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Catalytic conversion of biomass-derived synthesis gas to ethanol and other C; oxygenates has received
considerable attention recently due to the strong demands for alternative, renewable energy sources.
Combining experimental measurements with first-principles-based kinetic modeling, we investigated
the reaction kinetics of ethanol synthesis from CO hydrogenation over SiO, -supported Rh/Mn alloy cat-
alysts. We find that an Mn promoter can exist in a binary alloy with Rh and play a critical role in lowering
the CO insertion reaction (CO + CHy (x = 1-3)) barriers thus improving the selectivity toward ethanol and
other C; oxygenates, although the barrier toward methane formation is unaffected. The postulation of
supported Rh/Mn alloy nanoparticle being the active phase is supported by our experimental character-
ization using X-ray photoelectron spectroscopy, transmission electron microscopy, and X-ray diffraction
of practically used Rh/Mn/SiO, catalysts. First-principles density functional theory (DFT) calculations fur-
ther confirmed that the binary Rh/Mn alloy is thermodynamically more stable than the mixed metal/
metal oxides under the reducing reaction condition. The reaction kinetics of CO hydrogenation to ethanol
on the three-dimensional Rh/Mn nanoparticle under experimental operating conditions was studied
using kinetic Monte Carlo (KMC) simulations. The simulated reaction kinetics is qualitatively consistent
with experimental observations. Finally, the effects of various promoters (M =Ir, Ga, V, Ti, Sc, Ca, and Li)
on the CO insertion reaction over Rh/M alloy nanoparticles were investigated using DFT calculations. We
found alloying the promoters with the electronegativity difference, Ay, between the promoter (M) and
Rh being 0.7 is the most effective in lowering the barriers of CO insertion reaction, which leads to higher
selectivity to ethanol. This conclusion is in excellent accord with the reported catalytic performance of CO
hydrogenation over Rh-based catalysts with different promoters. We believe that the electronegativity
difference criterion is very useful in improving the catalytic performance using transition metal-based
catalysts for ethanol synthesis from CO hydrogenation.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

nol production from syngas remain the major hurdles associated
with the use of known catalysts [6]. In order to make this catalytic

The production of renewable fuels such as ethanol has received
considerable attention in recent years for its use in automobiles
and as a potential source of hydrogen for fuel cells [1-3]. Currently,
ethanol is produced primarily by fermentation of biomass-derived
sugars [4]. Gasification of biomass to syngas (CO, CO,, H,, H,0), fol-
lowed by catalytic conversion, provides a promising alternate
route to produce ethanol in large quantities [5]. In spite of the sub-
stantial amount of research on this catalytic conversion route, no
commercial process exists due to the challenging chemical and
technological barriers [6]. Low yield and poor selectivity for etha-
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conversion route commercially attractive, it is essential to develop
more effective catalysts.

Among the existing catalyst candidates, supported Rh-based
catalysts are known to preferentially convert syngas to C; oxygen-
ates relative to C; oxygenates [7-10]. This is due to the fact that
supported Rh catalyst particles could simultaneously adsorb CO
in both molecular and dissociated states [9,10]. Hydrogenation of
CO over SiO,-supported Rh catalysts yield a wide variety of prod-
ucts including methane and higher hydrocarbons, methanol, etha-
nol and higher alcohols, acetaldehyde, acetic acid, and other higher
oxygenates, depending upon the reaction conditions, supports and
promoters [7-10]. A substantial amount of experimental work has
been performed to investigate the promoting effects of adding the
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second metals such as Mn on the supported Rh catalysts, in order
to improve activity and selectivity [5,6,11,12]. For example, Ellgen
et al. studied CO hydrogenation over Rh/SiO, and Rh/Mn/SiO, at
high pressures (30-200 atm) and temperatures between 250 and
300 °C in a back-mixed reactor with unity H,/CO ratio [13]. Over
90% of CO was converted to methane, acetic acid, acetaldehyde,
and ethanol after reaction. They found that the addition of rela-
tively small quantities of Mn into Rh/SiO; increase the total activity
by an order of magnitude. Both formation rates of methanol and C;
oxygenates including acetic acid, acetaldehyde, and ethanol in-
creased while the selectivity seemed to be insensitive to the Mn
promoter. The same apparent activation energy of 24 kcal/mol
was reported for Rh/Mn/SiO, catalysts with two different Rh/Mn
ratios. The reaction orders of CO and H, were about —0.48 to
—0.33 and +0.58 to +0.64, respectively [13]. Although it is well
known that the addition of Mn into Rh/SiO, catalysts promotes
the activity of CO hydrogenation, the role and the state of Mn in
the Rh/Mn/SiO, catalyst are still unclear. Using electron spin reso-
nance (ESR) spectroscopy, Wilson et al. suggested that Mn might
exist as Mn?* with Rh* on the silica support [14]. A similar conclu-
sion was obtained by van den Berg et al. [15]. They found that man-
ganese oxides that partially cover the Rh particle surface cannot be
completely reduced by pretreatment with hydrogen at 500 °C.
Conversely, Luo et al. studied the role of Mn as a promoter in Rh-
based catalysts and found that Rh can promote the reduction of
Mn. They claimed that the presence of Mn promoter increases
hydrogen spillover, which can then take part in the activation of
adsorbed CO [16]. Thus, the clarification of the chemical state of
the Mn promoter and elucidation of its role are critical for under-
standing how the promoter affects the catalytic performance in
ethanol synthesis from syngas over the supported Rh/Mn catalysts.

The reaction mechanism for CO hydrogenation to ethanol over
the Rh-based catalysts is very complicated [17-19]. It generally in-
volves CO dissociation, hydrogenation of C; species into CHy, CO
insertion into adsorbed CH, to form acyl species (CH,CO) and their
subsequent hydrogenation. Bowker proposed an acetate reaction
route for ethanol formation from CO hydrogenation [17]. The ace-
tate formed by acyl oxidation was suggested as the key reaction
intermediate in the reaction network (see Fig. 1). Alternatively, eth-
anol also can be formed via acetaldehyde that is generated by CHs
insertion into CO, followed by further hydrogenation [17-19]. An-
other reaction route for CO hydrogenation to ethanol was based
on the insertion of CH, into adsorbed CH,-0 species forming ethyl-
ene oxide (CH,-CH,-0) intermediates and then further hydrogena-
tion into ethanol [20]. Very recently, Choi and Liu investigated
ethanol synthesis mechanism from CO hydrogenation on
Rh(1 1 1) using density functional theory (DFT) calculations [21].
In their proposed mechanism, CO hydrogenation to formyl (HCO)
instead of CO dissociation is the rate-limiting step due to the extre-
mely high barrier of 3.72 eV for CO dissociation on Rh(1 1 1). HCO
further hydrogenates to methoxy (CHs0) and then dissociates into
CH; + O. The key reaction intermediate leading to ethanol forma-
tion is acetyl (CH5CO) that is formed by CHj insertion into CO
[21]. As such, the selectivity of ethanol on Rh(1 1 1) largely depends
on the reaction barriers of CHs; + CO and CHs + H. Rh(1 1 1) is then
suggested as the active surface for ethanol synthesis from CO
hydrogenation. CO insertion could occur on Rh® sites over the
Rh(1 1 1) surface. It has to be mentioned that the above theoretical
calculations by Choi and Liu [21] do not rule out that Rh" sites might
be the more active sites for CO insertion. According to our experi-
mental observation, the smaller supported Rh particles interacting
with the SiO, support might contain Rh* sites, which seems to more
active for C; oxygenates formation. This is consistent with previous
experiments by Somorjai [22] and Chuang et al. [23,24].

In this work, we combine different reaction routes reported in
previous studies with hundreds of elementary steps as the reaction

network shown in Fig. 1. We focus on the catalytic conversion of
syngas to C; oxygenates with special emphasis on ethanol. We be-
lieve that the reactivities of the last methanation step (CHs + H)
that lead to the major by-product methane and the CO insertion
into CH, steps that lead to the desired C; oxygenates over Rh-
based catalysts are the crucial steps in the entire reaction network
of CO hydrogenation to ethanol. To the best of our knowledge,
there are no theoretical studies focusing on how these crucial steps
are affected by various promoters. The fundamental insight into
theoretical investigation is essential not only for understanding
how the catalyst functions, but also serves as a basis for the selec-
tive modification of the catalyst to improve catalytic performance
towards the desired products.

Synthesis gas can be catalytically converted to ethanol as well
as other value-added fuels. Experimental efforts aiming at improv-
ing catalyst space-time yield (STY) and selectivity can benefit from
the molecular-level insights obtained from quantum computa-
tional chemistry and kinetic modeling. In conjunction with our
experimental measurements of CO hydrogenation to ethanol and
C, oxygenates over the Rh/Mn/SiO; catalysts, we studied the acti-
vation barriers and reaction energies of CO insertion reactions and
methane formation on the pure Rh and the Mn-doped Rh alloy
nanoparticles using first-principles DFT method. The model Rh
and bimetallic Rh/Mn catalyst nanoparticles used in this work
were guided by the atomistic and structural information generated
from the experimental characterization such as X-ray photoelec-
tron spectroscopy (XPS), X-ray diffraction (XRD), and transmission
electron microscopy (TEM). We also calculated the binding ener-
gies of some of key reaction intermediates on Rh and Rh/Mn nano-
particles using DFT. These intrinsic kinetic parameters were
subsequently incorporated with the unity bond index quadratic
exponential potential (UBI-QEP) method [25] to be fed into a
kinetic Monte Carlo (KMC) simulation model to investigate the
reaction kinetics of CO hydrogenation to ethanol over the three-
dimensional Rh/Mn nanoparticle catalysts. The KMC-simulated
reaction kinetics are then compared directly to our experimental
results, as well as those from the literatures. Except for Mn, the ef-
fects of other promoters on the catalytic activity and selectivity of
ethanol formation over SiO, supported Rh catalysts were also
investigated [6,12,26-29]. The enhanced activity was found using
Ti and V promoters, while Li would improve the selectivity toward
C, oxygenates [6]. Very recently, the effects of different promoters
for CO hydrogenation on Rh/SiO, were investigated by Goodwin
et al. [26,28,29]. They found that the primary promoting effect of
La, V, and Fe are different. For example, the addition of La will en-
hance CO adsorption and CO insertion while adding V into Rh in-
creases the CO dissociation and hydrocarbon chain growth [29].
As such, we studied the effects of different promoters such as Ir,
Ga, V, Ti, Sc, Ca, and Li on the CO insertion into CH reaction. We
suggest that the electronegativity difference between Rh and the
promoter plays an important role in enhancement of ethanol selec-
tivity by facilitating the CO insertion reaction. We conclude by dis-
cussing the ramifications of our findings upon possible directions
for improving the catalyst performance in these systems.

