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Introduction

Ethanol is one potential alternative synthetic fuel for use in au-
tomobiles, and the use of ethanol as a gasoline additive is al-
ready in practice both in the U.S. and internationally. Renewa-
ble ethanol can also serve as a feedstock for the synthesis of
variety of industrial chemicals and polymers.[1] However, tradi-
tional fermentation routes to alcohols are often slow and inef-
ficient. In addition, using crops for fuel-grade alcohol produc-
tion is controversial because there are doubts about its overall
energy efficiency and its effect on food prices.[2]

Several previous studies have revealed that ethanol can be
produced from syngas hydrogenation over various kinds of
supported metal catalysts, such as Co,[3, 4] Cu,[5] and Pd.[6] How-

ever, among late d-band transition metals, rhodium has been
shown to be the best metal for selective conversion of syngas
to oxygenated products like alcohols.[7–9] It appears that rhodi-
um’s unique activity for oxygenate products likely stems from
the intermediate position of its d-electron relative to metals
that do not dissociate CO (Ir, Pd, Pt) and thus favor methanol
production and those that easily dissociate CO under reaction
conditions (Co, Fe) and, therefore, favor production of higher
hydrocarbons.[10–12] However, the majority of CO hydrogenation
studies using unpromoted Rh have observed a strong selectivi-
ty for methane with minimal selectivity to oxygenates.[13, 14] It is
now well established that the addition of promoters as addi-
tives will greatly improve the catalytic performance of Rh cata-
lysts resulting in moderate selectivities for specific oxygenates
such as ethanol.[15–17] In this work, we focus on one such pro-
moter, Mn, to examine if a better, more intimate promoter–
metal interaction can increase the rate of reaction and the se-
lectivity for higher alcohol production.

Among the most common methods in producing the pro-
moted catalyst is impregnation of the promoter, which can be
classified as dry (incipient wetness) or wet impregnation. In in-
cipient wetness impregnation (IWI), a sufficient amount of
metal solution is added to just fill the pore volume of the cata-
lyst support or supported catalyst. However, this often results
in poor to moderate interaction between active metal and pro-
moter because the promoter will be randomly distributed
across the surface of the support. Therefore, a key design ob-
jective is to increase the promoter–metal interaction to maxi-

Using supported rhodium-based catalysts to produce alcohols
from syngas provides an alternative route to conventional fer-
mentation methods. If left unpromoted, Rh catalysts have
a strong selectivity towards methane. However, promotion
with early transition metal elements has been shown to be ef-
fective to increase alcohol selectivity. Therefore, a key design
objective is to increase the promoter–metal interaction to max-
imize their effectiveness. This can be achieved by the use of
the strong electrostatic adsorption (SEA) method, which uti-
lizes pH control to steer the promoter precursor (in this case
MnO4

�) onto Rh oxide supported on SiO2. Mn-promoted cata-
lysts were synthesized by both SEA and traditional incipient
wetness impregnation (IWI) and subsequently characterized by

STEM and extended X-ray absorption fine structure methods.
Using STEM–electron energy loss spectroscopy mapping, cata-
lysts prepared by SEA were shown to have a higher degree of
interaction between the promoter and the active metal. The
reduction behavior of the catalysts obtained by X-ray absorp-
tion near-edge spectroscopy and temperature-programmed re-
duction demonstrated a minimal change in Rh if promoted by
SEA. However, catalytic results for CO hydrogenation revealed
that a significant improvement of ethanol selectivity is ach-
ieved if the promoter was prepared by SEA in comparison with
the promoter prepared by IWI. These results suggest that inti-
mate interaction between the promoter and the metal is a criti-
cal factor for improving selectivity to higher alcohols.
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mize its effectiveness. One possibility for potential improve-
ment of the promoter–metal interaction is the use of the
strong electrostatic adsorption (SEA) method, which has been
refined by Regalbuto et al.[18, 19] following Schwarz’s original
proposal about the electrostatic interactions between a metal
ion and a charged support.[20, 21] The method of synthesis relies
upon the naturally occurring hydroxyl groups (�OH) on the
oxide surfaces that can become protonated or deprotonated
when the contacting solution is acidic or basic, respectively.
The density of the charged hydroxyl groups on the oxide at
a given pH depends on its point of zero charge (PZC, the pH
at which the hydroxyl groups remain neutrally charged). Metal
oxides with a basic PZC (such as Al2O3, its PZC is �8.5) will
have greater density of protonated hydroxyl groups (�OH2

+)
in acid environment (solution) and will adsorb anionic complex
or metal precursor and vice versa. This can be expanded to
preferential adsorption of a promoter on the metal oxide of
the active metal at a pH at which it will not adsorb substantial-
ly on the support. In this study, MnO4

� is selectively adsorbed
on Rh2O3, which has a high PZC (�8.75) under acidic pH in
the presence of the SiO2 support, which has a low PZC (�4). A
schematic of the process is depicted in Figure 1.

In the subsequent characterization, STEM and electron
energy loss spectroscopy (EELS) were employed to observe the
degree of metal–promoter interaction. In addition, X-ray ab-
sorption near-edge spectroscopy (XANES) and extended X-ray
absorption fine structure (EXAFS) methods were used to inves-
tigate the information on the oxidation state and local geome-
try around the atom. Temperature-programmed reduction
(TPR) was also used to study the reduction behavior of the
promoted catalysts. Finally, the catalysts were tested in a plug
flow reactor to determine the catalytic performance, that is,
the rate and product selectivity. The results demonstrate
higher ethanol selectivity with increasing metal–promoter
interactions.

