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The influence of Rh nanoparticle size and type of support on the catalytic performance in steam methane
reforming has been investigated to clarify the nature of the rate-controlling step. A set of Rh catalysts was
prepared using ZrO2, CeO2, CeZrO2 and SiO2 supports. The nature and dispersion of the active Rh metal
phase was studied by H2-chemisorption, TEM and X-ray absorption spectroscopy. The particle size was
varied between 1 and 9 nm. The degree of Rh reduction depends on the particle size and the support. Very
small particles cannot be fully reduced, especially when ceria is the support. The intrinsic rate per surface
metal atom increases linearly with the Rh metal dispersion and does not depend on the type of support.
With the support of kinetic data, it is concluded that dissociative CH4 adsorption is the single rate-con-
trolling step at least at reaction temperatures above 325 �C. This implies that the overall rate is controlled
by the density of low-coordinated edge and corner metal atoms in the nanoparticles. These particles con-
tain sufficient step edge sites to provide an easy reaction pathway for CAO recombination reactions. Cat-
alysts with Rh nanoparticles smaller than 2.5 nm deactivate more strongly than catalysts with larger
nanoparticles. Characterization of spent catalysts by X-ray absorption spectroscopy shows that deactiva-
tion is due to the oxidation of very small particles under the steam methane reforming reaction
conditions.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Steam reforming of natural gas and light hydrocarbons remains
the preferred route for the production of syngas (a mixture of CO
and H2) and hydrogen. Syngas is a key intermediate in the chemical
industry for production of a wide range of higher value fuels and
chemicals such as clean synthetic diesel and gasoline olefins via
the Fischer–Tropsch synthesis (FTS), methanol by the methanol
process and hydrogen by the water–gas shift (WGS) reaction.
Hydrogen is primarily used for the synthesis of ammonia and for
hydrotreating purposes in petroleum refineries [1,2]. Steam meth-
ane reforming (SMR) was already commercialized in the 1960s,
and Ni has remained the preferred transition metal in reforming
catalysts ever since [3,4]. Besides Ni, a number of other transition
metals exhibit high catalytic activity in SMR, most notably Rh
and Ru [5–7], although the exact activity trend among these metals
remains debated [7,8]. An issue of considerable debate is the exact
nature of the reaction mechanism [9] and especially the identifica-
tion of the rate-controlling step [1,7,10]. Although Iglesia and
co-workers [10] have shown that methane dissociation is rate-
controlling, Jones et al. [7] have recently reported that both CH4
ll rights reserved.

).
dissociation and CAO recombination reactions determine the over-
all reaction rate for metals such as Rh and Ru.

The rate-controlling step will critically depend on the exact
reaction conditions and also on the particle size. To understand this
in detail, the dependence of the rates of the three-candidate rate-
controlling elementary reaction steps in the SMR reaction, i.e., (i)
dissociative adsorption of methane, (ii) surface recombination of
C and O to carbon monoxide and (iii) dissociation of water [11],
on the particle size will be briefly discussed. Nanoparticles expose
terrace, edge and corner atoms with respective metal–metal coor-
dination numbers of 9 (for the most dense surface of fcc and hcp
metals), 7 and 6 at their surfaces (Fig. 1). Dissociative CH4 adsorp-
tion involves the cleavage of a r bond, which typically occurs over
a single surface metal atom [12,13]. The energy barrier for this ele-
mentary reaction step will decrease with increasing coordinative
unsaturation of the metal surface atoms because of the stronger
binding of the CH3 and H intermediates in the transition state.
Thus, one expects that the rate of methane dissociation will in-
crease with increasing dispersion, because smaller particles expose
a larger fraction of edge and corner atoms at their surface.

