
Co–Rh Nanoparticles for the Hydrogenation of Carbon
Monoxide: Catalytic Performance Towards Alcohol Production
and Ambient Pressure X-Ray Photoelectron Spectroscopy Study
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Abstract 5 nm Co–Rh bimetallic nanoparticles with nar-

row size distributions and three different atomic composi-

tions (2, 10, and 16 % Rh) were synthesized using a colloidal

method. The bimetallic nanoparticles were loaded into

mesoporous silica support MCF-17 and utilized in the cat-

alytic hydrogenation of CO (Fischer–Tropsch synthesis). As

compared to the pure 5 nm Co/MCF-17 catalyst, the

bimetallic Co–Rh catalysts showed a similar activity while

enhancing the selectivity towards alcohols, as evidenced by

an increased ratio of alcohol to hydrocarbon products. Fur-

thermore, larger alcohols such as propanol were formed with

the addition of Rh, which is not observed with the pure Co/

MCF-17 catalyst. In situ synchrotron based Ambient Pres-

sure X-ray Photoelectron Spectroscopy studies on the Co–

Rh samples revealed that Rh is segregated to the surface of

the nanoparticles under reaction conditions, which plays an

important role in altering the selectivity towards alcohol

production. An optimum surface Rh concentration exists

at *9 at.%, where a fivefold enhancement in the alcohol-to-

hydrocarbon ratio was achieved.
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1 Introduction

Fischer–Tropsch (F-T) synthesis, producing hydrocarbons

from hydrogen and carbon monoxide, provides an alter-

native and green method of fuel production [1]. In the F-T

synthesis, cobalt is one of the most intensively studied

catalysts because of its high activity, good stability, and

Electronic supplementary material The online version of this
article (doi:10.1007/s10562-016-1782-x) contains supplementary
material, which is available to authorized users.

& Gabor A. Somorjai

somorjai@berkeley.edu

1 Department of Chemistry, University of California, Berkeley,

CA 94720, USA

2 Materials Sciences Division, Lawrence Berkeley National

Laboratory, Berkeley, CA 94720, USA

3 Chemical Sciences Division, Lawrence Berkeley National

Laboratory, Berkeley, CA 94720, USA

4 Advanced Light Source, Lawrence Berkeley National

Laboratory, Berkeley, CA 94720, USA

5 State Key Laboratory of Functional Materials for Informatics,

Shanghai Institute of Microsystem and Information

Technology, Chinese Academy of Sciences,

Shanghai 200050, People’s Republic of China

6 Department of Materials Science and Engineering, University

of California at Berkeley, Berkeley, CA 94720, USA

123

Catal Lett (2016) 146:1574–1580

DOI 10.1007/s10562-016-1782-x

http://dx.doi.org/10.1007/s10562-016-1782-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-016-1782-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-016-1782-x&amp;domain=pdf


low water–gas shift activity [2–4]. Co-based catalysts

produce a broad spectrum of long-chain hydrocarbons

(mostly wax), with little to no oxygenated products. By

introducing a second metal into the traditional Co catalyst,

the geometric and electronic structure of the catalyst’s

surface can be modified, thus altering both its activity and

selectivity [5, 6]. Particularly, rhodium has the ability to

adsorb CO both dissociatively and non-dissociatively [7].

The insertion of the non-dissociatively adsorbed CO

molecules is commonly believed to be the key step in

alcohol production [8, 9]. By adding Rh into the pure Co

catalyst, we hope to increase the concentration of the non-

dissociatively adsorbed CO on the surface of the catalyst,

thus improving the alcohol selectivity by increasing the

probability of CO insertion.

Using colloidal synthesis, spherical Co–Rh nanoparti-

cles with well-defined sizes and compositions were syn-

thesized. The catalytic performance at high pressure in the

F-T synthesis was evaluated, and the surface properties of

the catalysts under relevant conditions were investigated

using Ambient Pressure X-ray Photoelectron Spectroscopy

(AP-XPS).

2 Materials and Techniques

2.1 Synthesis of Pure Co, Pure Rh, and Co–Rh

Bimetallic Nanoparticles

Co–Rh bimetallic nanoparticles with different composi-

tions are synthesized using a hot injection method under

inert atmosphere. Chemicals are obtained from Sigma-

Aldrich unless stated otherwise. The temperature of the

reaction is monitored by a K-type thermocouple submerged

in the reaction mixture. In the typical synthesis, hex-

arhodium(0) hexadecacarbonyl [Rh6(CO)16, Rh, 57–60 %]

and oleic acid (99 % pure, 50 lL) are put into a 50 mL

three-neck round bottom flask (see Table S1 for details).