Results and Discussion

Permanganate adsorption

The permanganate adsorption results are shown in Figure 2.
The data reveal that the amount of permanganate adsorbed

onto SiO2 support was negligible in the uptake survey pH
range. In comparison, if rhodium oxide (Rh2O3) was present on
silica support, a considerable amount of Mn was absorbed on
to the catalysts at acidic pH. This experimental observation is
consistent with the previous results of Feltes et al. ,[22] who ob-
served Mn uptake on TiO2-supported Co catalysts using the
same strategy of preferential adsorption (the PZC of TiO2 is 3.7,
the PZC of Co3O4 is 8). Specifically, at an initial pH of 1 the
maximum Mn uptake on 3 %Rh/SiO2 is about 3 mmol L�1

(�4.5 wt %), and 1 wt % (0.67 mmol L�1) Mn uptake occurred if
the initial pH was shifted to 2.3. Moreover, at extremely low
pH, both the pre- and post-concentrations of permanganate
solution decreased dramatically after a certain time and the
concentration difference in between the pre- and post-solu-
tions was almost zero. This observation implies that redox re-
actions occurred at extremely low pH (below pH 0.5), the spe-
ciation of KMnO4 occurs in an acidic solution through the fol-
lowing pathways [Eqs. (1) and (2)]:

MnO4
� þ 8 Hþ þ 5 Cl� ! Mn2þ þ 2:5 Cl2 þ 4 H2O ð1Þ

MnO4
� þ 4 Hþ þ 3 Cl� ! MnO2 þ 1:5 Cl2 þ 2 H2O ð2Þ

If the initial pH dropped below 0.5, precipitation of a brown
solid (MnO2) was observed and therefore catalyst synthesis at
these conditions was avoided.

In comparison with Mn promotion of Co/TiO2 Fischer–
Tropsch catalysts,[22] there were similar trends for Mn adsorp-
tion onto the catalysts: there was almost no Mn uptake onto
pure titania support, but if Co oxide was present in the cata-
lyst, significant uptake was observed between pH 0.5 and 2.5.
The Mn uptake reached a maximum at a pH of approximately

Figure 1. Schematic of the selective adsorption of Mn promoters onto sup-
ported rhodium catalysts in acidic solution.

Figure 2. Permanganate adsorption survey on pure SiO2 support (*) and
SiO2-supported Rh2O3 (&).
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1, just as we observed in the MnRh/SiO2 system presented
here.

Characterization of Mn-promoted Rh-based alcohol synthe-
sis catalysts

Ertl and Freund[23] proposed a maximum in the CO dissociation
rate was reached in particles of approximately 3–4 nm, parti-
cles smaller or larger would lead to lower dissociation rate. As
the synthesis of larger hydrocarbons (i.e. , CxHyOz ; x>1) in the
CO hydrogenation reaction requires an initial CO dissociation
before catalysis can proceed, it is implied that this same parti-
cle size should maximize the reaction rate. Previously, Hanaoka
et al.[24] have studied the effect of Rh particle size on CO hydro-
genation products over Rh/SiO2 catalyst. The authors found
that as the Rh particle size increased, the overall products (oxy-
genates, hydrocarbons, etc.) from dissociated CO increased,
but the portion of C2 oxygenates decreased. A good balance in
between these two functions can be achieved in a particle size
range of approximately 3 nm. Therefore, we aimed at a particle
size of approximately 3 nm in this study.

The dark-field STEM imaging of Mn-promoted Rh catalysts
on SiO2 are shown in Figure 3. The Rh particles exhibited small

particle sizes (high dispersion). The particle size distribution
analysis is shown in Figure 4 with an average particle size of
the catalyst promoted by SEA of 2.8�0.5 nm.

In addition to STEM imaging, EXAFS was used to confirm
the average particle size. The magnitude of the Fourier trans-
form of the EXAFS spectra of the Rh catalysts are
plotted in Figure 5 along with that of a Rh foil as
a reference. All three samples have a large central
peak at approximately 2.5 � with a smaller shoulder
at approximately 1.8 � indicating that the particles
are metallic. In Table 1, we summarize the average
particle sizes obtained by EXAFS and STEM for our
promoted and unpromoted catalysts. The similarity
of the EXAFS data indicated that the average Rh par-
ticle size of the three catalysts is very close and the
estimated size from the coordination number is ap-
proximately 2–3 nm, consistent with the STEM parti-
cle size and close to the optimal size reported in
Ref. [23] . The Rh catalysts promoted by the SEA

Figure 3. Dark-field STEM imaging of 1 %MnSEA3%Rh/SiO2 catalyst.

Figure 4. Particle size distribution of 1 %MnSEA3%Rh/SiO2 catalyst, note that
the particle sizes distribution chart here was made by analyzing many dark
field images similar to the image shown above.

Figure 5. Magnitude of the Fourier transform of the EXAFS (k2 = 2.5–
12.5 ��1) of Rh species present in the 3 wt %Rh/SiO2 series of catalysts plot-
ted with appropriate standards. c : Rh foil, c : 3 %Rh/SiO2,
c : 1 %MnSEA3%Rh/SiO2, c : 1 %MnIWI3%Rh/SiO2.

Table 1. Particle size distribution of catalysts obtained by EXAFS and STEM.