2. Experimental section
2.1. Catalyst preparation

The Rh/Mn/SiO, catalyst, consisting of 5.56% Rh and 1.69% Mn
by weight, was prepared using the incipient wetness technique
with rhodium and manganese nitrate precursors. Davisil 645 high
surface-area SiO, (—60/+100 mesh) was pretreated by calcination
at 500 °C for 2 h with ramping up at 5 °C/min during heating and
ramping down at 10 °C/min during cooling. The appropriate quan-
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Fig. 1. Reaction mechanism network of CO hydrogenation forming ethanol. The optimal reaction pathway is marked in green. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

tities of a rhodium nitrate solution (10 wt.% Rh concentration in
solution) and manganese nitrate tetrahydrate were combined with
enough deionized water to bring the total volume of the impregna-
tion solution to the water adsorption pore volume of the support.
The solution was impregnated with the silica in drop-wise fashion
and then dried overnight at 110 °C. The dried catalyst was calcined
at 400 °C. The catalyst was reduced using a 10% H in N, gas mix-
ture, heating the catalyst to 220 °C at 2.5 °C/min, holding at that
temperature for 1h, then heating the catalyst from 220 °C to
260 °C at 1 °C/min and held at 260 °C overnight.

2.2. Characterization of catalysts

2.2.1. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using a Physical Electronics
Quantum 2000 Scanning ESCA Microprobe. This system uses a fo-
cused monochromatic Al Ko X-rays (1486.7 eV) source and a
spherical section analyzer. The instrument has a 16-element mul-
tichannel detector. The X-ray beam used was a 100 W, 100 pm
diameter beam that was rastered over a 1.3 mm by 0.2 mm rectan-
gle on the sample. The X-ray beam is incident normal to the sample
and the photoelectron detector was at 45° off-normal using an ana-
lyzer angular acceptance width of 20° x 20°. High-energy resolu-
tion spectra were collected using pass energy of 46.95 eV. For the
Ags ds); line, these conditions produced full width at half maxima
(FWHM) of better than 0.98 eV. The binding energy (BE) scale is
calibrated using the Cu, psj, feature at 932.62 +0.05 eV and Au

4f at 83.96 + 0.05 eV for known standards. The sample experienced
variable degrees of charging. Low-energy electrons at ~1 eV,
20 uA, and low energy Ar" ions were used to minimize this
charging.

2.2.2. Transmission electron microscopy (TEM)

The sample was prepared by dusting the powder particles on
200-mesh TEM grids minimizing any artificial change to the sam-
ples. High-resolution TEM analysis was carried out on a Jeol JEM
2010 microscope fitted with a LaBg filament and an acceleration
voltage of 200 kV. The point-to-point resolution of the microscope
is 0.194 nm. Elemental composition of the sample was analyzed
using energy dispersive X-ray spectroscopy (EDS) that attached
to the microscope (Oxford, ISIS analysis system). All the images
were recorded using a 1 k by 1 k CCD camera and processed using
Digital Micrograph (Gatan, USA).

2.2.3. X-ray diffraction (XRD)

XRD measurements were performed for fresh and used powders
of sample S3 at room temperature using the Philips X'Pert multi-
purpose diffractometer (MPD), operating at 45 kV and 40 mA with
a fixed Cu anode. Symmetric scans with 20 = 10-80° at a step size
of 0.05° were applied. The duration for each step was 35 and 6 s for
the fresh and used, respectively. Data analysis was carried out
based on software JADE (version 8.5) from Materials Data Inc.
and PDF4+ database from ICSD. For more details on the XPS,
TEM, and XRD characterization equipment in the Environmental
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Molecular Sciences Laboratory (EMSL) at PNNL please see http://
www.emsl.pnl.gov/capabilities/instrumentList.jsp.

2.3. Density functional theory (DFT) calculations

DFT calculations were carried out with a gradient corrected
functional for exchange and correlation [30] as implemented in
the CP2K code [31-33] (freely available at http://cp2k.berlios.de).
Core electrons are modeled as norm-conserving pseudopotentials,
and the wavefunctions expanded in a double-Zeta Gaussian basis
set with a plane wave auxiliary basis of 300 Ry cutoff energy. Reac-
tions are modeled on a (1 1 1)-like surface facet on a 10 A in diam-
eter Rh-based nanoparticle, which is placed in an 18 A cubic box
with periodic boundary conditions with a minimal distance of
8 A between the catalytic nanoparticle (and adsorbate) and its
nearest neighboring image. Calculation of all reaction coordinates
was performed using the climbing image nudged elastic band
method (CI-NEB) employing 7 system replicas [34,35].

2.4. Catalyst performance measurements

CO hydrogenation over the Rh/Mn/SiO, catalyst in the temper-
ature range (255-305 °C) was measured using a bench-scale tubu-
lar reactor with the operating pressures up to 1200 psig and
temperatures up to 450 °C. The catalyst chamber was 1.67 cm long
(in selected tests the space was 0.215 cm long) and 1/4 inch in
diameter. A 1/16 inch (0.159 cm) outer diameter thermocouple
sheath extended through the center of the reactor, creating an
annulus-shaped catalyst chamber. Two thermocouples inside the
sheath were spaced so that one was at the center of the catalyst
bed and the other just upstream of the catalyst bed. For a typical
experiment, the Rh/Mn/SiO, catalyst was loaded into the reactor
and its net weight determined. The reactor was placed in the reac-
tor system and reduced in place at atmospheric pressure. The reac-
tor was cooled after catalyst reduction, and the desired reaction
syngas feed rate and pressure were established. The reactor was
heated up slowly to a temperature at which the reaction rate
was significant and kept there for at least 24 h to allow the catalyst
to age. The product stream was directed through the bypass cold
trap during this time. After aging the catalyst, the product stream
was redirected through the sample cold trap for a period sufficient
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for at least 10 bed volumes of gas feed (based on the operating
pressure and gas feed rate) to pass through the cold trap. This per-
iod of time provides a representative gas sample and a sufficiently
large liquid sample for subsequent analysis. The operating condi-
tions were recorded before sampling with two or more grab sam-
ples of product gas obtained and analyzed in a gas chromatograph
(GC) along with a feed gas sample and a calibration gas sample. The
liquid recovered from the cold trap was weighed and, if two phases
were present, separated into an aqueous phase and an organic
phase. The weighed organic phase was not analyzed and was as-
sumed to have a composition comparable to hexane for purposes
of a carbon balance. The weighed aqueous phase was analyzed
using high pressure liquid chromatography (HPLC) to quantify
the C; to C4 oxygenates (principally alcohols, acids, aldehydes, es-
ters, and any other significant peaks identified by the HPLC). After
sampling, a new set of conditions (temperature and feed rate) was
established and another cold trap sample collected at the new con-
ditions. This procedure was repeated until a representative set of
conditions was obtained to evaluate catalyst performance in terms
of the STY, single-pass carbon selectivity, and conversion. The gas
mixture consisted of H,, CO, trace amount of CO,, and N, (4% for
each component). The H,/CO ratio in the experiments was kept
at 1.9. The gross hourly space velocity (GHSV) varies from 7500
to 15,000 L/L.i¢/h in our experiments for studying the effect of
GHSV on the catalytic performances such as space-time yields
(STYs) and carbon selectivity.

3. Experimental results and discussion
3.1. Catalyst characterization

To gain some insight into the structure of the catalyst, we per-
formed careful characterization of several samples of fresh catalyst
(prior to reduction) and used catalyst after reaction. It is noted that
these measurements were performed ex situ (after exposure to air
where oxidation may occur), and it is expected that only qualita-
tive statements about the nature of the catalyst under reducing
in situ conditions may be inferred by extrapolating the changes
in the catalyst particles before and after their use.

