
for CO dissociation. Whereas van den Berg et al. [48] suggest

that the presence of Mn modifies the electronic properties of the
catalysts (ligand effect). As a result, CO adsorption was weak-
ened thus free more sites for H adsorption and the reaction rate
increases accordingly. Fierro et al. [49] found that Mn promoter
behaved as an electron-withdrawing, partially oxidizing the Rh

dx.doi.org/10.1016/j.cattod.2010.05.035
http://www.sciencedirect.com/science/journal/09205861
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Fig. 1. The adsorption sites for molecular adsorption on RhMn(1 1 1) surface alloys
(top view) (a), and RhMn(5 5 3) (b1 for side view and b2 for top view). Silver white

diagram is indicated in Fig. 2. At the TS, carbon atom sits at the
hollow site, while oxygen atom at the bridge site nearby as indi-
cated in Fig. 3a. The calculated C–O bond length 1.87 Å is stretched
greatly compared to that of CO in gas phase 1.14 Å. This suggests
that the TS is late transition state and product-like. The elemen-

Table 1
Binding energies (unit: eV/atom) for CO, atomic C, and O (0.25 ML) at preferential
sites on Rh(1 1 1) and RhMn(1 1 1) surface. The energies reference is CO, atom C and
O in gas phase.
X. Ma et al. / Catalysis

toms at the Rh–MnO interface and creating new sites for CO inser-
ion.

To shed light on the promotion of Mn on Rh catalysts for CO
ctivation, which is related to the activity and selectivity of syn-
as conversion, we represent here a DFT study on CO dissociation
n monometallic and Mn modified Rh surfaces. To illustrate of the
efect effects of Rh nanoparticles, we studied the Rh surface with
nd without the presence of step edge. Because the CO activation is
lementary process for syngas conversion, the results and insights
btained may be of general interest. The paper remained is orga-
ized as follows. The calculation methods are described in Section
. The main results including CO adsorption and dissociation on
h(1 1 1) and Rh(5 5 3) alloyed with Mn are presented in Section 3.
he origin of the promotion of Mn and step edge on CO activation
s discussed in Section 4. Finally, the conclusions are summarized.

. Computational details

All calculations were performed using plane wave code
ACAPO [50], in which ultrasoft pseudo potentials were used

o describe the ionic cores [51]. The Kohn–Sham one-electron
alence states were expanded in a basis of plane waves with
inetic energy 340 eV and density cutoff 400 eV. The self-consistent
ensity was determined by iterative diagonalization of the
ohn–Sham Hamiltonian with Fermi population of the Kohn–Sham
tates (kBT = 0.1 eV) and Puly mixing of the resulting electronic
ensity. The exchange-correlation energy and potential were
escribed by generalized gradient approximation in form of revised
erdew–Burke–Ernzerhof (RPBE), which was reported to give bet-
er description of the adsorption energies [50]. When Mn atoms
ere involved, spin-polarized calculations were performed with-

ut statement otherwise. The calculated lattice constant for bulk
h is 3.84 Å, which agrees well with the experiments (3.80 Å) [52],
nd was used in present work.

To simulate (1 1 1) surface, a five layer (2 × 2) slab periodically
epeated in a super cell geometry with seven equivalent layers
f vacuum was used. The surface Brillouin zone was sampled by
4 × 4 × 1) Monkhorst–Pack grid [53]. The RhMn(1 1 1) surface alloy
Fig. 1a) was used to study of the promotion of Mn on the activity,
nd preliminary study was reported in earlier study [54]. Adsor-
ates and atoms in top two metal layers were optimized till the
esidual forces less than 0.02 eV/Å. The stepped Rh(5 5 3) surface
onsists of five-atom-wide (1 1 1) terraces separated by monatomic
1 1 1)-faceted steps, approximately 10 Å apart as shown in Fig. 1b.
he surface was simulated by a slab with five equivalent (1 1 1) lay-
rs. The stepped surfaces were separated by 15 Å vacuum, and the
toms in the uppermost layer parallel to the (1 1 1) and the adsor-
ates were relaxed till the residual forces less than 0.05 eV/Å. The
rillouin zone integration has been performed using a (4 × 2 × 1)
onkhorst–Pack grid. A one-dimensional Mn chain along step edge
as used to study the possible promotion of Mn on CO activation.