Catalyst Coordination Bond length[a] s2[b] Particle size
number[a] [�] EXAFS [nm] STEM [nm]

1 %MnSEA

3 %Rh/SiO2

7.6 2.68 0.001 2.8�0.3 2.8�0.5

1 %MnIWI

3 %Rh/SiO2

6.5 2.67 0.001 1.9�0.2 2.0�0.4

3 %Rh/SiO2 8.2 2.69 0.001 3.2�0.3 2.7�0.5

[a] Value obtained from EXAFS data fitting; [b] Disorder in the neighbor distance in
EXAFS data fitting.
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method are slightly larger than those promoted by the IWI
method from both the EXAFS and STEM results even though
the Rh particles were the same size prior to promotion. The
unpromoted Rh catalyst has an average size determined by
EXAFS of 3.2�0.3 nm, which is almost the same as the aver-
age size for the catalyst promoted by the SEA method
(�2.8 nm), but bigger than the one promoted using the IWI
method (�1.9 nm). The reason for this is likely owing to the
fact that the solution environments were different during pro-
moter preparation (SEA was performed in acidic solution and
IWI in deionized water) and therefore some redistribution of
the metal may occur leading to different particle sizes. In sum-
mary, the particle sizes we obtained from EXAFS data, which
represent the bulk average, are in agreement with the sizes we
observed from the STEM data, which show the particle size dis-
tribution on a local scale.

EELS mapping has previously been used to analyze the dis-
tribution of the promoter phase on the catalyst surface.[25] In
Figure 6, we show the EELS mapping of Mn-promoted Rh/SiO2

catalysts (by SEA and IWI), the Mn K-edge energy loss signal is
used to locate the Mn composition, O K-edge energy loss
signal is used to locate the support position, and the mass
contrast imaging was used for Rh signals, because the Rh K-
edge signal is not sufficient for EELS spectrum image analysis.
As seen in Figure 6 (a) for IWI samples, the promoter is not
strongly associated with the metallic Rh particle, which is not
surprising because through the IWI preparation method the
Mn promoter was deposited randomly onto the catalyst with-
out any special attraction with the Rh metal. On the other
hand, the EELS mapping of our SEA-promoted catalyst (Fig-
ure 6 b) exhibited a greater degree of promoter–active metal
interaction, which is consistent with our initially proposed
schematics (Figure 1) in catalyst preparation by the SEA
method to achieve the selective Mn adsorption onto the Rh

metal. In other words, this result suggests the creation of inti-
mate interactions between Rh and Mn, which is believed to be
the active sites for alcohol synthesis reaction, if we selectively
directed the Mn promoter onto the supported Rh catalysts.

XANES measurements after in situ reduction at 210 8C reveal
spectra (Figure 7) characteristic of metallic Rh for all the cata-
lysts. Rh foil and rhodium oxide were used as standard referen-

ces. Therefore, we can conclude that no matter how we add
the promoters to the Rh catalysts, the Rh oxide present in the
unreduced catalyst is reduced to metallic Rh after reduction.
However, as shown by TPR, the reduction behavior of IWI- and
SEA-promoted catalysts are different.

The TPR results for these catalysts are plotted in Figure 8. At
first glance, the major reduction for unpromoted Rh/SiO2 was
observed at around 50 8C, which corresponds to the reduction
from Rh2O3 to metallic Rh. The low reduction temperature of
rhodium oxide is consistent with that reported elsewhere.[26]

For both the Mn-promoted Rh catalysts (those prepared by
both IWI and SEA methods), Rh is completely reduced at low
temperature, although the IWI-prepared catalyst has a slightly

Figure 6. EELS elemental mapping of a) 1 %MnIWI3%Rh/SiO2 catalyst exhibit-
ing intimate promoter–active metal interactions and b) 1 %MnSEA3%Rh/SiO2

catalyst. &: Mn, &: Rh, &: silica.

Figure 7. XANES spectrum of Rh K-edge of 1 wt % Mn promoted 3 wt % Rh/
SiO2 catalysts plotted with appropriate standards: Rh2O3 reference (a),
1 %MnSEA3%Rh/SiO2 catalyst (c), 1 %MnIWI3%Rh/SiO2 catalyst (c), 3 %Rh/
SiO2 catalyst (c), and Rh foil reference (c).

Figure 8. TPR results of the 3 %Rh/SiO2 catalyst (c), 1 %MnSEA3%Rh/SiO2

catalyst (c), and 1 %MnIWI3%Rh/SiO2 catalyst (c).
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higher reduction temperature than the SEA-prepared catalyst.
The TPR spectrum for the SEA prepared catalyst also exhibits
a minor peak at approximately 200 8C. This small peak at
200 8C likely stems from the reduction of manganese oxide
from a higher oxidation state (MnO2) to a lower oxidation state
(most likely MnO, as Mn2O3 is very unstable). Reduction to met-
allic Mn requires a reduction temperature above 1000 8C,[27] so
the formation of metallic Mn (which could alloy with Rh) is
highly improbable and the Rh EXAFS spectra (Figure 5) do not
indicate the presence of the bimetallic RhMn nanoparticles
either. In the case of the promoted catalyst prepared by use of
IWI to deposit Mn, we see the major reduction temperature
shift to a higher temperature (�100 8C), and the H2 consump-
tion decreased. This observation indicates that the way Mn in-
teracted with Rh by IWI method makes it more difficult for Rh
to be fully reduced. In other words, depositing promoters by
SEA appears to have resulted in a higher degree of dispersion
of the Mn species.

Alcohol synthesis reactivity results

The catalytic data is summarized in Table 2. Consistent with
previous reactivity results, the unpromoted Rh/SiO2 catalyst
does not produce any oxygenates (including ethanol). The se-
lectivity to higher hydrocarbons (the reaction produced �30 %
methane and �70 % light hydrocarbons) was higher than that
typically reported by Burch and Petch.[9] For example, they
tested a 2 %wt Rh supported on silica catalyst for CO hydroge-
nation at 20 bar, 270 8C and a 1:1 syngas ratio, and obtained
a methane selectivity of 48 %, a light hydrocarbon selectivity of
approximately 22 %, and the remaining 30 % share of the prod-
ucts contained primarily acid and acetaldehyde (which we did
not observe in the products). The reaction pressure and tem-
perature were almost identical to those in our system, but
their H2/CO ratio of 1:1 decreased the amount of H2 available
and increased the CO partial pressure, which could shift the
product distribution. In recent work by Haider et al.[28] a 2 wt %
Rh catalyst supported on silica tested for CO hydrogenation at
20 bar, 300 8C, and a 1:1 syngas ratio, gave a 51 % selectivity
towards methane, and a light-hydrocarbon selectivity of ap-
proximately 47 % with no other products reported. In general,
our result is consistent in product distribution with that by
Haider et al. (only methane and light hydrocarbon were
detected).