XPS measurements were performed on both fresh and used cat-
alyst samples. The typical results are presented in Fig. 2. The compo-
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Fig. 2. XPS results of the Rh/Mn/SiO, catalyst samples 1 and 2 (S1 and S2).
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sitions of both catalyst samples used in the incipient wetness tech-
nique for both samples are 5.56% Rh and 1.69% Mn by weight. In gen-
eral for all the samples studied, the XPS analysis shows that Rh exists
as Rh,05 (typical XPS Rh 3ds;; at 309.2 eV) in the fresh catalyst sam-
ple but itis reduced to metallic Rh (Rh® at 307.4 eV). This observation
is consistent with the interpretation that Rh exists as metal particles
under reducing in situ conditions. The situation for Mn is less re-
solved due to the similarity between the 2p core hole energy be-
tween MnO and metallic Mn®. Although it is highly likely that Mn
exists as the Mn?* oxide (Mn 2ps/, at 641 eV) for the fresh material,
it is not clear if it has been partially reduced in the used sample. The
XPS spectra around the 2p;, peak between 645 eV and 638 eV can-
not be deconvoluted into various Mn components of the signal (from
NIST: Mn=638.8 to 641.0eV, MnO=6403 to 642.5¢eV,
MnO,=641.1 to 643.4eV, Mn,05=641.2 to 642.8¢eV,
Mns0,4 = 641.1 to 641.9 eV) with the current spectra. This suggests
that a small fraction of Mn may have been reduced during the reduc-
ing environment in the catalyst preparation or in the operating con-
ditions and may exist in the metallic state within the metallic Rh
particle. Also we must acknowledge that Mn oxides may exist in
addition to the metallic Rh and RhMn phases. TEM results of a rep-
resentative fresh and used Rh/Mn/SiO, catalyst sample (Sample 3,
S3) that were shown in Fig. 3 suggested that an alloyed Rh/Mn par-
ticle is formed during the catalyst production/operation where the
Rh (and possibly Mn) is reduced. This is in good accord with the
observations from XPS. The typical Rh-rich particles are well dis-
persed on the silica with approximate diameter of 2 nm. For the used
catalyst samples, only the larger Rh metal particles were found. No
pure Mn metal particles were found after reaction though MnO par-
ticles are observed in both fresh and used catalysts.

Fig. 4 shows the representative diffraction patterns of the fresh
and used samples, which appear to be very different. The top XRD
panel shows the diffraction pattern for the fresh S3, primarily aris-
ing from Rh;03, Mn;03, and SiO, which matches well with our
observations from XPS and TEM. Crystalline phases of pure metals
or metal alloys are not observed within the detection limit. Since
the diffraction peaks are very broad, the sizes of the crystallites
are extremely small (<1 nm), making the powder appears to be
an amorphous material. The overall diffraction pattern is further
complicated with peak overlapping. Some of the possible minor
phases of those materials are submerged in the pattern and this
cannot be identified. The bottom XRD panel showed the diffraction
pattern for the used S3 sample with well-resolved peaks. Data
analysis indicated that in addition to SiO, that remained un-
changed after use, the primary phase of the used powder is pure
Rh possibly with MnsRh inclusions. The Mn diffraction pattern
from the database was also marked in Fig. 4 (bottom panel) with
its perfect (1 1 1) peak clearly off from those of Rh or Mn3Rh. Since
the (11 1) reflection can be well fitted with a single peak, the
amount of the Mn phase, if any, is not expected to be significant
in the used sample. The metal oxides (Rh,03; and Mn,0s) that are
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Fig. 4. XRD measurements of S3. The top panel shows S3: before with patterns
arising from Rh,0,, Mn,0,, and SiO,. The bottom panel shows S3: after with
patterns arising from pure Rh, possible Mn,Rh, and SiO,.

the components of the fresh S3 sample were not also observed in
the used S3 sample. The averaged size of the Rh crystallites in
the used S3 sample is estimated to be about 3 nm based on the
full-width-at-half-maximum (FWHM) of the (1 1 1) reflection peak
using Scherrer formula. The XRD data in Fig. 4 thus suggests that
the mixed metal oxides are reduced to pure Rh metal with possible
Rh/Mn alloys during the catalyst aging processes. The formed
metallic phase further evolves into larger crystallites via aggrega-
tion on the support.

In summary, XRD, TEM, and XPS measurements clearly show
that the Rh oxide phase of the catalyst is reduced to form Rh metal

S3:after

Fig. 3. TEM images of the Rh/Mn/SiO, catalyst sample 3 (S3).
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nanoparticles during the reduction and/or operation. The oxidation
state of Mn in the Rh/Mn/SiO, catalysts is still not clear although
some of previous experiments suggested that the Mn is unlikely
being reduced to metallic state. Even though TEM can show
whether Mn exists as manganese oxide in both fresh and used cat-
alysts, the oxidation state of a very small amount Mn component
embedded in the metallic Rh particles cannot be decisively be jus-
tified by the experimental characterization performed in this work.
It is well known that MnO bulk phase is difficult to be reduced to
metallic Mn while MnO, is relatively easier. However, this conclu-
sion was drawn from the reduction free energies of bulk oxide com-
pounds [36], not the nanoclusters investigated in the present work.
Since we assume the active sites for CO hydrogenation to ethanol on
Rh/Mn nanoparticles, it is possible that single Mn or several Mn
atom(s) surrounded by Rh atoms in the Rh-rich nanoparticles could
be reduced under the reducing reaction conditions. To better
understand the role of Mn as the promoter, it is essential to clarify
the oxidation state Mn in which the catalytic reaction mechanism
of CO hydrogenation to ethanol relies on. In order to answer this
critical question, we resort to first-principles calculations.

3.2. Evidence for Rh/Mn binary alloy

To assess the oxidation state of Mn in the Rh/Mn/SiO, catalyst
under practically operating condition, we calculated the reaction
energies of the bimetallic Rh/Mn alloy particles under oxidizing
conditions (CO and O;), and the Rh/Mn oxide particles under
reducing condition (H) using DFT. Both bimetallic Rh/Mn alloy
and oxide particles were modeled by an optimized cluster model
obtained from simulated annealing. Specifically, we chose the spe-
cies Rhso_,Mn, as our base model as it provides us with a particle
on the order of 1 nm (approximately the length scale observed by
TEM and XRD measurements) yet is computationally tractable
with current DFT based methods. In particular, we resort to the
low concentration of one and three Mn atoms to investigate both
independent Mn atoms embedded in an Rh matrix as well as deter-
mine how variations in Mn surface concentration may affect the
results. We noted that the following four reactions are all exother-
mic, indicating they are thermodynamically favorable:

RhyMnO + H; < RhgMn + H,0, AH = -0.9eV (
Rhy;Mn3;03 + 3H, « Rhg;Mns +3H,0, AH = -0.6eV (
RhyMn(C + O) < RhyMn(CO), AH=-1.0eV (
RhgMn + 1/20, < RhgMnO, AH = —1.5eV (R4
Rhso0 + Hy < Rhso + H,0, AH = -0.8eV (
Rhsg +1/20; < Rhs0, AH=-1.7eV (
In reaction R3, the notation RhygMn(C + O) and RhygMn(CO) de-

note adsorbed atomic C and O and adsorbed CO, respectively. The
equilibrium constants for these six reactions can be expressed as

K (T) = qRrnMndH,0 (1)

qRrn,MnoYH,
3

Ko(T) = Arhg;Mn; [ 91,0 2)
qrn,;Mn;05 \ dH,

Ks(T) = ARh4oMn(CO) 3)
ARh M (C+0)

Ka(T) = et )
QgrnyeMnYo,

Ks(T) = qRrns,09H,0 (5)
qRrns,09H,

Ko(T) = 120 ©)
Qrns, 90,

where the ¢’s are the canonical partition functions for the products
and reactants. Within the harmonic approximation, the equilibrium
constants for reaction (R1-R6) can be written as
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where ©, are the rotational temperatures, @, are the vibrational
temperatures, = 1/kgT, and ¢ are the ground state energies deter-
mined from our DFT calculations. The rotational and vibrational
temperatures for the various species were obtained from statistical
mechanics [37]. Note that the vibrational and rotational contribu-
tions to the partition functions in reaction R3 have not been in-
cluded as their ratio is expected to very close to unity. Fig. 5
shows the equilibrium constants K(T) for reactions R1-R6 in the

R2: Rh,,Mn,0, + 3H, <> Rh,,Mn, + 3H,0
R3: RhyyMn(C+0) <=> Rh,,Mn(CO)

R4: RhyMn + 1/20, <—> Rh;MnO
30 RS: Rhy 0 + H, <=> Rhy, + H,0
£ an Rh + l “O x—» Rl (J
-405 rr T

0100200 300" 400" soo 500 700" 800600 1000
T X)

Fig. 5. Calculated equilibrium constants K(T) for the reactions R1-R6 as a function
of temperature.
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temperature range of 0-1000 K. In the relevant experimental tem-
perature range of 400-700 K, the equilibrium constants clearly indi-
cate that the binary Rh/Mn alloys are favored over the Rh/Mn oxides
(black and red curves), and that the reformation of adsorbed CO is
preferred over adsorbed C and O atoms (blue curve). This is in con-
trast to the previous assumption that the separate metallic Rh and
MnO phases were co-existed considered in the Rh/Mn/SiO, cata-
lysts [14]. On the other hand, Fig. 5 shows that the equilibrium con-
stants for the oxidation reactions (R4 in green curve and R6 in
magenta curve) favors the oxide under ambient oxygen partial pres-
sure (Ppy = 0.21 atm). This suggests that although the supported Rh/
Mn particles might be reoxidized under the ambient condition in
the characterization. We believe that the Rh/Mn/SiO, catalyst
would prefer to be a binary metal alloys supported on silica under
operating reaction conditions where the high temperatures and
reducing atmosphere prevail.

Our thermodynamical analysis suggests that a binary Rh/Mn al-
loy nanoparticle may be the phase form of the active Rh/Mn/SiO,
catalyst under in situ reaction conditions. Moreover, our analysis
also indicates that characterization of the catalyst particles, once
exposed to oxygen, yields an interpretation of Mn in an oxide state.
This may be the reason why the previous spectroscopic studies
suggested that only Mn oxides were identified [8,14,20,38,39]. Fur-
ther theoretical calculations for larger Rh/Mn particle systems, as
well as the consideration of anharmonic effects on the free energy
difference will be needed to confirm this conclusion. For the pur-
poses of the current study, we will focus on how the presence of
Rh/Mn binary alloy influences the chemical reactivity of the con-
version of syngas to ethanol.