The particle size dependence for CAO bond formation reactions
is very different. C–O recombination proceeds with a relatively
high energy barrier on terrace surfaces [14–16]. It has been estab-
lished that the dissociation and association reactions of diatomic
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Fig. 1. An octahedral Rh nanoparticle of 1 nm (55 Rh atoms): (left) terrace, edge and
corner atoms are shown in green, blue and red, respectively; (right) with created
B5-sites.
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molecules with p-bonds such as CO, N2 and NO are preferred over
sites with a particular geometry involving an ensemble of five or
six metal atoms arranged in such fashion that a step site is created
(Fig. 1). The reason is that the specific surface topology of such
steps avoids metal atoms sharing between the dissociating frag-
ments (the C and O atoms in the case of CO formation). An addi-
tional factor is the involvement of a larger number of surface
metal atoms in the bonding of the transition state complex as com-
pared to the terrace surface. Van Hardeveld and Hartog [17] have
predicted that the density of these step edge sites is maximal for
metal nanoparticles in the range 1.8–2.5 nm. These authors intro-
duced the term ‘‘B5 sites’’ [18], which are very similar to the ‘‘F6

sites’’ considered by the group of Van Santen [19,20]. Besides
recombination of surface C and O adatoms, an alternative pathway
involving the oxymethylidyne (HCO, formyl) intermediate [21,22].
For each of the Rh(1 1 1) and Rh(2 1 1) surfaces, Van Grootel et al.
[23] found that the activation barriers for the C + O and CH + O
pathways are very similar. The barrier on the stepped surface is
about half that on the terrace. An alternative CH route involving
a COH intermediate [24] is much less favourable [19,23,25]. The
important corollary of these considerations is that an optimal par-
ticle size of about 2 nm can be expected for steam methane
reforming, if C–O bond formation is rate-controlling.

The dissociation of water into OH and H fragments was shown
to be independent of the Rh surface atom coordinative unsatura-
tion [26]. An alternative pathway involves the reaction of water
with atomic oxygen to produce two hydroxyl groups. Although
the energy barrier for this reaction is lower than that for unpro-
moted water dissociation, the cost for oxygen diffusion to the site
next to adsorbed water results in a very similar overall activation
barrier [26]. Based on the limited number of works on water acti-
vation, it can be assumed that water dissociation is independent of
the particle size under conditions where the formation of hydro-
gen-bonded networks of OH/H2O adsorbates is absent [27].

Jones et al. [7] have shown that the intrinsic reaction rate of
steam methane reforming at 500 �C over supported Rh particles in-
creases in a nearly linear manner for a set of catalysts with particle
sizes larger than 3 nm. This temperature is typical for the inlets of
industrial reformers and refers to the situation in which the effec-
tiveness factor of the catalyst is high. Based on the range of Rh par-
ticle sizes considered by Jones et al. [7], it is not possible to
unequivocally conclude on the nature of the rate-controlling step,
and both CH4 dissociation and CAO recombination reactions re-
main candidate. It may also be that with a decrease in the particle
size, the rate-controlling step changes from CH4 dissociation to
CAO recombination. Wei and Iglesia [10] have used a wider range
of Rh particle size supported on alumina and zirconia and argued
that methane dissociation is always the rate-controlling step. The
reaction temperature in this case was 600 �C. It can be argued that
methane dissociation will be rate-controlling at high temperature
because of entropy considerations [23]. Van Grootel et al. [23] have
also shown for rhodium that H2O dissociation will always be faster
than dissociative CH4 adsorption and CAO recombination.

To unequivocally conclude on the issue of the rate-controlling
step in SMR at relatively low temperatures, a set of supported Rh
catalysts have been prepared with a wide range of particle sizes
(1–9 nm) and with a wider range of support materials than em-
ployed before. Characterization focused on the nature and disper-
sion of the active Rh metal phase (dispersion, reduction degree).
Intrinsic reaction kinetics was determined with the aim of deter-
mining the nature of the rate-controlling step as a function of
the particle size. An additional issue that became apparent in the
course of our investigations is the deactivation of Rh catalysts that
contain metal nanoparticles smaller than �2.5 nm. Part of our ef-
forts therefore focused on elucidating the reason for this deactiva-
tion of very small nanoparticles.
2. Experimental methods

2.1. Support materials

Zirconia (Gimex RC-100 with 99.74% ZrO2 and 0.13% TiO2) was
kindly provided by Gimex. A high-porosity cerium-doped zirco-
nium hydroxide with a nominal composition of Ce0.25Zr0.75O2

was supplied by MEL Chemicals. Silica was kindly provided by
Shell. Ceria was prepared by homogeneous precipitation of Ce3+

following urea decomposition [28,29]. In a typical synthesis, 95 g
of urea (Merck, purity 99%) and 100 g of Ce(NO3)3�6H2O (Acros,
purity 99.5%) were dissolved in 1.2 L deionized water. The solution
was heated under stirring in a double-walled vessel at 95 �C for
14 h. The pH was recorded during synthesis. Subsequently, the pre-
cipitate was filtered, washed with deionized water at 70 �C, dried
in an oven overnight and calcined.