Both promoted catalysts produced ethanol as well as acetal-
dehyde, methane, C3 + light hydrocarbons, acids, and C3+ oxy-
genates. The SEA-promoted catalysts exhibited significantly
higher (�3–4 times) ethanol selectivity than the IWI-promoted
catalyst at each CO conversion (this trend is also presented in
Figure 9). Moreover, at high CO conversion (>25 %) both the
SEA and IWI promoted catalysts began to produce other prod-
ucts such as propanol, ethane, propylene, and CO2, which are
not reported in Table 2. For example, at 40 % CO conversion,
the total production of these miscellaneous products summed
to 5 % for the SEA-prepared catalyst whereas these products
amounted to 25 % of the total products for the IWI-prepared
catalyst.

The improvement in selectivity for the SEA-promoted cata-
lyst over the IWI-promoted catalyst suggests that more inti-
mate interaction of the Mn promoter with Rh increases the
higher-alcohol selectivity. This is consistent with the previous
proposal that the active sites for the CO hydrogenation to

Table 2. Conversion of syngas over promoted and unpromoted Rh cata-
lysts supported on silica.

Catalyst CO conv.
[%][a]

TOF
[s�1][b]

E[a,c]

[%]
A[a,d]

[%]
M[a,e]

[%]
L[a,f]

[%]
O[a,g]

[%]

3 %RhSiO2 4.3 1.6 – – 30 70 –

1 %MnSEA

3 %RhSiO2

6.8 41.2 19.1 15.2 41.0 4.8 20.0
8.3 39.0 18.0 12.5 40.3 5.8 23.6

11.0 43.4 18.0 10.0 44.1 6.6 21.9
13.2 36.9 20.4 8.7 37.0 6.4 27.6
18.2 41.2 17.8 7.1 42.5 6.0 26.6
24.5 41.2 17.8 5.0 47.3 6.8 23.0
36.4 41.2 14.6 3.3 52.3 1.8 25.0
45.0 36.9 14.3 3.9 50.2 1.6 18.1

1 %MnIWI

3 %RhSiO2

7.5 29.2 4.8 8.4 17.5 51.2 18.1
8.8 27.8 5.3 8.4 19.9 49.2 17.3

10.8 27.8 4.5 7.5 20.6 50.6 16.9
14.5 27.8 5.8 7.6 23.6 46.5 16.6
19.0 29.2 6.0 7.6 23.2 46.9 16.4
27.0 30.1 5.6 3.6 16.7 28.9 33.0
42.0 32.1 5.0 2.5 20.5 18.8 28.5

[a] The CO conversions were calculated by using nitrogen gas as the in-
ternal standard, and the equation:

CO Conversion [%] = (MCO feed�MN2 feed/MN2 product MCOproduct)/MCOfeed 100 %
in which Mi is the mole percent of component i. The selectivity to prod-
uct i is based on the total number of carbon atoms among the total
products and is defined as:

Selectivityi [%] = (ni Mi)/(Sni Mi) 100 %
in which ni is the number of carbon atoms and Mi is the mole percent of
product i detected downstream. [b] The TOF is calculated as the active
sites per second of 1 g Rh, the Rh particles were assumed semispherical
shape with the radius obtained from EXAFS size, the Rh atoms were as-
sumed closed-packed cluster (diamond) with distance obtained from
EXAFS bond lengths. [c] Selectivity for ethanol; [d] Selectivity for acetalde-
hyde; [e] Selectivity for methane; [f] Selectivity for light hydrocarbons C3+

; [g] Selectivity for acetic acids and C3 + oxygenates.

Figure 9. Ethanol selectivities at various CO conversion points for the
1 %MnSEA3%Rh/SiO2 catalyst (*) and 1 %MnIWI3%Rh/SiO2 catalyst (&).
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higher alcohols reaction are located at the interface of the
active metal and the promoter.[15] In our catalysts synthesis,
such an intimate promoter–active-metal interactions have
been created by the SEA method so that there should be
many more active sites available than for the catalysts pre-
pared by the IWI method. The SEA catalyst also has a higher
TOF than the IWI catalyst, which further indicates that stronger
promoter–active-metal interactions improve the reaction rate
for CO hydrogenation. From Table 2, it is observed that at
lower conversion range (<10 %) higher concentrations of acet-
aldehyde are produced, which suggests that the acetaldehyde
has not been fully hydrogenated to ethanol, and acetaldehyde
is likely an intermediate product. If we take the ratio of etha-
nol/acetaldehyde for the two promoted catalyst at various CO
conversion, there is always a higher ethanol/acetaldehyde ratio
observed for the SEA-promoted catalysts suggesting Mn pro-
motes the hydrogenation rate to give more ethanol. However,
the SEA-promoted samples also produced approximately 20 %
more methane, which is the primary unwanted byproduct for
this reaction; and the IWI-promoted samples, on the other
hand, produced higher amounts of C3 + light hydrocarbons
(�40 % more). The IWI-promoted catalyst prevented the com-
plete hydrogenation of the dissociated CO to form large quan-
tities of methane just like SEA-promoted catalyst did during
the reaction process, but instead allowed more carbon inser-
tion to form C3+ light hydrocarbons. In addition, both kinds of
the promoted catalysts produced noticeable amount (�15–
30 %) of acids and some higher oxygenates (primarily acetic
acid). In the work by Hu et al.[16] on CO hydrogenation reaction
by using a Mn-promoted Rh catalyst supported on silica, at
39 % CO conversion their primary products were ethanol
(�54 % selectivity) and methane (�40 % selectivity). In addi-
tion, they produced trace amounts of CO2, methanol, and C3 +