3.3. Catalytic performance

Experimental kinetics including the selectivities and STYs of
methanol, C; alcohols, other C; oxygenates, methane, C; hydrocar-
bons are given in Table 1. We found that methane selectivity is
high, about 30-60%, depending upon the temperature and the
space velocity. Typically, the selectivity of hydrocarbon, C; oxy-
genates, and C; alcohols is 10-25%, 20-40%, and ~10% respec-

Table 1
Experimental results of CO hydrogenation over Rh/Mn/SiO, catalyst.

tively. The total CO conversion ranges from 6% to 60%. In these
experiments, no significant conversion of CO to CO, via water gas
shift reaction was found.

As expected, CO conversion generally increases with tempera-
ture but decreases with the GHSV. While the STYs increases with
the increasing temperature up to about 300 °C, there appears to
be a decrease in the activity of the catalyst at 315 °C or higher.
Increasing the GHSV, the CO conversion reduces while the STY re-
mains the same, suggesting an overall deactivation of the catalyst
at higher temperatures. The repeating experiments under the same
pressure and the GHSV at lower temperatures confirm this conclu-
sion. Although with some fluctuations, our results show the selec-
tivity to C, oxygenates decreases while the selectivity to C;
alcohols increases with increasing temperature. Similarly, the car-
bon selectivity to hydrocarbon liquids is eliminated and to higher
hydrocarbon gases (ethane, propane, etc.) is significantly reduced
as the catalyst is deactivated. This is illustrated in Table 1 by the
reduced production of other hydrocarbons in the experiments con-
ducted after 317 °C, suggesting a deactivation of the catalyst due to
hydrocarbon chain growth process on the catalyst. Herein, the
most relevant experimental observation is the selectivity of meth-
ane increases, while the selectivity to C; oxygenates and alcohols
decreases as the temperature increases.

4. Theoretical and kinetic modeling
4.1. Reaction network

To understand how the promoters affect the reactivity and the
selectivity of CO hydrogenation to ethanol over the Rh-based cata-
lysts, a comprehensive reaction mechanism network which is
based on previous theoretical and experimental studies [1-
3,5,6,8-10,13,14,17-19] was built. As shown in Fig. 1, the reaction
mechanism network for CO hydrogenation to ethanol used in the
simulations is very complex even though we do not include some
of the “side” reaction routes such as methanol homologation,
methanol condensation/coupling that had been found to be the
major reaction routes on CuO-based catalysts [5,6]. We have

Test conditions Carbon selectivity (C-mol%)

STY (g/mLcai/h)

Space velocity Temp. CO conv. Methanol C?*alcohols Other C* Other C* Other C** Total C** Methanol  Total organic
(L/Leae/h) (°C) (%) oxygenates HCs alcohols  oxygenates  oxygenates liquids
7500 256 6.67 0.48 7.85 30.46 36.98 2422 0.01 0.06 0.07 0.00 0.08
7500 277 20.78 0.50 8.35 43.24 31.71 1621 0.04 0.23 0.28 0.00 0.29
11,000 300 26.37 0.41 9.10 32.31 39.21 1896 0.09 0.33 0.42 0.01 0.46
11,000 317 41.50 0.37 8.66 25.84 46.71 1841 0.13 0.31 0.44 0.01 0.46
11,000 314 31.56 0.34 9.12 22.59 53.65 1430 0.10 0.33 0.43 0.01 0.45
11,000 324 37.24 0.34 9.25 22.90 5519 1232 0.12 0.32 0.44 0.01 0.45
15,000 324 26.36 0.51 9.41 19.41 59.76 1091 0.12 0.26 0.37 0.01 0.38
15,000 315 23.09 0.68 9.67 25.01 52.16 1248 0.11 0.29 0.40 0.01 0.41
15,000 302 13.32 0.85 9.40 25.87 5293 1095 0.06 0.18 0.24 0.01 0.24
11,000 302 20.54 0.87 10.16 29.49 47.06 1241 0.07 0.23 0.31 0.01 0.31
7500 256 2.62 1.50 12.42 21.86 61.09 3.12 0.01 0.02 0.02 0.00 0.02
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chosen to neglect these steps in order to simplify the parameteri-
zation of our model without loss of any of the most important reac-
tion product channels. A total of 230 elementary steps that lead to
a variety of products from CO hydrogenation are implemented in
our first-principles-based kinetic Monte Carlo simulations.

Herein, we only give a brief description of the catalytic conver-
sion of CO hydrogenation to ethanol. Generally, the reaction begins
with the associative adsorption of CO and the dissociative adsorp-
tion of H,. CO molecules adsorb at all surface sites (atop, bridge, 4-
fold hollow, and 3-fold hollow) of both (100) and (11 1) facets
[40,41]. The adsorbed atomic H preferentially occupies either
bridge sites or hollow sites on both facets. Adsorbed CO can further
dissociate into atomic C and O that prefer to sit on the hollow sites
of both facets [42,43]. The C and H atoms recombine to form CH
and further hydrogenation with the surface H atoms forming CH,
and CHs, and the major side product CH,4. These CH, intermediates
can also couple themselves producing higher hydrocarbons
[40,44-48]. In this work, only C, hydrocarbons are considered for
simplifying the reaction mechanism. The key elementary steps
for CO hydrogenation to ethanol are the insertion of CO into the
CH, (x = 1-3) species forming CH,CO species [17]. This is also in ac-
cord with in recent theoretical study that CHs + CO is the key step
for ethanol synthesis on Rh(1 1 1) [21]. The desired ethanol prod-
uct will be generated by further hydrogenation of CH,CO. Mean-
while, the intermediate CH,CO species will also be oxidized and
hydrogenated to form other C, oxygenates such as acetaldehyde,
acetic acid, and ethyl acetate [17] shown in Fig. 1. The adsorption
structures for the CH,CO species are shown in Fig. 6. On the other
hand, the hydrogenation of adsorbed CO can form formyl (HCO) or
COH species. HCO (or COH) intermediates are then assumed to be
hydrogenated into methanol as the major product from CO hydro-
genation [21,49].

4.2. Kinetics parameter database

Since the entire reaction network consists of a large number
of elementary steps, it would be impractical to calculate all the
energetics including adsorption energies of the reactive species,
the reaction energies and activation barriers of each elementary
step. As a result, we only calculated the binding energies of the
major reaction intermediates, as well as the reaction energies
and activation barriers of the insertion reactions of CO + CH,
and methanation reaction on the Rh and Rh/Mn nanoparticles
using DFT methods. The DFT-based energetics are then used as
database to estimate other energetics using the semi-empirical
UBI-QEP method [25,44,50,51]. Also some of the energetics was
taken for the literature [40,42,43,45-48,52-61]. The entire ener-
getic database used in the KMC simulations will be given in the
Supplementary material. Since we are focusing on the qualitative
description of the reaction kinetics of CO hydrogenation to eth-
anol, we believe the accuracy of the energetics for the crucial
elementary steps of the entire reaction mechanism network will
be enough to capture the chemistry of ethanol synthesis from
CO hydrogenation.

Instead of using periodic slab surface as the catalyst model, the
Rh and Rh/Mn nanoparticles catalysts that derived from aforemen-
tioned experimental characterization were modeled as Rhsg,
Rh4oMn, Rhy7Mnj3 clusters in this work. The Mn compositions used
in the model Rh/Mn nanoparticles are justified against the experi-
mental compositions observed for the mixed Rh/Mn nanoparticles
(see experimental section). For example, there is one Mn atom
(three Mn atoms) surrounded by nine (or six) Rh atoms in our
Rh4oMn, Rhy7Mn3 model clusters. Thus, the Mn surface composi-
tion is about 10% for RhygMn and 33% for Rhy;Mns particles. This
is in the range of experimental measured compositions with
~13% and ~42% atomic Mn in the Rh/Mn sample (S3, see Fig. 3) be-

fore and after the reaction. We found that the internal Mn atoms of
Rh/Mn nanoparticles have a very minor influence on the energetics
and kinetics of the reactions we calculated in the present work. In
the calculations, adsorbates molecules were put on the cluster at a
quasi-(11 1) surface facet, so that the binding metal sites have
similar local coordination to the bulk surface in order to mimic
the local coordination environment of larger bulk-like particles.
Moreover, for large bulk-like transition metal particles, the
(11 1) surface is the most stable structure due to its low surface
energy. The calculated binding energies of the major surface inter-
mediates on the Rhsg, RhygMn, Rhy;Mnjs clusters are given in Ta-
ble 2. Fig. 6 shows the adsorption configurations of some of these
surface intermediate species on the Rhy;Mnj3 cluster. The binding
energies of other surface intermediates were estimated by UBI-
QEP method [25] using the calculated DFT values of C, O, and H
as the basis.

As we mentioned earlier, first-principles DFT calculations per-
formed in this work focused on the reaction energetics of the
most important steps in the catalytic CO hydrogenation mecha-
nism and their dependence upon the promoter identity. Previous
experiments suggested that methane is a major side product
(over 50% of all products) in CO hydrogenation over Rh-based
catalysts [7-13]. To improve the selectivity to ethanol, different
promoters were added to Rh catalysts to control the reaction
routes to either methanation or CO insertion to CH, leading to
ethanol and other C, oxygenates [5,6]. To this end, we investi-
gated methane formation against CO addition into CHy, on the
Rhsg, RhsoMn, Rhy;Mns nanoparticles using DFT and CI-NEB
methods [34,35] at the same theoretical level. All atoms were
optimized to the energy minima without constraints on any com-
ponent of the molecular geometry.