Nanostructured ceria supports were obtained by dissolving
8.68 g Ce(NO3)3�6H2O in 15 ml of deionized water. The solution
was mixed and stirred with 10 ml 6 M NaOH solution before an-
other 30 ml of 7.7 M NaOH solution was added. The milky slurry
formed was transferred into a Teflon-lined stainless steel auto-
clave. Before the autoclave was closed, 35 ml of deionized water
was added under vigorous stirring. The mixture was kept in an
oven for 24 h at 100 �C or 180 �C to obtain ceria nanorods or nano-
cubes, respectively [30]. The precipitate was filtrated, washed and
dried in an oven overnight. The ceria nanorods and nanocubes
were yellow and white, respectively. These materials were calcined
at 500 �C.

The oxide supports will be denoted by S(T), with S the support
material and T the calcination temperature (�C). The nanostruc-
tured ceria catalysts are named CeO2-rod and CeO2-cube.
2.2. Catalyst preparation

A series of supported Rh catalysts were prepared by pore
volume impregnation using aqueous solutions of Rh(NO3)3�nH2O
(Riedel de Haën, purity 99.9%) of appropriate concentration. Each
support material was sieved into a fraction of 125–250 lm. Prior
to impregnation, the support was calcined in a mixture of
20 vol.% O2 in N2 at a flow rate of 100 ml/min, while being heated
at a rate of 2 �C/min (5 �C/min for CeO2 supports) to the final tem-
perature followed by an isothermal period of 4 h. The impregnated
supports were dried for 3 h in air and at 110 �C overnight before
further treatment.

Different Rh particle sizes were obtained by varying the sup-
port, the Rh loading, the calcination temperature of the support,
the calcination temperature of the impregnated catalyst and an
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ageing procedure. The metal loading was varied between 0.1 and
1.6 wt.% Rh. The catalyst precursors were calcined at 600 �C
(550 �C for Rh supported on CeO2) and 900 �C and aged at 750,
900, and 1000 �C in a 1:1 H2O/H2 mixture at ambient pressure
for 62.5 h.

Hereafter, the catalysts will be denoted by Rh(x, aT) with x the
metal loading (wt.%), a optionally indicating an ageing treatment
and T the final catalyst treatment temperature (�C) followed by
the support reference. The complete set of catalysts and their most
important properties are listed in Tables 1 and 2.

2.3. Catalyst characterization

2.3.1. Elemental analysis
The metal loading was determined by inductively coupled plas-

ma atomic emission spectroscopy (ICP-AES) analyses performed on
a Goffin Meyvis SpectroCirusccd apparatus. For CeO2-supported cat-
alysts, an amount of sample was dissolved in a 1:1 H2O/H2SO4

solution. A solution of 5 M (NH4)2SO4 in H2SO4 was employed to
extract rhodium from the ZrO2-containing catalysts. Typically, an
amount of sample was stirred in the acid under heating until a
clear solution was obtained. The SiO2-supported catalysts were
dissolved in a 1:1:1 HF/HNO3/H2O solution under mild heating.

2.3.2. Nitrogen physisorption
Surface areas were measured with a Micromeritics TriStar 3000

BET apparatus by nitrogen physisorption at –195 �C after outgas-
sing the sample for 3 h under vacuum at 150 �C.

2.3.3. X-ray diffraction (XRD)
XRD analysis was carried out on a Bruker D4 Endeavor Diffrac-

tometer using Cu Ka-radiation (k = 1.54056 Å). With a step size of
0.099� and a time per step of 1 s, 2h angles from 20� to 80� were
measured. The crystal structure of the support materials was
determined by using the PDF database.