light hydrocarbons but did not quantify the formation of indi-
vidual products such as ethane, and propane. The temperature
in their reaction is similar (280 8C) to that used in the current
study, but Hu et al used a much higher pressure at 5.4 MPa
(54 bar). In comparison, at a CO conversion of 45 %, our major
products from the SEA-promoted catalyst looked very similar
to the products distribution from Hu et al. with major products
as ethanol (14 %) and methane (50 %) and trace amounts of
CO2, propanol, and C3+ light hydrocarbons. The SEA-promoted
catalyst also produced significant amounts of acetic acid and
C3 + oxygenates (25 %), which were not seen in Hu et al.’s
work. The higher alcohol production is likely a result of the
much higher pressure used in their work and which likely
leads to higher CO coverage on the catalytic surface. However,
the authors did not report their reaction products at low CO
conversion. In contrast, Hanaoka et al.[24] studied the CO hydro-
genation (260 8C, 20 bar, and 1:1 CO/H2 syngas ratio) by using
Mn-promoted Rh/SiO2 (1:1 Mn/Rh molar ratio, 1 wt % Rh) cata-
lyst at low CO conversion (0.5 %) with product distribution ap-
proximately 13 % selectivity towards ethanol, approximately
43 % to methane, approximately 9 % to methanol, approxi-
mately 23 % to acetic acid, and approximately 36 % to C2 oxy-
genates. Comparing these results to our results at low CO con-
version, our SEA catalyst gave higher selectivity to ethanol pro-

duction, and produced approximately the same amount of
methane and acetic acid. Unlike Hanaoka et al. we did not ob-
serve any methanol formation but instead formation of notice-
able amounts of light hydrocarbons (5 %) and acetaldehyde
(15 %). Most recently, Huang et al.[29] found that very high se-
lectivity to C2 + oxygenates with a maximum of 74.5 % at
270 8C and 30 bar total pressure (1:2 CO/H2) ratio could be ach-
ieved for Mn-promoted Rh nanoparticles encapsulated in
a mesoporous silica nanoparticle framework (1.6 wt % Rh,
0.8 wt % Mn). Similar to our SEA-promoted catalyst, the pri-
mary C2 + products were acetaldehyde and ethanol and neither
methanol nor CO2 was observed. The selectivity to methane re-
ported by Huang et al. is lower than that presented here (only
25 % as opposed to �40 % at 10 % conversion), but this may
be a result of the higher pressure used by Huang et al. , be-
cause this is also known to improve oxygenate selectivity and
reduce methane production.[13, 30, 31] Although the synthesis
strategy is different, Huang et al. note that the improved selec-
tivity is tied to an intimate relationship between the Rh nano-
particles and Mn promoter.

Conclusions

Herein, Mn was selectively deposited by strong electrostatic
adsorption (SEA) onto Rh oxide, which upon reduction created
an intimate promoter–active-metal interaction in the catalyst.
By means of various characterization methods and CO hydro-
genation reaction tests, the method of promoter addition was
shown to be critical to the catalyst performance, because Mn-
promoted Rh catalysts using the SEA method to add the Mn
promoter were vastly more ethanol-selective than those using
incipient wetness impregnation (IWI) to add Mn. Therefore,
one can conclude that it is critical for targeted alcohol produc-
tion to create a strong interaction between the active metal
and promoter. Higher alcohol synthesis catalysts can be pre-
pared by controlling the charging parameters of the active
metal and support to selectively direct the promoter onto the
active metal to achieve this intimate interaction. Furthermore,
the selective adsorption method can be applied on other sup-
ports (TiO2, Al2O3, etc.) and other promoters (V, La, etc.) to ach-
ieve the ideal metal–promoter interactions. For example, one
can utilize the point-of-zero-charge difference between TiO2

(�5) and Rh2O3 (8.75) to direct any anionic precursor onto the
Rh metal and enhance the metal–promoter interaction. Thus,
significant potential exists for improvement of catalyst
selectivity.

Experimental Section

Adsorption experiments

The supported Rh2O3 on SiO2 (Aerosil 300, BET surface area =
330 m2 g�1, pore volume = 2.7 mL g�1, the BET data was measured
on a Micromeritics ASAP 2020 at liquid nitrogen temperature by N2

adsorption) was synthesized through IWI method by using rhodi-
um nitrate, Rh(NO3)3 (Sigma–Aldrich, 10 % Rh in >5 wt % HNO3).
The precursor was dissolved in deionized water and then added
dropwise to impregnate the support. The weight loading of Rh
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was controlled as 3 wt %. The catalyst was dried in air at RT for
24 h followed by calcination at 500 8C for 4 h (5 8C min�1 ramp) to
convert the rhodium nitrate into rhodium oxide, Rh2O3. The PZC of
SiO2 was determined by measuring the equilibrium pH at a high-
oxide surface loading (10 000 m2 L�1) after SiO2 has been in contact
with solutions of varying initial pH, the resulting PZC of SiO2 was 4.
Owing to the expense of pure Rh2O3, the PZC and [MnO4]� uptake
experiments had to be modified. The PZC of Rh2O3 was deter-
mined by single-point analysis from 1 g Rh2O3·5 H2O (99.99 %, Alfa
Aesar) that was calcined at 350 8C for 4 h followed by copious
washing in 0.01 m HNO3 and deionized water to remove any im-
purities. The resulting PZC = 8.75 was measured using an Accumet
spear-tip electrode at the point of incipient wetness with deionized
water (pHi = 6.0).