After evacuation and refill of argon (Ar), anhydrous

o-dichlorobenzene (DCB, 99 %, 4 mL) is added into the

flask under continuous flow of Ar. The flask is then placed

into an oil bath at 180 �C and kept at this temperature for

2 h under stirring to help decompose the Rh6(CO)16.

Dicobalt octacarbonyl [Co2(CO)8, stabilized with 1–5 %

hexane, 130 mg] in DCB (1 mL) is then injected quickly

into the reaction mixture using a 25 mL gas tight syringe.

The colloidal solutions are aged for 10 min before

removing from the oil bath. DCB (4 mL) is then added into

the flask to quench the growth of the nanoparticles and cold

air is used to help cool down the reaction flask. After

mixing with absolute ethanol (KOPTEC, 200 proof), the

nanoparticles are extracted by centrifuging at 4300 rpm for

10 min. Finally, the nanoparticles are re-dispersed and

stored in chloroform (Fisher Scientific, ACS grade).

The pure Co and pure Rh nanoparticles are synthesized

using the methods reported previously [10, 11]. Briefly,

5 nm Co nanoparticles are prepared via a hot injection

method by decomposing Co2(CO)8 precursor in the pres-

ence of oleic acid at 178 �C in DCB. 5 nm Rh nanoparti-

cles are synthesized by a one-step polyol reduction method

at 225 �C under Ar in 1,4-butanediol (ReagentPlus�,

99 %) with rhodium(III) acetylacetonate [Rh(acac)3, 97 %]

as the metal source and poly-(vinylpyrrolidone) (PVP,

Mw = 55,000) as the capping agent.

2.2 Preparation of Supported Co, Rh, and Co–Rh

Bimetallic Nanocatalysts

The as-synthesized Co, Rh, and Co–Rh bimetallic

nanoparticles are supported on MCF-17 type mesoporous

silica via sonication. The MCF-17 (BET surface area:

710 m2/g) was synthesized in house according to the

method reported elsewhere [12]. In a typical process, MCF-

17 powder is dispersed in chloroform in a 50 mL Erlen-

meyer flask before adding nanoparticle dispersions to

achieve the desired loading. After being sonicated for 1 h,

the suspensions were centrifuged at 4300 rpm and washed

with 75 vol% ethanol in acetone five times. The final cat-

alysts were dried overnight at 100 �C in the oven and

stored in a sealed glass vial until further use.

2.3 Characterization

Transmission electron microscopy (TEM) measurements of

the nanoparticle samples were performed using a JEOL

JEM2100F TEM operated at 200 kV. Samples for TEM

measurements were prepared by drying a drop of diluted

colloid dispersion of the synthesized nanoparticles in

chloroform on commercial TEM grids. A sample of 150

nanoparticles was used to evaluate the size distributions of

the nanoparticles.

The elemental composition of the nanoparticles and the

metal loading of the supported catalysts were determined

using inductively coupled plasma atomic emission spec-

troscopy (ICP-AES). ICP-AES measurements were per-

formed on a PerkinElmer ICP Optima 7000 DV

spectrometer. Samples for ICP-AES measurements were

prepared by digesting the nanoparticles or the supported

catalyst in aqua regia and diluting with deionized water.

The residual solid was filtered after centrifugation.

The surface composition and oxidation states of the

nanoparticles under relevant conditions were determined

using AP-XPS conducted at beamline 9.3.2 in the

Advanced Light Source of the Lawrence Berkeley National

Laboratory. The AP-XPS apparatus is described in detail
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elsewhere [13]. The use of the tunable X-ray source

enabled us to study the depth profile of both oxidation state

and elemental composition of the sample. Samples for AP-

XPS measurements were prepared by drop-casting the

nanoparticle dispersions on a piece of silicon wafer. O2,

H2, or H2?CO (2:1 in ratio) were introduced at 350, 450,

and 230 �C, respectively and consecutively one after

another with a total system pressure of 100 mTorr, which is

the highest pressure allowable in the AP-XPS chamber.