2.3.4. Hydrogen chemisorption
H2-chemisorption was carried out at �80 �C using a Micromer-

itics ASAP 2020C setup equipped with an isopropanol bath cooled
by a thermostat (Thermo EK 90). Before analysis, an amount of
Table 1
Textural properties of the various support precursors before and after calcination.

Support Precursor S.A.a (m2/g) P.V.b (ml/g) Tcalc

ZrO2 ZrO2 RC-100 (Gimex) 101 0.31 350
450
600
750
900

CeO2 Ce(CO3)OH n.d. n.d. 350
450
550
650
900

CeO2-rod CeO2-rod 98 0.18 500
CeO2-cube CeO2-cube 15 0.09 500

CeZrO2 Ce0.25Zr0.75O2 (MEL) 271 0.46 350
450
600
750
900

SiO2 SiO2 (Shell) 209 1.25 –
900

a Surface area.
b Pore volume by water.
c Phase identified by XRD (t = tetragonal; m = monoclinic; f = fluorite).
d Particle size computed by Scherrer equation from line broadening of XRD reflection
sample was oxidized at 500 �C. After an isothermal period of 1 h,
the sample was reduced at 450 �C for 2 h and evacuated for 4.5 h.
The double isotherm method with an intermediate vacuum treat-
ment of 1 h was employed to determine the irreversibly bound
chemisorbed hydrogen. To calculate the metal dispersion, an
adsorption stoichiometry of one hydrogen atom per surface rho-
dium atom was assumed [31].

2.3.5. Transmission electron microscopy (TEM)
Transmission electron micrographs were acquired on a FEI Tec-

nai 20 transmission electron microscope at an acceleration voltage
of 200 kV with a LaB6 filament. Typically, a small amount of grin-
ded sample was reduced at 500 �C and passivated in 1 vol.% O2 in
He for 2 h before being suspended in pure ethanol, sonicated and
dispersed over a Cu grid with a holey carbon film. TEM images
were recorded using a 1k � 1k Gatan CCD camera at different mag-
nifications. From the electron micrographs, the metal nanoparticle
diameters were determined from the projected area of the particles
assuming that the particles are spherical. The particle size distribu-
tion was determined from analysis of around 100 up to 300 parti-
cles from at least three different micrographs.

2.3.6. X-ray absorption spectroscopy
X-ray absorption measurements were carried out at the Dutch-

Belgian Beamline (Dubble) at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France (storage ring 6.0 GeV, ring current
200 mA). Data were collected at the Rh K-edge in fluorescence
mode with a nine-channel solid-state detector. Energy selection
was done by a double crystal Si (1 1 1) monochromator. Back-
ground removal was carried out by standard procedures. EXAFS
analysis was then performed with EXCURVE931 on k3-weighted
unfiltered raw data using the curved wave theory. Phase shifts
were derived from ab initio calculations using Hedin-Lundqvist ex-
change potentials and Von Barth ground states. Energy calibration
was carried out with Rh foil. The amplitude reduction factor S2

0

associated with central atom shake-up and shake-off effects was
set at 1.0 by calibration of the first- and second shell Rh–Rh coor-
dination numbers to 12 and 6, respectively, for the k3-weighted
EXAFS fits of the Rh foil. The structure of the Rh metal foil and
the first two shells of the FT EXAFS spectrum of Rh2O3 correspond
ination (�C) S.A. (m2/g) P.V. (ml/g) Phasec XRD dXRD
d (nm)

92 0.46 t, m n.d.
79 0.45 m 12
57 0.41 m 14
34 0.32 m 20
9 0.16 m 31

106 0.12 f n.d.
93 0.09 f 16
60 0.09 f 21
16 0.09 f 31
1 0.09 f 48
81 0.18 f n.d.
15 0.09 f n.d.

154 0.36 t n.d.
109 0.29 t 6
84 0.29 t 7
53 0.29 t 9
17 0.20 t 19

205 1.25 – –
151 1.10 – –

s.



Table 2
Textural properties, metal loading and notation of the catalysts.