Equilibrium adsorption experiments of the promoter were per-
formed at a surface loading of 1000 m2 L�1 in excess liquid to pre-
vent large shifts in the solution pH caused by the oxide buffering
effect.[32] The pH-adjusted solutions of KMnO4 were contacted with
SiO2, and Rh2O3/SiO2, and shaken for 1 h on a shaking bed, after
which approximately 8 mL of filtered solution were analyzed for
Mn concentration by using a PerkinElmer Inductively Coupled
Plasma–Optical Emission Spectrometer (ICP–OES). Mn uptake was
determined as the difference in concentration between the pre-
and post-contacted solutions (in both adsorption experiments, the
surface loading was controlled as 1000 m2 L�1, and a 200 mg L�1

Mn, permanganate solution was used). After the determination of
the optimal uptake pH, the 3 %Rh2O3/SiO2 catalyst was loaded with
1 wt % of Mn according to the adsorption experiments described
above by using solutions with various pH and KMnO4 as metal pre-
cursor. After filtration, the catalyst was dried overnight in the air at
RT and then calcined at 350 8C for 4 h. For the purpose of compari-
son, 1 wt % Mn using Mn(NO3)2 as the precursor was also put onto
the 3 %Rh/SiO2 catalyst by the IWI method.

Characterization

Scanning transmission electron microscopy (STEM) imaging was
performed by using an aberration-corrected, cold-field emission
gun microscope, JEOL JEM-ARM200CF, equipped with a post-
column electron energy loss (EEL) spectrometer, and operated at
200 keV primary energy. For high-angle annular dark-field imaging
(HAADF), a spatial resolution of more than 70 pm can be achieved,
whereas the energy of 350 meV is possible for EEL spectroscopy.
Herein, we used HAADF imaging to determine the particle size dis-
tribution. The chemical composition of the catalyst particles was
determined by using EELS spectrum imaging combined with mass
contrast signals.

Transmission X-ray absorption spectroscopy (XAS) of the Rh K-
edge of the in situ reduced Rh/SiO2 series catalysts were measured
at Argonne national Laboratory’s (Argonne, IL) Advanced Photon
Source (APS) on the Materials Research Collaborative Access
Team’s (MRCAT) bending magnet beamline in sector 10-BM. Cata-
lysts samples were pressed into an in situ cell and reduced at
210 8C in H2. After cooling to RT, the sample chamber was filled
with He prior to measurements. The data fitting was done with the
software WinXAS 97, version 3.0. A Rh foil was used as a reference
for both XANES and EXAFS fitting (NRh�Rh = 12, R = 2.69 �).

Temperature-programmed reduction (TPR) experiments were per-
formed on a Micromeritics Autochem 2920 using a thermal con-
ductivity detector (TCD) detector. After baseline stabilization, the
reduction was performed in a 10 % H2/Ar flow at a heating ramp of
10 8C min�1.

CO hydrogenation reaction

Alcohol synthesis reactions of the SiO2-supported Rh catalysts were
investigated under isothermal plug flow conditions achieve by di-
luting the catalyst (0.15 g) with SiC (0.3 g, 70 mesh) in a half-inch
diameter stainless steel reactor. Catalysts were reduced prior to re-
action for 1 h at 300 8C in H2 (�15 % H2 balanced in Ar). Reactions
were performed at 20 bar, 285 8C and a syngas flow ranging from
15 mL min�1 to 110 mL min�1 to compare the catalytic performance
of all the catalysts at different CO conversions. The syngas feed
had a composition of 32 % CO, 64 % H2 (a 1:2 CO/H2 ratio) and 4 %
N2 as an internal standard. The catalyst bed temperature was moni-
tored by a thermocouple inserted within the catalyst bed. The re-
action results reported here were generally obtained after 6 h reac-
tion on-stream. A HP 6890 gas chromatograph equipped with one
flame ionization detector (FID) and a TCD was integrated down-
stream of the reactor to analyze the reaction products. A 30 m by
0.32 mm ID HP-Wax bonded polyethylene glycol capillary column
(made by Restek) was used for analysis of the organic products
(i.e. , ethanol, acetaldehyde, propanol, acetic acid, etc.) through FID.
Light inorganic gases (H2, CO, CO2, N2, etc.) and methane as well as
light hydrocarbons were separated on packed columns and quanti-
fied with TCD.

Acknowledgements

J.J.L. , R.J.M. and R.F.K. thank the National Science Foundation for
financial support through Grant CBET-1067020. Funding for J.T.M.
and C.L.M. was provided as part of the Institute for Atom-efficient
Chemical Transformations (IACT), an Energy Frontier Research
Center funded by the US Department of Energy. Use of the Ad-
vanced Photon Source is supported by the U.S. Department of
Energy, Office of Science, and Office of Basic Energy Sciences,
under Contract DE-AC02-06CH11357. MRCAT operations are sup-
ported by the Department of Energy and the MRCAT member in-
stitutions. We also thank Dr. Haojuan Wei, Dr. Michael Schwartz,
Dr. Richard Pauls, Dr. Neil Schweitzer and Dr. Robert McCoy at
Argonne National Lab for their help and advice while construct-
ing the high pressure CO hydrogenation reactor. Support from
the UIC Research Resources Center is acknowledged. The UIC
JEOL JEM-ARM 200CF was supported by an MRI-R2 grant from
the National Science Foundation (Grant No. DMR-0959470). We
would also like to thank Dr. Theresa Feltes and Shrikant Shah for
initiating the synthesis work. We would also like to thank Prof.
Robert Davis at the University of Virginia for useful discussions
and Heng Shou for testing our initial catalysts.