Although the pressure in the AP-XPS measurement is not

as high as 20 bar as is used in the reaction condition, it

significantly narrowed the pressure gap between the clas-

sical surface-science studies (\1 9 10-8 Torr) and high

pressure conditions [14, 15]. Samples were kept at each

condition for at least 5 h to allow for sufficient interaction

with gas phase molecules and no changes in the spectra

were observed. Indeed, the catalyst’s surface was able to

respond significantly to the variation of conditions used

during the AP-XPS measurement. Therefore, the AP-XPS

technique is able to provide a good estimation of the cat-

alyst’s surface under reaction conditions. The temperature

for the AP-XPS study under reaction conditions was cho-

sen to be in the middle of the temperature series studied in

the catalytic reactor (230 �C) so that it can provide a rep-

resentative result of the surface composition of the catalyst.

The spectra of Co 3p and the Rh 3d levels were col-

lected with different photon energies (210, 360, and

510 eV for Co 3p and 450, 600, and 750 eV for Rh 3d

level) with steps of 0.1 eV so that each core level can be

probed with a similar kinetic energy and thus give a similar

probing depth. All spectra were corrected with respect to

the Fermi edge at their corresponding photon energies.

Relative concentrations of each element probed by AP-

XPS were calculated by fitting a Shirley background using

CasaXPS software and then integrating. The results were

corrected for the X-ray photon flux and photoionization

cross sections [16] of Co 3p and Rh 3d levels at the cor-

responding photon energies. The fitting procedure and

parameters used are described in detail in the Supporting

Information (SI) and an example of the fitted spectrum of

Rh 3d level is shown in Fig. S1.

2.4 Catalytic Measurements

The nanoparticles, after being supported on MCF-17, were

utilized in the F-T synthesis. MCF-17 supported pure Co

and pure Rh nanoparticles with similar sizes were also

prepared and tested as reference states.

The F-T synthesis was performed in a home-built fixed

bed flow reactor at 20 bar as described elsewhere [17, 18].

The catalysts were mixed with SiC and then loaded into the

center of a 1/400 diameter stainless steel reactor tube. The

catalysts were oxidized ex situ under pure oxygen (O2 flow

rate of 15 sccm under atmospheric pressure) at 350 �C for

30 min (ramp of 3 �C/min) to remove the surface capping

agent and other carbon impurities, which is later confirmed

by the disappearance of the C 1s peak after the O2 pre-

treatment (Fig. S2). The catalysts are then reduced under

pure H2 (Praxair, 5.0) (H2 flow rate of 20 sccm under

atmospheric pressure) in situ at 450 �C for 30 min (ramp of

3 �C/min) prior to the catalytic test. The gas flow was then

changed to a mixture of H2 (Praxair, 5.0, 20 sccm) and CO

(Praxair, 2.5, 10 sccm). The catalysts were aged at 190 �C
for 24 h and then the temperature was increased to 250 �C
with steps of 10 �C. At each temperature, outlet gas was

sampled at steady state and analyzed using an on-line GC–

MS (Agilent 7890A, 5975C). The GC–MS is equipped

with an Agilent HP-PLOT Q and an HP-PLOT MoleSieve

capillary column to allow separation. The gaseous com-

position was analyzed by a thermal conductivity detector, a

flame ionization detector detector (with a methanizer), and

a mass spectrometer.

3 Results and Discussion

3.1 Size and Composition Analysis of Pure Co, Pure

Rh, and Co–Rh Nanoparticles

TEM images and size distributions of the pure Co, pure Rh,

and Co–Rh nanoparticles are shown in Fig. 1. The average

sizes and actual compositions of the nanoparticles, deter-

mined by TEM and ICP-AES, are presented in Table 1.

The nanoparticles are spherical in shape and the size of

all the samples are in the vicinity of 5 nm with narrow size

distributions. The average composition of the Co–Rh

bimetallic nanoparticles are 2, 10, and 16 at. % of Rh for

Co–Rh_2, Co–Rh_10, and Co–Rh_16 nanoparticles,

respectively.

3.2 Catalytic Performance

The nanoparticles, after being supported on MCF-17, were

utilized in the F-T synthesis. To compare with the

bimetallic Co–Rh/MCF-17 catalysts, pure Co/MCF-17 and

Rh/MCF-17 catalysts were used as reference states.