We first calculated the reaction path CH3 + H — CHy4, which is
the final hydrogenation step for methane formation on the Rhsp,
Rh4oMn, Rhy7Mn3; nanoparticles. As shown in Fig. 7, methane for-
mation is exothermic on Rhsy and RhygMn clusters while it is
slightly endothermic on Rhy;Mns. This indicates that methane for-
mation is thermodynamically more favorable than methane disso-
ciation on Rh and Rh/Mn nanoparticles. The calculated reaction
energies of CHs +H — CH; on Rhsg, RhyoMn, and Rhy;Mns are
—0.36, —0.22, +0.08 eV, respectively. The calculated activation bar-
rier for CH; + H — CH,4 is 0.60 eV on the Rhsq cluster, which is in
agreement with to the previously reported barriers of 0.65eV
[55]; 0.63 eV [45] on Rh(1 1 1). By doping one Mn atom on the sur-
face of the Rhsg cluster (RhygMn), the barrier for methane forma-
tion increases slightly to 0.70 eV. If three Mn atoms are doped
onto the Rhsy cluster (Rhy;Mn3), this barrier only slightly de-
creases to 0.57 eV. This implies that doping Mn into Rh nanoparti-
cle essentially does not change the activation barrier of methane
formation. Considering the other hydrogenation steps of CH,
(where x=0-2) on Rh(11 1) have the similar low barriers be-
tween 0.47 and 0.69 eV [47,48,54,55], we can expect that the
methane formation is still inevitable in CO hydrogenation by add-
ing Mn into Rh catalyst. In other words, the addition of Mn into Rh
has little effect on the catalytic performance with respect to the
methane formation since both the thermodynamical and kinetic
factors for the hydrogenation of CH, are nearly the same for Rh
and Rh/Mn catalysts. This conclusion is also supported by our
experimental results. As shown in Table 1, the methane selectivi-
ties on Rh/Mn/SiO, under different experimental conditions are
still high (~31-60%). Previous experimental investigations of CO
hydrogenation on the Mn promoted Rh catalysts showed the sim-
ilar results of high methane selectivities [13,14,16,20,38,62,63].
For example, Hu et al. observed that the methane selectivities
are in the range of 34-54% [62]. Ojeta et al. found the methane
selectivity increased from 22% to 32% as the reaction temperature
increased from 240 to 260 °C [38].
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Fig. 6. The optimized configurations of the key surface reaction intermediates on Rhy7Mn; alloy nanoparticle. Rh in dark green; Mn in purple; O in red; C in gray; and H in
white. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In order to form C; oxygenates by CO hydrogenation, the CO
insertion step is vital. Noting that the hydrogenation of CHj
(x = 0-3) species is facile due to the low barriers. The CO insertion
process can only be kinetically feasible if the barriers are lower
than, or at least comparable to, the barriers for CH, hydrogenation.
To understand whether the addition of Mn into Rh would affect the
CO insertion reaction into CH, species, we explored the energetics
of four possible CO insertion reactions on the Rhsg, RhyoMn,
Rh47Mn3 nanoparticles:

C+CO — CCO (R7)
HC +CO — HC-CO (R8)
H,C + CO — H,C - CO (R9)
HsC+ CO — HsC—CO (R10)

For the reaction R7, our calculations show that the activation
barriers are on the order of 2 eV over all the catalyst particles stud-
ies here. This is due to the fact that the bare C atom forms a very
strong bond with surface Rh atom. The binding energy of C atom
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Table 2
DFT calculated binding energies (in eV) of the surface intermediates on pure Rh, and
the Rh/Mn alloy nanoparticles.

Surface intermediate Site Bind energies (eV)
Rhsg RhyoMn Rhy;Mnj3
H 3-Fold fcc -0.62 -1.15 -1.35
C 3-Fold fcc —6.58 —6.34 —-6.21
(0} 3-fold fcc -3.32 -3.22 -3.16
(€6 3-Fold fcc —1.68 —2.42 -1.74
CH 3-Fold fcc -6.19 —4.94 —5.82
CH, 3-Fold fcc —-3.42 —-4.21 -5.30
CHs Top ~1.11 -2.96 -3.91
CHa4 Top —-0.09 na na
Ccco 3-Fold fcc -5.11 —4.29 —4.11
CHCO 3-Fold fcc -3.37 —-3.21 -3.14
CH,CO Top -1.18 -1.33 —-1.22
CHsCO Top -1.89 -1.73 —-1.54
CHCOH 2-Fold bridge —3.68 —-2.93 —-3.34
CH,COH 2-Fold bridge —2.82 —3.06 —-3.35
CH3COH 2-Fold bridge —4.04 —2.78 —3.52
CH3CHO 2-Fold bridge -1.41 —-1.32 -1.25
CH3;COOH Top -0.72 -0.36 —1.00
CH,CH,OH Top ~1.65 ~-1.15 ~1.65
CH3CH,0H Top -0.93 -0.67 —1.01
Note: “na” indicates a non-adsorption state.
1.2
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Fig. 7. DFT calculated reaction energies and activation barriers of CH; + H < CH4
on the Rh, RhsoMn, and Rhs7;Mnj3 particles.

is —6.54 eV on the Rhsg and —6.28 eV on the RhygMn nanoparticles.
Therefore, we can safely disregard the C + CO coupling reaction as
having a strong influence on the reaction kinetics. Fig. 8a compares
the reaction energies and activation barriers of CH + CO reaction.
Unlike the methane formation, this step is endothermic for the
Rhsg and the RhygMn and almost neutral for the Rhy;Mns, indicat-
ing that insertion of CO into CH species is not thermodynamically
favorable on pure Rhsg and RhygMn nanoparticles. For the Rhsq par-
ticle, the activation barrier of this reaction is 1.35 eV. However, we
found that doping Mn into Rh dramatically lowers the insertion
barriers to only 0.69 for the RhygMn and 0.58 eV for the Rhy;Mns.
The lower CO insertion barriers may be caused by the tilted CO
adsorption configuration on the RhygMn and Rh4;Mns particles.

With addition of Mn, CO adsorbed at 3-fold hollow site with an up-
right configuration on Rhsq shifts to atop or 2-fold bridging Rh sites
with a tilted configuration toward to Mn, which is consistent with
previous experimental observations [19,24] that the tilted CO plays
an important role in CO insertion reaction. As a consequence, CO
insertion into CH reaction becomes competing step with the meth-
ane formation on the RhygMn and Rhy;Mns particles. We also
noted that since the reaction energy of CH+ CO is 0.52 eV, the
formed CHCO on the RhygMn could easily dissociate back to CH
and CO with a barrier of 0.17 eV. As such, only the Rhy;Mn; particle
provides a feasible promoting path for CO insertion into CH com-
paring with the pure Rhsg nanoparticle. This latter observation
indicates that although Mn sites alone do help in lowering the bar-
rier to the formation of CHCO they are most effective when clus-
tered, as in Rhy;Mns indicating that reasonably high
concentrations of Mn in the proposed Rh/Mn alloy are required.

The calculated reaction energies and activation barriers of the
reaction R9 on the Rhso, RhygMn, Rhy7Mn3 nanoparticles are shown
in Fig. 8b. On pure Rh nanoparticles, the barrier is found to be
about 1.5 eV and is only marginally lower by about 0.2-0.3 eV by
inclusion of Mn into the nanoparticle. It is surprising that this
insertion step is found to be highly endothermic with high barriers
on all the particles, indicating the insertion of CO into the surface
CH, species is difficult. Likewise, insertion of CO into CH3 with
R10 reaction on different Rh-based nanoparticles is shown in
Fig. 8c where it is also found that the activation barriers of this step
are still high, about 1.0-1.26 eV, although this step is nearly energy
neutral for all catalyst nanoparticles. Our calculated barrier of
1.07 eV for CH;3 + CO path is in good agreement with recent re-
ported value of 1.15eV on Rh(11 1) [21]. Compared with to the
barriers of 0.5-0.7 eV for methane formation, it is expected that
the insertion of CO to CH, and CHs is still kinetically inhibited even
with the addition of Mn into Rh. This also explains why methane is
still the dominant side product in CO hydrogenation for the Rh/Mn
catalysts.

It is noteworthy that different CO insertion pathways occur on
the Rh and Rh/Mn catalysts based on our calculations. On the pure
Rh, CO + CHj3 reaction is kinetically more favorable than other two
CO insertion paths (CO+ CH and CO + CH,). Although the barrier
for CO + CHjs insertion is only 0.1eV lower than the barrier of
CO +CH coupling, however, the reaction energies of these two
reactions are very different. The CO + CH is almost highly endo-
thermic (1.31 eV) while the CO + CH3 path is only slightly endo-
thermic (0.30 eV). Consequently, the formed CHCO species will
immediately dissociate back to co-adsorbed CO and CH species
with almost no barrier. On the other hand, the barrier for the dis-
sociation of the formed CH3CO species is 0.96 eV. As a result, the
CH;3CO species could remain on the Rh catalyst particle for further
hydrogenation to other C; oxygenates. This is consistent with the
previous experimental spectroscopic evidences that acyl (CH3CO)
is the key reaction intermediate leading to C; oxygenates during
CO hydrogenation on Rh catalyst [17,19]. For the Rh/Mn catalysts,
the three CO insertion paths shown in Fig. 8 clearly indicate that
CO + CH path is the preferential pathway for CO insertion steps.
As a result, the CHCO instead of CH3CO becomes the vital reaction
intermediate to the formation of C; oxygenates.