CO molecule was placed on the unconstrained side of the sur-
aces, and a posterior dipole correction was applied in the normal
irection of the surface [55]. Spin-polarization calculations for iso-

ated molecules and atoms in gas phase were carried out in a
12.1 Å × 12.2 Å × 12 Å) unit cell with single k-point. The calculated
as phase CO bond length is 1.14 Å, and agrees well with the exper-
mental value of 1.13 Å [56]. The binding energy of the molecule Eb

as calculated with respect to the energy gain of the adsorption on
he clean surfaces. Here a negative (positive) value indicates that

he adsorption is exothermic (endothermic).

The transition states (TSs) of the reactions were searched by con-
training the reaction coordinate of the reactants at different values
ith incremental step of 0.1 Å but optimizing remained degrees

f freedom simultaneously. Near the TS, the variation of the reac-
balls represent Rh atoms, and blue balls for Mn or step atoms. “Step”, “terr1”, “terr2”,
and “corn” correspond different regions on vicinal Rh surfaces. The unit cells used in
calculation are indicated. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

tion coordinates was decreased to 0.01 Å so that the TS could be
determined accurately [57,58] and further verified by frequency
analysis.

3. Results

3.1. Rh(1 1 1) surface

We first studied CO, atomic C and O adsorption on Rh(1 1 1). As
listed in Table 1, CO, C and O prefers to adsorb at top, fcc, and hcp
sites with the binding energies of −1.77 eV, −6.89 eV and −4.66 eV
with respect to CO, atomic C and O in gas phase, respectively. For
C and O coadsorption (the product from CO dissociation), the most
favorable configuration is that C adsorbs at the hcp site and O at
the fcc site over a Rh atom. Compared to CO in gas phase, this
configuration is endothermic by 0.21 eV. Corresponding reaction
CO C O

Site Energy Site Energy Site energy

Rh(1 1 1) Top −1.77 Hcp −6.89 Fcc −4.66
RhMn(1 1 1) HcpR −1.88 HcpR −7.15 FccRM −4.97
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Table 2
Binding energies (unit: eV/atom) for CO, atomic C and O (0.10 ML) at different area
and sites of Rh(5 5 3). The energies reference is CO, atomic C and O in gas phase.

Site CO C O

Stepa

Top −1.83
Fcc −1.76 −6.67 −4.76
Hcp −1.71 −6.94 −4.51
Bridge −1.81 −6.49 −4.87

Corna

Top −1.59
ig. 2. Potential energy diagram for CO dissociation on Rh(1 1 1) (upper line) and
hMn(1 1 1) (lower line). Structures at the initial state, transition state, and final
tate are shown schematically, and the energy reference (eV) is CO in gas phase.

ary reaction energy is 1.98 eV (strongly endothermic) with respect
o the adsorbed CO and the corresponding activation energy is
.14 eV. The large activation barrier for CO dissociation, compared
o CO binding energy (−1.77 eV), indicates the rather low activity
or CO dissociation on Rh(1 1 1). These agree well with Mavrikakis
nd co-workers’s calculations (Ea = 3.14 eV) [59], and experimental
bservations [60], where CO dissociation does not occur on Rh foil
t temperatures of 400 K.

.2. RhMn(1 1 1) surface alloy

In past, we studied the molecule adsorption on RhMn(1 1 1) sur-
ace alloy [54]. We found that in the presence of atomic oxygen,

hMn surface alloy is energetically most favorable compared to
n substitutional adsorption in the Rh(1 1 1) subsurface and bulk

egion, because of oxygen induced segregation from strong inter-
ction between oxygen and Mn. Accordingly, we focused on CO

ig. 3. The optimized transition state for CO dissociation on Rh(1 1 1) (a) and

hMn(1 1 1) (b), and the unit is ´̊A.
Fcc −1.39 −6.36 −4.21
Hcp −1.59 −7.14

a Step and corn correspond to the different area of Rh(5 5 3), as indicated in Fig. 1b.

dissociation on RhMn(1 1 1) surface alloy. A brief summary for CO,
C and O adsorption on RhMn(1 1 1) surface alloy from reference
[54] was presented in Table 1. We found that that CO and C prefer
to coordinate Rh atoms and adsorb at so-called hcpR site as indi-
cated in Fig. 1a. The corresponding binding energies are −1.88 and
−7.15 eV, respectively. Whereas, atomic oxygen prefers to coordi-
nate with Mn due to its strong oxophilicity and calculated binding
energy is −4.97 eV. Compared to Rh(1 1 1), the interaction between
molecules and RhMn(1 1 1) surfaces are enhanced in general by
0.3 eV due to the electronic effect induced by Mn, as discussed later.
For the C and O coadsorption, the most stable configuration is that
the atomic C sits in the hcp site and the atomic O in the fcc hollow
site over the Rh atom, and the corresponding energy is −0.19 eV
with respect to CO in gas phase.