Activity-wise, Co–Rh/MCF-17 catalysts showed similar

activity as compared to the monometallic Co/MCF-17

catalyst (Table 2, Table S2), and no significant deactiva-

tion was observed during the catalytic measurement. On

the other hand, the pure Rh/MCF-17 catalyst with a 0.5

wt.% Rh loading was almost inactive with only trace

amounts of CO2, CH4, and C2 products observed at 250 �C
(see Table 2).

In terms of selectivity, the Co-Rh/MCF-17 catalysts

showed a similarly high C5? selectivity (over 90 %)
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resembling the pure Co/MCF-17 catalyst (full product

distribution shown in Table S2), while also having the

ability to produce alcohols, including methanol, ethanol,

and propanol (see Fig. 2 and Fig. S3). Methanol was the

first alcohol to be produced at 220 �C. Ethanol and pro-

panol were also observed but at higher reaction tempera-

tures (230 �C for ethanol and 240 �C for propanol). The

apparent activation energies for these alcohols were eval-

uated using the Arrhenius equation and the values increase

in the order of methanol (Ea = 168.4 kJ/mol), ethanol

(Ea = 261.6 kJ/mol), and propanol (Ea = 289.7 kJ/mol).

This is in accordance with the fact that larger alcohols are

only produced at higher temperatures. Furthermore, the

selectivity of each alcohol as well as the total alcohol

selectivity increase as reaction temperature increases.

When compared to the pure Co/MCF-17 catalyst, the

introduction of Rh altered the reaction selectivity towards

alcohols (Table 2) in two aspects. One on hand, the ratio of

alcohols to hydrocarbons (C1–C3) was increased up to five

times with the addition of Rh. On the other hand, larger

alcohols such as propanol were produced, which is not

observed on the pure Co/MCF-17 catalyst.

3.3 AP-XPS Study of Co–Rh Bimetallic

Nanoparticles Under Reaction Conditions

With the knowledge of the activity and selectivity of the

Co–Rh catalysts in the F-T synthesis, it is crucial to study

the surface properties of the nanoparticles under reaction

conditions so that a better understanding can be gained on

the origin of their catalytic behavior. For this purpose,

nanoparticles were characterized using synchrotron based

AP-XPS. The surface composition of the nanoparticles is

determined (see Table 3) from the Co 3p and Rh 3d spectra

obtained at photon energies of 210 and 450 eV, respec-

tively, according to the method described in the charac-

terization section. The atomic percent of surface Co and Rh

on Co–Rh_10 nanoparticles is plotted as a function of

different conditions (UHV at 300 �C, O2 at 350 �C, H2 at

450 �C, and CO:H2 = 1:2 at 230 �C) (see Fig. 3a and

Fig. S4). It can be seen from Fig. 3a that the surface of the

nanoparticle is Co rich (88 at.%) after the oxidation treat-

ment. However, when reduced with pure H2 at 450 �C, Rh

diffuses out and the surface becomes enriched with Rh (53

at.%). When the reaction gas feed (CO:H2 = 1:2, total

pressure is 100 mTorr) is introduced, Rh remains on the

surface of the nanoparticles, indicating the existence of a

Rh rich shell under reaction conditions.

The near surface compositions with different probing

depths were also studied using AP-XPS. The AP-XPS

depth profile of the surface composition indicates a drastic

decrease of Rh concentration from the surface to the bulk.

(see Fig. 3b) This observation supports the fact that Rh is

enriched at the surface of the nanoparticle under reaction

conditions.

Rh 3d spectra of Co–Rh_10 nanoparticles under various

conditions are shown in Fig. 4a. The spectra of Rh 3d5/2

peak can be deconvoluted into three components: 307.0,

308.1, and 309.2 eV, which correspond to Rh0, Rh1?, and

Fig. 1 TEM images and size distributions of Co–Rh, pure Co, and

pure Rh nanoparticles: a Co–Rh_2, b Co–Rh_10, c Co–Rh_16, d pure

Rh, e pure Co nanoparticles
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Rh3?, respectively [20, 21]. Quantification of different

oxidation states of Rh is shown in Fig. 4b. It can be seen

from Fig. 4b that Rh was almost fully oxidized and

only *8 % of the total surface Rh is metallic after the

oxidation treatment. After treating with pure H2, the sur-

face Rh was fully reduced to its metallic state. The

spectrum under reaction conditions (CO:H2 = 1:2 at

230 �C) showed an increase in the amount of the oxidized

Rh as compared to the one obtained under pure H2 con-

dition, with *63 % of the surface Rh being metallic (see

Table 3), which is likely to be caused by the surface O

species from the dissociation of CO molecules.