In summary, our DFT results suggest that the promoting effect
of doping Mn into Rh catalysts for CO hydrogenation to ethanol
that the higher selectivity to C; oxygenates observed in the previ-
ous experiments [13,14,16,20,38,62,63] is due to enhancement of
the CO insertion step via CH + CO — CHCO reaction. This reaction
channel is expected to be competitive with the hydrogenation of
CH to form CH; or CHs, estimated based on DFT calculations to re-
quire and activation energy on the order of 0.5-1.0 eV, or dehydro-
genation to form C at an energetic cost of about 1.0 eV [45]. Hence,
our results suggest that by adding the Mn component into Rh cat-
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Fig. 8. DFT calculated reaction energies and activation barriers of CO insertion into CHy, on the Rh, RhgoMn, and Rhg;Mn;s particles. (a) CO+CH « CHCO; (b)

CO + CH, « CH,CO; (c) CO +CH; < CH5CO.

alysts, the activation barrier for CO insertion into CH forming CHCO
species is low enough to compete with the dominant methanation
reaction paths. On the other hand, our calculations indicate that
the methane formation is largely unaffected by Mn doping and is
thus still a main reaction channel on Rh/Mn catalysts [13]. One
can thus conceptualize this process as the dopant providing an
energetic route for stealing, but not completely diverting, reactive
flux from the methanation channel to form C; oxygenates.

4.3. Kinetic Monte Carlo simulation

In order to understand how various promoters affect the cata-
lytic performance on Rh-based catalysts, a working kinetic reaction
model that describes CO hydrogenation over supported Rh nano-
particle catalyst, we build a detailed kinetic Monte Carlo (KMC)
simulation model with our calculated DFT data as well as literature
database as the input. We have performed a series of KMC simula-

tions to validate our model by comparing calculation results
against experimental catalytic reaction kinetics of CO hydrogena-
tion over the Rh/Mn/SiO, catalysts under the operating conditions.
The validation of KMC model presented in this work will be very
useful in the computational screening of different promoters added
to Rh catalysts to improve the catalytic performance, especially for
improving the selectivity to C; oxygenates and preventing the
methane formation. We first discuss the structure of supported
Rh/Mn catalyst particle used in the simulations and how the avail-
able reaction sites influence the chemistry and then report our re-
sults of how the various thermodynamics variables such as
pressure temperature and promoter concentration influence cata-
lyst activity.

4.3.1. Three-dimension supported catalyst nanoparticle model
The geometric shape and exposed facets (crystal planes) of sup-
ported metal nanoparticles depend on many factors such as the
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size of the particle, the supporting materials, the preparation
method, and in situ reaction conditions. The equilibrium shape of
a free metal particle (without support) is generally determined
by the Wulff rule: the shape of the metal particle is determined
by minimizing the surface energy of the particle. As the particle
size becomes greater than 2 nm, the shape of the particles and
the nature of facets can be experimentally explored by electron
microscopy techniques such as high-resolution TEM, XPS, and
XRD. For Rh-based bimetallic nanoparticles, the most common
shape is the cubo-octahedral structure consisting of (11 1) and
(100) facets, where the (11 1) facet dominates the surface of
the nanoparticle [64]. However, the nanoparticle shape is subject
to change under reaction conditions or after high temperature pre-
treatment. It had been observed that the Rh-based nanoparticle
shape changed from a cubo-octahedral in the reducing reaction
environment to a more spherical shape in an oxidizing environ-
ment [64]. Since CO hydrogenation reaction is operating at the
reducing environment, a three-dimensional model with truncated
octahedral nanoparticle structure is used to represent the SiO, sup-
ported Rh/Mn catalytic nanoparticle in this work. The truncated
octahedral nanoparticle, shown in Fig. 9, has eight (11 1) facets
and one (1 0 0) facet. The relevant experimental characteristics in-
cluded in this model are as follows: (1) both (1 00)and (11 1) fac-
ets covering the nanoparticle surface; (2) the (111) facet
dominates the nanoparticle surface; (3) the nanoparticle is nearly
spherical in the case of more oxygenates produced in the reaction
process. We neglect any shape transformation and surface recon-
struction that may be induced by reactant adsorption or the evolu-
tion of the surface intermediates during the reaction. The size of
Rh/Mn nanoparticle is represented by the total number of atoms
along with widest side (L) and the total number of height layers
(H). As shown in Fig. 9, the Rh-based catalyst nanoparticle with
30% Mn (Rh/Mn atomic ratio = 7:3) is designated by size as L x
H=12 x 7. The total number of atoms and numbers of Rh and
Mn atoms in the Rh/Mn nanoparticle are 748, 673, and 75, respec-
tively. The numbers of surface atoms and bulk atoms of the Rh/Mn
nanoparticle are 309 and 439, in which the number of atoms on the
(100)and the (11 1) facets, and the number of atoms on edge and
corner sites of the model Rh/Mn nanoparticles are 49, 136, 112,
and 12, respectively. The diameter of the model nanoparticle, Dpqr-
ticle> 1S determined by the following equation based on the spherical
particle assumption:

Dparricle = datom X N1/3 (9)
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Fig. 9. Snapshot of KMC simulation of CO hydrogenation to ethanol over the three-
dimensional Rh/Mn/SiO, catalyst nanoparticle. Rh in light blue; Mn in silver; C in
blue; O in red, H in green; and Si in yellow. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

where dgqom is the diameter of Rh atom (0.269 nm), and Niyq is the
total number of atoms in the nanoparticle. As a result, the diameter
of the three-dimensional Rh/Mn nanoparticle used in this work is
about 2.44 nm. This model catalyst size is close to the used Rh/
Mn catalyst measured by TEM (~3 nm). The surface composition
and actual surface position of Mn atoms in the simulated Rh/Mn
nanoparticle are changed during the reaction. These changes de-
pend on the segregation surface energies, and also depend on the
adsorption energies of adsorbates that were calculated by DFT
[65-67]. Since we do not have enough kinetics parameters to accu-
rately describe these changes, only thermodynamic factors are con-
sidered in our simulations. Due to the major effect of Mn is that it
lowers the barrier toward CO insertion and is an electronic effect.
Ensemble effects included in the KMC model do not significantly
enhance or inhibit kinetics and hence play only a minor role. The ef-
fect of silica support on the reaction kinetics has not been consid-
ered due to the lack of kinetic parameters on silica and on the
interface between silica and the supported Rh/Mn nanoparticle.

4.3.2. KMC approach

The details of the KMC algorithm have been extensively de-
scribed in previous publications [68-71]. A brief description of this
approach is given in the next paragraph. The structural, electronic,
and energetic properties calculated from DFT for the intermediates
were used as input parameters of the simulation. This includes the
binding energies and molecular structures of the adsorbates at all
possible adsorption sites, van der Waals radii (physical size) for
all of the reactants, the intermediates and products along with
the reaction energies and activation barriers for elementary surface
kinetic processes. This intrinsic kinetic database is subsequently
combined with the lateral interaction models and incorporated
into the core reaction kinetics model in the KMC simulation. After
initialization, all the sites on the particle surface are stochastically
screened in order to construct a cumulative reaction probability
distribution that outlines all the possible surface events used in
the model. This includes adsorption, surface reaction, surface and
inter-facet diffusion, and desorption. These surface events are con-
sidered to be dependent on the specific characteristic of the active
site of the event and its surrounding reaction environment. The ac-
tive sites on the particle surface include sites on the top (1 0 0) fa-
cet, eight side (111) facets, and four edge (111)/(100)
boundaries. We treated the edge (111)/(111) boundary sites
and four (111)/(100)/(111) corner sites as reaction-free sites.
Diffusion only occurs on the (100) and (11 1) facets. The edge
(111)/(100) boundaries are treated as the (2 1 1)-like structure
where only CO dissociation occurs. The barrier for CO dissociation
on the edge (11 1)/(1 0 0) boundaries used in our KMC simulations
is 0.3 eV, which is taken from previous DFT calculations of CO dis-
sociation on stepped sites over Rh(2 1 1) [55]. We also note that a
very high activation barrier of ~2eV for CO dissociation on
Rh(2 1 1) was reported by Mavrikakis et al. [72]. Since CO dissoci-
ation would not occur on low-index Rh surfaces such as the (11 1)
and the (1 0 0) facets [73], we found that there is almost no activity
for ethanol formation under the operating conditions if the barrier
of ~2 eV for CO dissociation was used in our KMC simulations. This
is inconsistent with our experimental observations. Therefore, we
chose the low barrier of 0.3 eV for CO dissociation in the simula-
tions. Correspondingly, a scaled barrier of 0.25 eV for CO dissocia-
tion on Rh/Mn catalysts was used in this study. For each surface
reaction event, we calculated the binding energies of reactants
and the possible products on the reactive sites for both initial con-
figuration states and final configuration states. The effects of local
reaction environment on the energetics are included in the simula-
tions by using the lateral interaction models described in previ-
ously published work [68-71,74-77]. At any instant in time t;
the rates for all possible events over the entire particle surface
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are added up to determine the total reaction rate. The total reac-
tion rate is subsequently used along with the variable time step
algorithm to determine the time at which the possible event on
the surface occurs. The specific reaction that occurs within the cal-
culated time step interval is chosen based on the cumulative reac-
tion probability distribution. The particle surface is updated
accordingly based on this chosen surface event. The rate constant
for each elementary step r; is calculated using transition state
theory:

ri = v;exp[—PAE]] (10)

where v; is the pre-exponential factor, T is the temperature, and AE;
is the activation energy barrier for this elementary reaction i. We
assume that the activation energy barrier is equal to the difference
of the electronic energies of the reactant ground state and the tran-
sition state, and thus neglect the zero-point energy effects. Along
with the reaction barriers of CO + CH, coupling and methanation
on the Rh/Mn(1 1 1) surfaces we have discussed in the aforemen-
tioned section, the activation barriers of other elementary surface
reaction steps in the reaction network have been estimated using
the UBI-QEP method [25] (see the supporting information). The dif-
fusion barrier for the adsorbate is assumed to the difference of the
binding energies of the adsorbate at the two stable sites. The preex-
ponential frequency factors, v;, were chosen to be consistent with
statistical mechanical estimates, and thus we assume 10'3s~! for
elementary surface reaction and diffusion steps [68,70,71]. The
adsorption rate constant for species i is given by:

SoPiAs

Tadi =
¢ \/ 27'Cm,'kBT

where s, is the sticking coefficient, P; is the partial pressure of spe-
cies i, As is the area of one surface site, and m; is the molecular mass
of species i. The sticking coefficients of CO on the (100)and (111)
facets are taken to be 0.7 and 0.6, respectively [41,78]. The sticking
coefficients of H, on the (1 00) and (1 1 1) facet are taken to be 0.8
and 0.2 based on experimental measurements [78,79].