The transition state for CO dissociation is similar to Rh(1 1 1)
except oxygen atom coordinates with Mn and Rh at the TS, instead
of two Rh atoms on Rh(1 1 1), as indicated in Fig. 3a and b. For CO
dissociation on Rh(1 1 1) and RhMn(1 1 1) surfaces, C–O bond may
be broken over single Rh atom, however, our calculations show
that the reaction path is kinetically unfavorable and therefore not
shown here. These agree well with previous DFT studies [61]. Calcu-
lated potential energy surfaces and structures are plotted in Fig. 2.
At the TS (Fig. 3b), the C–O bond length is 1.88 Å. The C atom is
slightly off from the hcp site, and the bond length of bridge O are
2.13 Å (Rh–O) and 1.89 Å (Mn–O), respectively. The optimized TS
on both Rh(1 1 1) and RhMn(1 1 1) surfaces are similar, and con-
sistent with the rules proposed by Michaelides and Hu [62,63],
namely, the higher valency the adsorbate (e.g., carbon), the higher
coordination sites (e.g., 3-fold hcp site) it occupies. Compared to
the Rh(1 1 1), the barrier for CO dissociation decreases by about
0.4 eV due to the strong interaction between oxygen and Mn at the
TS.

3.3. Stepped Rh(5 5 3) surface

The coordinate unsaturated sites at the step often act as the
active sites for catalytic reactions [64–68] because of its high reac-
tivity from the electronic effect (the high lying d-band center) and
the geometric effect. We studied CO activation on Rh(5 5 3) (Fig. 1b)
surfaces. The binding energies for CO, atomic C and O adsorption
at favorable sites are listed in Table 2. CO tends to sit at top/step
and bridge/step sites (Fig. 1b) with binding energy of −1.83 and
−1.81 eV, respectively. C atom prefers to adsorb at hcp/corn sites
with energy of −7.14, and 0.20 eV higher at hcp/step sites. For
atomic oxygen, it prefers to adsorb at bridge/step with energy of
−4.87 eV.
For C and O coadsorption on Rh(5 5 3) surface, we studied three
possible configurations: (a) C sits at fcc/corn and O at bri/step, (b) C
atom at hcp/corn and O at bridge/step, and (c) C at hcp/corn and O at
fcc/step. Corresponding energies with respect to CO in gas phase are
−0.28, −0.96, and −1.07 eV, respectively. Since the last one is ener-
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Table 3
Binding energies (unit: eV/atom) for CO, C, and O (0.10 ML) at different area and
sites of RhMn(5 5 3). The energies reference is CO, atomic C and O in gas phase.

Site CO C O

Stepa

Fcc −6.16 −5.63
Hcp −6.63 −4.99
Bridge −5.56

Corna

Top −1.64
Fcc −1.53 −6.48 −4.31
Hcp −1.56 −6.98 −4.23

Terr1a

Top −1.85
Fcc −1.69 −6.70 −4.70
Hcp −1.79 −6.94 −4.61
Bridge −1.74

Terr2a

Top −1.77
Fcc −1.70 −6.72 −4.64
Hcp −1.75 −6.90 −4.53
ig. 4. Potential energy diagram for CO dissociation on Rh(5 5 3) (upper line) and
hMn(5 5 3) (lower line). Structures at the initial state, transition state, and final
tate are shown schematically, and the energy reference (eV) is CO in gas phase.

etically most favorable, and corresponding energetics was used as
he energy of the final products from CO dissociation.