The detailed analysis of the oxidation state using Co 3p

spectra is complicated due to the incompletely resolved

spin–orbit components of the 3p level. However, infor-

mation can be gained by comparing with the previously

published results from our group. The low olefin to paraffin

ratio of our catalyst (Table S2) more closely resembles that

of a Co/SiO2 catalyst reduced at 450 �C than a Co/SiO2

catalyst reduced at 250 �C [17]. This ratio is indicative of

metallic Co, as the hydrogenation activity of metallic

cobalt is higher; in addition, the 450 �C reduction tem-

perature was shown to fully reduce Co to Co metal [17].

By taking the information of surface compositions

obtained from the AP-XPS measurement, it is possible to

correlate the alcohol selectivity to the concentration of

surface Rh under reaction conditions. The result is plotted

in Fig. 5a. It clearly indicates an optimum surface Rh

Table 1 Size distributions and

bulk compositions of pure Co,

pure Rh, and Co–Rh

nanoparticles

Nanoparticles Sizea (nm) Bulk compositionb (at.%) Catalyst

loadingb (wt.%)

Co Rh

Co–Rh_2 5.7 ± 0.6 98 2 4.6

Co–Rh_10 5.2 ± 0.3 90 10 4.7

Co–Rh_16 4.9 ± 0.4 84 16 4.0

Co 4.4 ± 0.4 100 – 4.6

Rh 4.7 ± 0.4 – 100 0.5c

a As measured from TEM
b As measured from ICP-AES
c Rh loading is intentionally matched to the Rh content in the bimetallic catalysts when similar amount of

catalysts are used

Table 2 Reaction conversion, activity, the ratio of alcohols to hydrocarbons (C1–C3), and the percentage of propanol in total alcohol production

(C1–C3) for Co/MCF-17, Rh/MCF-17, and Co–Rh/MCF-17 catalysts at 250 �C and 20 bar

Catalysts Conversion (%) # of CO converted

(min*mg Co)a (91020)

Alcohols/hydrocarbons (C1–C3) Propanol/total alcohols (C1–C3) (%)

Co–Rh_2 15.3 1.58 0.11 7.7

Co–Rh_10 8.9 1.25 0.05 11.0

Co–Rh_16 7.2 1.30 0.09 13.5

Co 16.3 1.55 0.02 0

Rh \0.1b \0.1b,c – –

a The activity was normalized to the Co mass because it is the main active component
b Value reported is an upper limit
c Activity is normalized to the Rh mass

Fig. 2 Alcohol selectivity as a function of reaction temperature on

Co–Rh_16/MCF-17 catalyst
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concentration (*9 at.%) for alcohol production (Fig. 5a),

where a fivefold enhancement in the ratio of alcohols to

hydrocarbons (C1–C3) was observed as compared to the

Co/MCF-17 catalyst. This surface composition corresponds

to the situation where approximately every Rh atom is

surrounded by six Co atoms. It means that the maximum

alcohol production occurs when there is approximately 6:1

ratio of Co to Rh sites on the surface of the catalyst. The

percentage of larger alcohols such as propanol in the total

alcohol production was also found to be dependent on the

Table 3 Surface compositions

and surface Rh oxidation states

of Co–Rh nanoparticles under

reaction conditions

(CO:H2 = 1:2 at 230 �C and the

total pressure of the system is

100 mTorr)

Nanoparticles Surface concentrations (at.%) Surface Rh oxidation states (%)

Co Rh Rh0 Rhx? (x = 1, 3)

Co–Rh_2 91 9 63 37

Co–Rh_10 42 58 63 37

Co–Rh_16 63 37 48 52

Data were calculated based on the AP-XPS spectra obtained with incident photon energies of 210 and

450 eV for Co 3p and Rh 3d level, respectively

Fig. 3 a Surface compositions of Co–Rh_10 nanoparticles under

various conditions. The schematic represents the cross section of the

nanoparticle, b depth profile of surface compositions of Co–Rh_10

nanoparticles under reaction conditions (CO:H2 = 1:2 at 230 �C).