Each simulation was allowed to equilibrate to a steady state in
which the surface coverage for all of surface intermediates reached
constant values, with the exception of small fluctuations resulting
from the stochastic nature of the simulation. After achieving the
steady state, the overall macroscopic kinetic values, such as the
turnover frequencies (TOFs) of the major products and averaged
surface coverages for the key surface intermediates were calcu-
lated. For example, the TOF for ethanol production was calculated
by simply counting the number of ethanol molecules desorbing
from the Rh/Mn nanoparticle surface during a given time interval.
The number of molecular desorption events as a function of time
was fitted to a simple function that includes a first-order exponen-
tial term to describe the initial transient kinetics, followed by a
straight line to model the long-time steady-state behavior. The
TOF values reported herein were determined from the long-time
behavior, in which the slope of the straight line was normalized
based on the total number of surface Rh/Mn atoms on the nanopar-
ticle. The time scale of the simulations vary depending on the spe-
cific conditions, but the steady state is typically realized
somewhere between 0.01 and 10.0s.

exp[- BAE;] (11)

4.3.3. Simulation results and discussion

KMC simulations can be used to track actual catalytic chemical
transformations over the well-defined model catalysts at the
experimental operating conditions. We carried out KMC simula-
tions of CO hydrogenation to ethanol over silica supported three-
dimensional Rh/Mn catalytic nanoparticles with an atomic bulk
composition of 30% Mn as suggested by experimental characteriza-
tion. The partial pressures of CO and H, in the gas phase were set to
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Fig. 10. The temperature dependence of TOFs of major products from CO
hydrogenation over the Rh/Mn/SiO; catalyst at P =2.0 MPa (Pco/Pyz = 1:2).

be 0.67 and 1.33 MPa, respectively. The temperature range exam-
ined here varies from 227 to 427 °C, which is slightly larger than
our experimental temperature range. Methane, acetaldehyde and
ethanol are found to be the three major products for CO hydroge-
nation over the Rh/Mn/SiO; catalyst. Other products such as acetic
acid, methanol, and ethane are relatively minor. Fig. 10 shows the
TOFs for ethanol, methanol, methane, acetaldehyde, and acetic acid
formation increase with the increasing temperature. The apparent
activation energy for ethanol formation is 37 kcal/mol which is in
good agreement with the reported experimental measurement of
45 kcal/mol under the similar operating conditions [11]. Similarly,
the apparent activation energies of methane, acetaldehyde, and
acetic acid are 35, 24, and 12 kcal/mol, respectively also in agree-
ment with previously reported data of 34, 19, and 7.5 kcal/mol,
respectively [11]. Thus, our kinetic model at least semi-qualita-
tively reproduced the apparent activation energies of the major
species with the correct energy ordering.
The selectivity to each of the five products is defined as

TOFpraduct(i)

Si = o 2ol
TOFaII products

(12)

As shown in Fig. 11a, the methane selectivity increases from
46% to 58% as the temperature increases from 227 to 400 °C and
then drops slightly to 53% at 427 °C. Our simulation compares well
with our experimental measured (Section 3.3) selectivity of meth-
ane as well as it increase with temperature in the range of 200-
400 °C. However, our theoretical results indicate that there is an
optimal temperature in the methane selectivity for CO hydrogena-
tion over Rh/Mn/SiO, catalysts. Since most of experimental mea-
surements were carried out in a very narrow temperature range
including the present experimental work, the decrease in methane
selectivity was not observed in the experiments. However, the sim-
ulated methane selectivity is qualitatively consistent with our
experimental observation that the methane selectivity increases
from ~37% at 256 °C to ~60% at 324 °C. Our simulations are also
consistent with another previous observation, under similar oper-
ating conditions, that the selectivity to methane increases from
34.2% at 265 °C to 48.1% at 300 °C [62]. With increasing tempera-
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Fig. 11. The temperature dependence of selectivities of (a) methane and acetaldehyde; (b) methanol, ethanol, and acetic acid at P = 2.0 MPa (Pco/Py2 = 1:2).

ture, the rates of methanation become faster than the rates of CO
insertion steps. As such, the selectivity of CH4 increases with the
temperature. At higher temperature, the slight drops in CHy selec-
tivity is due to the lower H coverage. Fig. 11b shows the selectivity
for ethanol, methanol, and acetic acid. The selectivity to ethanol
first increases from 10.4% to 12.0% until 227 °C, then decreases to
10.3% at 427 °C. This is also close to the results of 7.8% to 9.4% mea-
sured in this work. As seen in Table 1, the selectivity to ethanol
slightly increases from 9.4% at 302 °C to 9.7% at 315 °C, then drops
to 9.4% at 324 °C. On the other hand, the selectivity for methanol
and acetic acid slightly decrease from 6.0% to 1.7% and 3.0% to
2.3% in the studied temperature range, respectively. If acetalde-
hyde and acetic acid are treated as the product C; oxygenates mea-
sured in the experiments, we found the simulated selectivity of C;
oxygenates is about 33-38%, which also falls in our experimentally
measured range of 19.4-43.2%. Our simulation results found that
the increasing rates for CH, hydrogenation steps are faster than
the rate for the CO insertion step (CH + CO — CHCO) as the temper-
ature is higher than 300 °C. To avoid the undesired methane prod-
uct, CO hydrogenation over Rh-based catalysts for alcohols prefers
to be operated at low temperature range (<300°C) [8,11-
14,20,38,62]. Our simulation results also show that the selectivity
to ethanol increase with the temperature at the expenses of the
selectivity to C; oxygenates and methanol. The total production
for alcohols and other C, oxygenates decreases with the increasing
temperature. This indicated that more C; hydrocarbons might be
produced except for methane and ethane with the increasing tem-
perature. This is reflected by the experimental observation that
about 10-24% C; hydrocarbons generated in the reaction.
Although we do not include the elementary steps leading to higher
hydrocarbon species in the reaction network used in the simula-
tions, we might expect that the increasing selectivities for C;
hydrocarbons are at the expense of alcohols and other C; oxygen-
ates at higher temperatures.

In addition to activity and selectivity, we found that the CO con-
version increases with the temperature in accord with our experi-
mental observations (see Table 1). CO conversion is defined as the
ratio of the total consumed CO during the reaction against the ini-
tial CO concentration. As shown Fig. 12, the CO conversion dramat-
ically increases from 0.98% to 13.4% as the temperature increases
from 227 to 427 °C. This is consistent with our experiments that
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Fig. 12. The temperature dependence of CO conversion at P=2.0 MPa (Pco/
Py =1:2).

the rates for all the products increase with the increasing
temperature.

The overall kinetics is not controlled merely by the intrinsic rate
constants, but also by the surface coverage. The simulations allow
us to explicitly track the identity and specific transformations for
each surface species, as well as the average surface composition
of different intermediates as functions of time and processing con-
ditions. This information is subsequently used to establish the
influence of specific intermediates on the kinetics. We find that
CO and atomic H mostly cover the nanoparticle surface. The sur-
face coverage of other reaction intermediates is very low
(<0.05 ML). Herein, one monolayer (1 ML) is equivalent to one
adsorbate per surface atom. The average surface coverages for
atomic H and CO as a function of temperature are plotted in
Fig. 13. The H coverage is 0.156 ML at 227 °C. As the temperature
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Fig. 13. The temperature dependence of averaged CO and atomic H coverages at
P=2.0 MPa (Pco/Pyz = 1:2).

increases, the hydrogen atoms on the surface recombine to form
H,, which desorbs from the surface. At 427 °C, the hydrogen sur-
face coverage decreases to 0.106 ML. The surface coverage of CO
exhibits a similar trend. As the temperature increases from 227
to 427 °C, CO coverage decreases 0.381 to 0.334 ML. The availabil-
ity of hydrogen and CO on the catalyst surface affects both the
reaction rates and the selectivity of CO hydrogenation. We expect
that effective adjustment of the surface coverage can dramatically
influence the reaction progress and selectivities of products.