Keywords: alcohols · hydrogenation · manganese · rhodium ·
scanning probe microscopy

[1] B. O. Palsson, S. Faith-Afshar, D. F. Rudd, E. N. Lightfoot, Science 1981,
213, 513 – 517.

[2] W. M. Schulz, B. E. Dale, D. Pimentel, Chem. Eng. News 2007, 85, 12 – 16.
[3] X. Q. Qiu, N. Tsubaki, K. Fujimoto, Q. M. Zhu, Fuel Process. Technol. 2004,

85, 1193 – 1200.
[4] T. Matsuzaki, K. Takeuchi, T. Hanaoka, H. Arawaka, Y. Sugi, Appl. Catal. A

1993, 105, 159 – 184.
[5] L. Majocchi, L. Lietti, P. Beretta, E. Micheli, L. Tagliabue, Appl. Catal. A

1998, 166, 393 – 405.
[6] D. P. He, Y. J. Ding, H. Y. Luo, C. Li, J. Mol. Catal. A 2004, 208, 267 – 271.
[7] S. S. C. Chuang, R. W. Stevens, R. Khatri, Top. Catal. 2005, 32, 225 – 232.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 2013, 5, 3665 – 3672 3671

CHEMCATCHEM
FULL PAPERS www.chemcatchem.org

http://dx.doi.org/10.1126/science.213.4507.513
http://dx.doi.org/10.1126/science.213.4507.513
http://dx.doi.org/10.1126/science.213.4507.513
http://dx.doi.org/10.1126/science.213.4507.513
http://dx.doi.org/10.1021/cen-v085n051.p012
http://dx.doi.org/10.1021/cen-v085n051.p012
http://dx.doi.org/10.1021/cen-v085n051.p012
http://dx.doi.org/10.1016/j.fuproc.2003.11.042
http://dx.doi.org/10.1016/j.fuproc.2003.11.042
http://dx.doi.org/10.1016/j.fuproc.2003.11.042
http://dx.doi.org/10.1016/j.fuproc.2003.11.042
http://dx.doi.org/10.1016/0926-860X(93)80246-M
http://dx.doi.org/10.1016/0926-860X(93)80246-M
http://dx.doi.org/10.1016/0926-860X(93)80246-M
http://dx.doi.org/10.1016/0926-860X(93)80246-M
http://dx.doi.org/10.1016/S0926-860X(97)00281-0
http://dx.doi.org/10.1016/S0926-860X(97)00281-0
http://dx.doi.org/10.1016/S0926-860X(97)00281-0
http://dx.doi.org/10.1016/S0926-860X(97)00281-0
http://dx.doi.org/10.1007/s11244-005-2897-2
http://dx.doi.org/10.1007/s11244-005-2897-2
http://dx.doi.org/10.1007/s11244-005-2897-2
www.chemcatchem.org


[8] A. T. Bell, Catal. Rev. Sci. Eng. 1981, 23, 203 – 232.
[9] R. Burch, M. I. Petch, Appl. Catal. A 1992, 88, 39 – 60.

[10] M. Bwoker, Catal. Today 1992, 15, 77 – 100.
[11] M. A. Vannice, J. Catal. 1975, 37, 449 – 461.
[12] M. Mavrikakis, M. Baumer, H. F. Freund, J. K. Norskov, Catal. Lett. 2002,

81, 153 – 156.
[13] J. J. Spivey, A. Egbebi, Chem. Soc. Rev. 2007, 36, 1514 – 1528.
[14] V. Subramani, S. K. Gangwal, Energy Fuels 2008, 22, 814 – 839.
[15] Y. Wang, H. Y. Luo, D. B. Liang, X. H. Bao, J. Catal. 2000, 196, 46 – 55.
[16] J. Hu, Y. Wang, C. Cao, D. C. Elliott, D. J. Stevens, J. F. White, Catal. Today

2007, 120, 90 – 95.
[17] X. Pan, Z. Fan, W. Chen, Y. Ding, H. Luo, X. H. Bao, Nat. Mater. 2007, 6,

507 – 511.
[18] J. R. Regalbuto, Catalyst Preparation : Science and Engineering,

Taylor&Francis/CRC Press, Boca Raton, 2006, pp. 297.
[19] M. Schreier, J. R. Regalbuto, J. Catal. 2004, 225, 190 – 202.
[20] J. A. Schwarz, Catal. Today 1992, 15, 395 – 405.
[21] J. A. Schwarz, C. T. Ugbor, R. Zhang, J. Catal. 1992, 138, 38 – 54.

[22] T. E. Feltes, L. E. Alonso, E. Smit, L. D’Souza, R. J. Meyer, B. M. Weckhuy-
sen, J. R. Regalbuto, J. Catal. 2010, 270, 95 – 102.

[23] G. Ertl, H. J. Freund, Phys. Today 1999, 52, 32 – 38.
[24] T. Hanaoka, H. Arakawa, T. Matsuzaki, Y. Sugi, K. Kanno, Y. Abe, Catal.

Today 2000, 58, 271 – 280.
[25] Y. Zhao, T. E. Feltes, J. R. Regalbuto, R. J. Meyer, R. F. Klie, Catal. Lett.