The total pressure of the system is 100 mTorr. Penetration depth is

obtained from the inelastic electron mean free path calculated using

TPP-2M formula [19] and relevant kinetic energies of photoelectron.

The incident photon energies used for collecting the Co 3p and Rh 3d

spectra were: 210, 360, and 510 eV for Co 3p and 450, 600, and

750 eV for Rh 3d level

Fig. 4 a AP-XPS spectra of Rh

3d level and b percentage of

metallic Rh on the catalyst’s

surface under various conditions

for Co–Rh_10/MCF-17

nanoparticles. The Rh 3d

spectra were obtained with

incident photon energy of

450 eV. The total pressure of

the system is 100 mTorr
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surface Rh concentration, which maximizes at *37 at.%

of Rh (Fig. 5b). The oxidation states of surface Rh might

also play a role in the reaction. However, at this point any

conclusion based on the oxidation states of Rh might be

speculative.

4 Conclusion

In summary, 5 nm spherical Co–Rh nanoparticles were

synthesized with narrow size distributions and three dif-

ferent compositions (2, 10, and 16 at.% of Rh). Higher

selectivity towards alcohols in the F-T synthesis was

achieved on the Co–Rh/MCF-17 catalysts as compared to

the 5 nm Co/MCF-17 catalyst (Rh/MCF-17 catalyst was

almost inactive), which is evidenced by an increased ratio

of alcohols to hydrocarbons (C1–C3). AP-XPS study indi-

cates a surface enrichment phenomenon of Rh under

reaction conditions. A maxima in the alcohol-to-hydro-

carbon ratio (C1–C3) was observed at the surface Rh con-

centration of *9 at.%, which corresponds to a 6:1 ratio of

Co to Rh sites on the surface of the catalyst, where a

fivefold enhancement was observed as compared to the

pure Co/MCF-17 catalyst. The ability to make larger

alcohols such as propanol was also enhanced with the

addition of Rh, with the maximum percentage of propanol

in the total alcohol production being achieved at the sur-

face Rh concentration of *37 at.%.
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R, Salmeron M (2007) MRS Bull 32:1022–1030

15. Salmeron M, Schlogl R (2008) Surf Sci Rep 63:169–199

16. Yeh JJ, Lindau I (1985) Atom Data Nucl Data 32:1–155

17. Melaet G, Ralston WT, Li C-S, Alayoglu S, An K, Musselwhite

N, Kalkan B, Somorjai GA (2014) J Am Chem Soc

136:2260–2263

18. Melaet G, Lindeman AE, Somorjai GA (2014) Top Catal

57:500–507

19. Tanuma S, Powell CJ, Penn DR (1994) Surf Interface Anal

21:165–176

20. Grass ME, Zhang Y, Butcher DR, Park JY, Li Y, Bluhm H,

Bratlie KM, Zhang T, Somorjai GA (2008) Angew Chem Int Ed

47:8893–8896

21. Muiioz A, Munuera G, Malet P, Gonzalez-Elipe AR, Espinos JP

(1988) Surf Interface Anal 12:247–252

Fig. 5 a The ratio of alcohols to hydrocarbons (C1–C3) and b the

percentage of propanol in the total alcohol production as a function of

surface Rh concentration under reaction conditions (CO:H2 = 1:2 at

230 �C and the total pressure of the system is 100 mTorr). The

particle schematics shown are illustrative in representing possible

surface compositions

1580 W.-C. Liu et al.

123


	Co--Rh Nanoparticles for the Hydrogenation of Carbon Monoxide: Catalytic Performance Towards Alcohol Production and Ambient Pressure X-Ray Photoelectron Spectroscopy Study
	Abstract
	Graphical Abstract
	Introduction
	Materials and Techniques
	Synthesis of Pure Co, Pure Rh, and Co--Rh Bimetallic Nanoparticles
	Preparation of Supported Co, Rh, and Co--Rh Bimetallic Nanocatalysts
	Characterization
	Catalytic Measurements

	Results and Discussion
	Size and Composition Analysis of Pure Co, Pure Rh, and Co--Rh Nanoparticles
	Catalytic Performance
	AP-XPS Study of Co--Rh Bimetallic Nanoparticles Under Reaction Conditions

	Conclusion
	Acknowledgments
	References