Two favorable TSs for CO dissociation were identified. Oxygen
tom sits at the bridge/step sites, and carbon atom locates either
t the fcc/corn sites (path I shown in Fig. 5a), or at the hcp/corn
ites (path II, shown in Fig. 5b). Calculated barriers for two path-
ays (2.25 eV for path I and 2.27 eV for path II with respect to

dsorbed CO) are very close, and both of them (Fig. 4) are lowered by
bout 0.90 eV than that of Rh(1 1 1). In addition, the overall reaction

nergy for CO dissociation on Rh(5 5 3) is −1.07 eV (exothermic)
ith respect to CO in gas phase, but remain endothermic with

nergy of 0.76 eV with respect to adsorbed CO.

ig. 5. The optimized transition state for CO dissociation on Rh(5 5 3) via path I (a)

nd path II (b), and the unit is ´̊A.
Bri −1.70

a Step, corn, terr1 and terr2 correspond to the different region of RhMn(5 5 3)
indicated in Fig. 1.

At the transition states (shown in Fig. 5), the C atom is slightly
off from the hcp sites, the C–Rh bond length is 1.92, 1.92 and 1.98 Å,
respectively. The O atom coordinates with two step Rh atoms with
bond length of 1.99 Å. The calculated C–O bond length at the TS is
1.98 Å, stretched significantly than that of adsorbed CO again.

3.4. RhMn(5 5 3) surface

For Mn adatom adsorbed on Rh(5 5 3) surfaces, we found that
it prefers to adsorb at the step edge, and forms one-dimensional
chain along the step edge. Compared to formation of surface alloys
in terrace, the formation of 1D Mn chain is energetically lowered
by 0.17 eV/Mn adatom. Correspondingly, we used 1D Mn chain
along the step edge of Rh(5 5 3) to study the effect of Mn-promoted
Rh(5 5 3) on CO dissociation.

The energetic most favorable adsorption sites and correspond-
ing energetics for CO, atomic C and O adsorption are listed in Table 3.
We found that CO adsorbs exclusively on the Rh terrace with-
out coordination with Mn atoms, and prefers to adsorb at the top
sites on the terrace (top/terr1) with the energy of −1.85 eV. For
atomic carbon, the most favorable configuration is the hcp/corn
sites with energy of −6.98 eV, which is 0.16 eV higher than simi-
lar sites on the Rh(5 5 3). While for atomic O, the most favorable
adsorption site is the fcc/step sites with the energy of −5.63 eV,
considerably stable than that of Rh(1 1 1), RhMn (1 1 1) surface alloy
and Rh(5 5 3), due to the high oxophilicity of Mn at the step edge.
For C and O coadsorption, the favorable configuration is that C
and O sits at the hcp/corn and the fcc/step site, respectively, and
the corresponding energy is −1.73 eV with respect to CO in gas
phase.

Similar to Rh(5 5 3), there are two possible reaction pathways
for CO dissociation on RhMn(5 5 3), and the corresponding transi-
tion states are shown in Fig. 6. Similar to Rh(5 5 3), both reaction
pathways have similar activation energies (1.51 eV (Fig. 6a) and
1.55 eV (Fig. 6b)). Contrast to Rh(5 5 3), the activation energies
on RhMn(5 5 3) surfaces decreases by about 0.74 eV (Fig. 4). The
reaction energy becomes strongly exothermic with the energy of

−1.73 eV with respect to the gas phase CO, and becomes thermal
neutral even compared to adsorbed CO.

At the transition state (Fig. 6a), the C–O bond is stretched to
1.97 Å, similar to that of Rh(5 5 3). The C atom coordinates with
three Rh atoms at corner with bond length of 1.93, 1.93 and 1.97 Å,
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ig. 6. The optimized transition state for CO dissociation on Mn-decorated Rh(5 5 3)

ia path I (a) and path II (b), and the unit is ´̊A.

nd the O atoms coordinates with two steps Mn with bond length
f 1.90 Å and 1.91 Å, respectively.