2011, 141, 641 – 648.
[26] C. P. Hwang, C. T. Yeh, Q. Zhu, Catal. Today 1999, 51, 93 – 101.
[27] E. R. Stobbe, B. A. de Boer, B. A. Geus, Catal. Today 1999, 47, 161 – 167.
[28] M. Haider, M. R. Gogate, R. J. Davis, J. Catal. 2009, 261, 9 – 16.
[29] L. Huang, W. H. Deng, E. Guo, P. W. Chung, S. Chen, B. G. Trewyn, R. C.

Brown, V. Lin, ChemCatChem 2012, 4, 674 – 680.
[30] S. C. Chuang, J. G. Goodwin, I. Wender, J. Catal. 1985, 95, 435 – 446.
[31] C. Mazzocchia, P. Gronchi, J. Mol. Catal. 1990, 60, 283 – 294.
[32] J. Park, J. R. Regalbuto, J. Colloid Interface Sci. 1995, 175, 239 – 252.

Received: June 19, 2013
Published online on October 29, 2013

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 2013, 5, 3665 – 3672 3672

CHEMCATCHEM
FULL PAPERS www.chemcatchem.org

http://dx.doi.org/10.1080/03602458108068076
http://dx.doi.org/10.1080/03602458108068076
http://dx.doi.org/10.1080/03602458108068076
http://dx.doi.org/10.1016/0926-860X(92)80195-I
http://dx.doi.org/10.1016/0926-860X(92)80195-I
http://dx.doi.org/10.1016/0926-860X(92)80195-I
http://dx.doi.org/10.1016/0920-5861(92)80123-5
http://dx.doi.org/10.1016/0920-5861(92)80123-5
http://dx.doi.org/10.1016/0920-5861(92)80123-5
http://dx.doi.org/10.1016/0021-9517(75)90181-5
http://dx.doi.org/10.1016/0021-9517(75)90181-5
http://dx.doi.org/10.1016/0021-9517(75)90181-5
http://dx.doi.org/10.1023/A:1016560502889
http://dx.doi.org/10.1023/A:1016560502889
http://dx.doi.org/10.1023/A:1016560502889
http://dx.doi.org/10.1023/A:1016560502889
http://dx.doi.org/10.1039/b414039g
http://dx.doi.org/10.1039/b414039g
http://dx.doi.org/10.1039/b414039g
http://dx.doi.org/10.1021/ef700411x
http://dx.doi.org/10.1021/ef700411x
http://dx.doi.org/10.1021/ef700411x
http://dx.doi.org/10.1006/jcat.2000.3026
http://dx.doi.org/10.1006/jcat.2000.3026
http://dx.doi.org/10.1006/jcat.2000.3026
http://dx.doi.org/10.1016/j.cattod.2006.07.006
http://dx.doi.org/10.1016/j.cattod.2006.07.006
http://dx.doi.org/10.1016/j.cattod.2006.07.006
http://dx.doi.org/10.1016/j.cattod.2006.07.006
http://dx.doi.org/10.1038/nmat1916
http://dx.doi.org/10.1038/nmat1916
http://dx.doi.org/10.1038/nmat1916
http://dx.doi.org/10.1038/nmat1916
http://dx.doi.org/10.1016/j.jcat.2004.03.034
http://dx.doi.org/10.1016/j.jcat.2004.03.034
http://dx.doi.org/10.1016/j.jcat.2004.03.034
http://dx.doi.org/10.1016/0920-5861(92)85005-7
http://dx.doi.org/10.1016/0920-5861(92)85005-7
http://dx.doi.org/10.1016/0920-5861(92)85005-7
http://dx.doi.org/10.1016/0021-9517(92)90005-3
http://dx.doi.org/10.1016/0021-9517(92)90005-3
http://dx.doi.org/10.1016/0021-9517(92)90005-3
http://dx.doi.org/10.1016/j.jcat.2009.12.012
http://dx.doi.org/10.1016/j.jcat.2009.12.012
http://dx.doi.org/10.1016/j.jcat.2009.12.012
http://dx.doi.org/10.1063/1.882569
http://dx.doi.org/10.1063/1.882569
http://dx.doi.org/10.1063/1.882569
http://dx.doi.org/10.1016/S0920-5861(00)00261-3
http://dx.doi.org/10.1016/S0920-5861(00)00261-3
http://dx.doi.org/10.1016/S0920-5861(00)00261-3
http://dx.doi.org/10.1016/S0920-5861(00)00261-3
http://dx.doi.org/10.1007/s10562-011-0559-5
http://dx.doi.org/10.1007/s10562-011-0559-5
http://dx.doi.org/10.1007/s10562-011-0559-5
http://dx.doi.org/10.1007/s10562-011-0559-5
http://dx.doi.org/10.1016/S0920-5861(99)00011-5
http://dx.doi.org/10.1016/S0920-5861(99)00011-5
http://dx.doi.org/10.1016/S0920-5861(99)00011-5
http://dx.doi.org/10.1016/S0920-5861(98)00296-X
http://dx.doi.org/10.1016/S0920-5861(98)00296-X
http://dx.doi.org/10.1016/S0920-5861(98)00296-X
http://dx.doi.org/10.1016/j.jcat.2008.10.013
http://dx.doi.org/10.1016/j.jcat.2008.10.013
http://dx.doi.org/10.1016/j.jcat.2008.10.013
http://dx.doi.org/10.1002/cctc.201100460
http://dx.doi.org/10.1002/cctc.201100460
http://dx.doi.org/10.1002/cctc.201100460
http://dx.doi.org/10.1016/0021-9517(85)90121-6
http://dx.doi.org/10.1016/0021-9517(85)90121-6
http://dx.doi.org/10.1016/0021-9517(85)90121-6
http://dx.doi.org/10.1006/jcis.1995.1452
http://dx.doi.org/10.1006/jcis.1995.1452
http://dx.doi.org/10.1006/jcis.1995.1452
www.chemcatchem.org