We also studied the effect of total reaction pressure on the CO
hydrogenation kinetics over the Rh/Mn/SiO, catalyst nanoparticle.
We found that the activity in term of TOFs is nearly the same under
different total reaction pressures from 1.0 to 5.0 MPa, if the gas
phase composition is the same (Pco/Py2 = 1:2). However, the selec-
tivity and conversion are changed with the total reaction pressure.
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For example, the CO conversion slightly decreases from 4.8% at
1.0 MPa to 4.1% at 5.0 MPa. It is important to note that in the pres-
ent study we are mainly interested in a qualitative comparison be-
tween experiment and theory and that even though increasing the
pressure will change the relative amounts of the product distribu-
tions it does not influence the essence of the chemistry occurring
on the surface. As shown in Fig. 14, the methane selectivity de-
creases from 62.5% to 39.9%, while the ethanol selectivity signifi-
cantly increases from 3.6% to 21.6% as the total pressure
increases from 1.0 to 5.0 MPa at 300°C. We also find that the acet-
aldehyde selectivity increases from 25.3% to 32.5% as the total
pressure increases. For methanol and acetic acid, the pressure ef-
fect is limited since the selectivity is relatively low, compared with
other products. The pressure effect on the selectivity is also consis-
tent with experimental observations [20]. This indicates that
increasing the total reaction pressure will improve the selectivity
of the desired product.

To further illustrate the Mn promoting effect on the ethanol
production from CO hydrogenation over Rh-based catalysts, we
compared the activities of CO hydrogenation on pure Rh and Rh/
Mn (with 30% Mn composition) nanoparticles. The total pressure
is 8 MPa with Pco/Py; = 1:2 in gas phase. The simulated tempera-
ture ranges from 290 to 330 °C. It is clearly shown in Fig. 15 that
both TOFs of methane and ethanol increase with the addition of
Mn. The calculated apparent activation energies are 43 and
36 kcal/mol for pure Rh and Rh/Mn nanoparticles. This indicates
that the addition of Mn into Rh slightly increases the activity for
ethanol production. Furthermore, we also found that the CO con-
version increases from 30% on pure Rh to 60% on Rh/Mn alloy at
300 °C. This is in qualitative agreement with previous experimen-
tal observations [11]. As a result, our kinetic modeling captures the
chemistry of CO hydrogenation to ethanol. The newly developed
kinetic Monte Carlo simulation model is useful to predict the reac-
tion kinetics for Rh-based catalysts with other promising promot-
ers in the future.

5. Trends in the promotion effects on Rh/M/SiO, catalysts

Given the aforementioned modeling results that can qualita-
tively reproduce the reaction kinetics, we now try to gain more in-
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Fig. 14. The pressure dependence of selectivities at 300 °C (Pco/Pu; = 1:2). (a) CH4 and CH3CHO; (b) C;Hs0H, CH30H, and CH5COOH.
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Fig. 15. The temperature dependence of TOFs at P = 8.0 MPa (Pco/Pi = 1:2). (a) Methane (b) ethanol.

sights into what this theoretical modeling can tell us about optimal
catalyst design. For this, we consider that our model suggests that
the role of the Mn promoters is to divert reactive flux from the
methanation channel by providing an alternate low energy path,
via inducing a lower barrier for CO insertion into CH (reaction
R8), to form C," oxygenates at the early stage of hydrogenation
of the adsorbed C. This aspect of the catalytic mechanism can be
optimized by finding alternate promoters that can even further re-
duce CO insertion barriers.

We first digress to understand the underlying reason why the
Mn promoter lowers the CO insertion barrier. At the outset of cat-
alyst design, choices must be made from a vast array of possible
elemental combinations using chemical intuition, theoretical pre-
dictions, and existing experimental observations. To this end, we
sought to determine if there is some general correlation in choos-
ing promoters with desired selectivity and productivity character-
istics so that other promoters could be identified that will likely
serve this same function. In this work, we hypothesize that the
selectivity and productivity of the Rh/M/SiO, catalyst can be corre-
lated to the electronegativity difference between Rh and the pro-
moter M: given by Ay = yrn — ¥m. This postulate is based on the
observation that Mn embedded in a Rh matrix has a small partial
positive charge, 6%, making it a mildly Lewis acidic site which in
turn favors low barriers for CO insertion reactions. To better under-
stand this correlation, we performed DFT calculations to assess the
influence of various promoters M (M =1Ir, Ga, V, Mn, Ti, Sc, Ca, and
Li) on the CO + CH — CHCO reaction. We assume that these pro-
moters are being reduced to the metallic state within Rh dominant
nanoparticles under the operating reaction conditions. We also
note that some of promoters studied in this work might be difficult
to reduce to the metallic state. This has been suggested by previous
experimental results that are generally referring to the bulk oxide
phases of those promoters. This is different from our model Rh/M
nanoclusters where Rh is the dominant species in the nanoclusters.
The surrounding Rh atoms could alleviate the difficulty of reduc-
tion for trace amounts of promoters (M) in the nanocluster. We be-
lieve it is possible that these promoters may be reduced and our
idealized model of the Rh/M nanoparticle reflects this assumption.
Fig. 16 shows the DFT calculated reaction barriers of
CO+CH —» CHCO on a (111) facet like surface over a 1.0 nm
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Fig. 16. DFT calculated activation barriers of CO+ CH — CHCO on the Rh/M
particles as a function of electronegativity differences (Ay = yrn — %M, Pauling’s
scale) between Rh and various promoters M (M =1Ir, Ga, V, Mn, Ti, Sc, Ca, and Li).

Rh4oM; catalyst nanoparticle as a function of electronegativity dif-
ferences. It is found that the activation barrier for CO insertion into
CH decreases with increasing Ay up to 0.7, then increases as Ay
continues to increase. Alloying Ti with Rh with Ay ~ 0.7 (using
Pauling’s electronegativity scale), which has the lowest barrier
for CO insertion, would be the best promoter candidate for increas-
ing the selectivity and productivity of ethanol and other C; oxy-
genates by diverting reactive flux from the methane formation
into the CO insertion pathways leading to the formation of C; oxy-
genates. As Ay approaches 0.7, the transition state of CO insertion
reaction is stabilized on the promoter site M®*, which acts as Lewis
acid site while the reactant CO becomes more stabilized on Rh®,
which acts as Lewis base site and forms a stronger Rh—-CO bond
when Ay exceeds 0.7.

In a recent review, Subramani and Gangwal [6] summarized the
effects of various promoters M on the selectivity and productivity
for ethanol production over Rh/M/SiO, catalysts. It is found that
the promoters such as Mn, Ti, and V exhibit higher catalytic selec-
tivity and productivity to ethanol production while the promoters
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such as Zn, Cr, and Ga are not good for ethanol production. Clearly,
our DFT calculations along with electronegativity differences show
the same trend that was found through numerous experimental
studies. Ti (Ayx =0.7) and V (Ay =0.65) promoters yield the best
selectivity and productivity. We also note that this general correla-
tion also is consistent with our own experiments on ternary sys-
tems (Ay = 0.6-0.9) as well as the recent work of Goodwin et al.
who found that the Rh-V-La combination on a silica support
showed higher selectivity and activity to ethanol than to methana-
tion [80]. Bearing this in mind, we suggest that the electronegativ-
ity difference between the base metal (Rh) and the promoter M
may be used as kind of general criterion in choosing the optimum
promoter candidate for ethanol synthesis from CO hydrogenation
over the supported Rh/M catalysts.

6. Conclusions

In this work, we combined experimental measurements with
first-principles-based kinetic modeling to investigate the reaction
kinetics of ethanol synthesis from CO hydrogenation over silica
supported Rh/Mn alloy catalysts. We proposed an alloy nanoparti-
cle model wherein the promoter atom Mn exXists in a binary alloy
with Rh. This alloy model is supported by our XPS, TEM, and XRD
characterization of the practical Rh/Mn/SiO, catalysts used in the
experiments. On the basis of DFT calculated reaction energies of
the Rh/MnO, nanoparticles under in situ catalytic reducing condi-
tions, a thermodynamic analysis of equilibrium constants suggest
that the stability of the binary Rh/Mn alloy particle is preferred
to a mixed Rh-MnO, system. We found that the alloying of Mn into
Rh metal particle plays a critical role in the improvement of the
activity and selectivity toward ethanol and other C; oxygenates.
Our quantum chemical analysis of methane formation, along with
three CO insertion steps forming COCH, species on the pure Rh and
two Rh/Mn alloy nanoparticles indicates that methane formation is
inevitable on the supported Rh/Mn catalysts because of low activa-
tion barriers for methanation. Doping Mn into Rh will not dramat-
ically change the activation energy barriers to methane formation
but will lower the barrier of CO insertion into CH although the acti-
vation barriers of CO insertion into CH, and CHs are still very high.
Our KMC simulation results are in qualitative agreement with our
experiments and previously reported data, indicating that the KMC
simulation model developed in this work can capture the essential
chemical and kinetic features of ethanol synthesis over the sup-
ported Rh/Mn catalysts. An optimum reaction temperature of
280 °C is found in the simulation where the highest ethanol selec-
tivity (12%) is reached. Simulation results also show that methane
production will decrease, as the reaction temperature is higher
than 375 °C. With increasing the total reaction pressure, the etha-
nol selectivity increases while the methane selectivity decreases.
This suggests that CO hydrogenation to ethanol on the Rh/Mn/
SiO, catalyst is preferred under high-pressure condition. CO con-
version also increases with the temperature but decreases with
the total reaction pressure. The effects of various promoters (M)
in Rh-based catalysts for ethanol synthesis from CO hydrogenation
are further investigated using the proposed Rh/M alloy cluster
model. We calculated the reaction barriers of CO+ CH forming
CHCO on Rh/M nanoparticles. The lower CO insertion barriers that
correspond to the Rh/M catalysts with the electronegativity differ-
ence (Ay ~0.7) between Rh and the promoter have been found.
Most importantly, this is coinciding with previous experimental
observations that the promoters with Ay ~ 0.7 deliver the higher
ethanol selectivity and productivity for the Rh/M/SiO, catalysts.
We believe this general trend may set sort of criteria on improving
current Rh-based catalysts for higher ethanol production.
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