. Discussion

The origin of the promotion of Mn and step edge on the activity
omes from the electronic and ensemble effect, as discussed below.
irst, we note that the d-band center of surface Rh atoms in the pres-
nce of Mn shifts upward for instance from −2.03 eV for Rh(1 1 1) to
1.96 eV for RhMn(1 1 1). In addition, the d-band center for step Rh
toms shifts upward to −1.87 eV. Correspondingly, the reactivity of
h atoms due to the presence of Mn and step edge increases based
n the d-band theory, as found in Tables 1–3. Meanwhile, we found
hat Rh tends to coordinate with CO and C, which are structure
ess sensitive. Furthermore, it can be seen that for CO adsorption
t favorable sites on four surfaces considered, the calculated bind-
ng energies are very close (difference less than 0.11 eV) because
f similar local configuration (Rh-top). Though the variation of the
inding energies of carbon atom at favorable sites increases slightly

n magnitude of 0.26 eV, it remains modest. In contrast, oxygen
tom tends to coordinate with Mn (oxophilic) and structure sen-
itive. Compared to O/Rh(1 1 1) with binding energy of −4.66 eV,
he binding energy of O increases to −4.97 eV by coordinating with
ne Mn atom on RhMn(1 1 1) and −5.63 eV by coordinating with
wo step Mn atoms on RhMn(5 5 3).

Since O adsorption is structure sensitive compared to CO and C,

he reaction energy for CO dissociation depends sensitively on the
nergetics of dissociated atomic oxygen. In addition, compared to
at surface (Fig. 2), the special geometry at the step edge (ensemble
ffect) minimizes greatly the site competition between dissociated
and O (Fig. 4), and stabilizes the overall energetics further. As a
Fig. 7. Energetics for CO dissociation at the favorable transition states of (ETS
b

) versus
the final states (EFS

b
) on four surfaces considered. The energy reference (eV) is CO in

gas phase.

consequence, calculated reaction energies for CO dissociation with
respect to CO in gas phase are 0.21, −0.19, −1.07 and −1.73 eV for
Rh(1 1 1), RhMn(1 1 1), Rh(5 5 3) and RhMn(5 5 3), respectively. The
overall effects from Mn and step are dramatic and corresponding
reaction energetics varies in magnitude of 2 eV. On RhMn(5 5 3) sur-
faces, CO dissociation becomes even thermal neutral with respect
to adsorbed CO.

The improved reaction energetics also affects the correspond-
ing kinetics. Compared to elementary activation energy 3.14 eV
(with respect to adsorbed CO) for CO dissociation on Rh(1 1 1), it
decreases to 2.75, 2.25 and 1.51 eV on RhMn(1 1 1), Rh(5 5 3) and
RhMn(5 5 3) surfaces, respectively. The trend follows exactly the
variation of the reaction energetics. To see this clearly, the elemen-
tary activation energies is plotted with respect to the energetics of
the final states, and shown in Fig. 7. All activation barriers and the
energetics of the final states plotted are referred to CO in gas phase,
as indicated in Figs. 2 and 4. A nice linear correlation between acti-
vation barriers and the energetics of the final states can be found.
The reason for the linear correlation comes from the fact that the
transition states for CO dissociation are a late transition state and
CO adsorption is structure insensitive. Accordingly, the barrier for
CO dissociation is completely determined by the energetics of the
final states.

Above analysis show that decrease of the Rh particle sizes and
addition of Mn cocatalysts would improve considerably not only
the overall energetics but also the kinetics for CO dissociation at the
Rh–Mn interfaces. Knözinger et al. [45] and Ichikawa et al. [46,47]
proposed that CO dissociation can be enhanced through the forma-
tion of a tilted mode of CO adsorbed at the Rh–Mn interface, which
could be rationalized by the present calculations. Under the real-
istic conditions, Mn is, however, not in metallic state and actually
partially oxidized. Therefore, the extent of the promotion of Mn
on CO dissociation from the present calculation could be overesti-
mated. On the other hand, we note that it has been reported that the
presence of hydrogen may promote CO dissociation on Co [11], Fe
[69] and Ru [70], but not discussed here either. Further theoretical
studies for CO dissociation on Rh catalysts with presence of oxidic
Mn and hydrogen are required.

5. Conclusion
In summary, we studied CO dissociation on Mn-decorated
Rh(1 1 1) and Rh(5 5 3) surfaces using first-principles density func-
tional theory calculations. Independent on the surfaces considered,
we found that the CO dissociation is a late transition state-like. The
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ctivation barrier for C–O bond breaking is determined by the ener-
etics of the products, and there is a linear correlation between the
ctivation barriers and the energetics of the products. For CO disso-
iation, we found that the presence of Mn and step edge improves
ramatically not only the kinetics but also the energetics. These

ndicate that the activity for syngas conversion could be promoted
y decrease of Rh particle sizes and the addition of Mn cocatalysts.
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