Rh/Support Tcalcination (�C) Rh loadinga (wt.%) S.A. (m2/g) Catalyst label

ZrO2(600) 600 0.11 – Rh(0.1, 600)/ZrO2(600)
0.45 57 Rh(0.4, 600)/ZrO2(600)
0.82 - Rh(0.8, 600)/ZrO2(600)
1.62 57 Rh(1.6, 600)/ZrO2(600)

ZrO2(900) 600 0.39 9 Rh(0.4, 600)/ZrO2(900)
1.60 – Rh(1.6, 600)/ZrO2(900)

900 1.60 7 Rh(1.6, 900)/ZrO2(900)
Age750b 1.62 9 Rh(1.6, a750)/ZrO2(900)
Age900b 1.65 4 Rh(1.6, a900)/ZrO2(900)
Age1000b 1.72 2 Rh(1.6, a1000)/ZrO2(900)

CeO2(550) 550 0.15 – Rh(0.1, 550)/CeO2(550)
0.46 60 Rh(0.4, 550)/CeO2(550)
0.98 60 Rh(0.8, 550)/CeO2(550)
1.92 59 Rh(1.6, 550)/CeO2(550)

CeO2(900) 550 0.47 1 Rh(0.4, 550)/CeO2(900)
1.56 1 Rh(1.6, 550)/CeO2(900)

900 1.62 1 Rh(1.6, 900)/CeO2(900)
Age750b 1.52 - Rh(1.6, a750)/CeO2(900)
Age900b 1.60 1 Rh(1.6, a900)/CeO2(900)
Age1000b 1.52 – Rh(1.6, a1000)/CeO2(900)

CeO2-rod 500 0.14 72 Rh(0.1, 500)/CeO2-rod(500)
1.63 Rh(1.6, 500)/CeO2-rod(500)

CeO2-cube 500 1.58 15 Rh(1.6, 500)/CeO2-cube(500)

CeZrO2(600) 600 0.12 84 Rh(0.1, 600)/CeZrO2(600)
0.46 – Rh(0.4, 600)/CeZrO2(600)
0.91 – Rh(0.8, 600)/CeZrO2(600)
1.79 84 Rh(1.6, 600)/CeZrO2(600)

CeZrO2(900) 600 0.51 19 Rh(0.4, 600)/CeZrO2(900)
1.71 – Rh(1.6, 600)/CeZrO2(900)

900 1.66 17 Rh(1.6, 900)/CeZrO2(900)
Age900b 1.72 6 Rh(1.6, a900)/CeZrO2(900)
Age1000 b 1.75 3 Rh(1.6, a1000)/CeZrO2(900)

SiO2 550 0.10 – Rh(0.1, 550)/SiO2

0.33 – Rh(0.4, 550)/SiO2

0.79 213 Rh(0.8, 550)/SiO2

1.59 210 Rh(1.6, 550)/SiO2

SiO2(900) 550 0.65 – Rh(0.8, 550)/SiO2(900)
1.58 149 Rh(1.6, 550)/SiO2(900)

900 1.51 150 Rh(1.6, 900)/SiO2(900)
Age750b 1.18 108 Rh(1.6, a750)/SiO2(900)
Age900b 1.01 40 Rh(1.6, a900)/SiO2(900)

Note: The systems were calcined for 4 h or aged for 62.5 h at various temperatures after impregnation.
a Determined by ICP-AES.
b Ageing in a mixture of H2O and H2.
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well to literature data [32,33]. The near-edge region of the absorp-
tion spectra of these reference compounds were used to fit the
near-edge region of the catalysts.

Spectra at the Rh K-edge were recorded in a stainless-steel-con-
trolled atmosphere cell. The cell was heated with two firerods con-
trolled by a temperature controller. A thermocouple was placed
close to the catalyst sample. Typically, an amount of 200 mg of
sample was pressed in a stainless steel holder and placed in the
cell. Carbon foils were held between two high-purity carbon spac-
ers with a thickness of 1000 lm. High-purity gases (He and H2)
were delivered by thermal mass flow controllers. The total gas flow
was kept at 50 ml/min. The catalyst sample was heated at a rate of
10 �C/min up to a final temperature of 500 �C, whilst recording
XANES spectra. After reduction at this temperature for 1 h, the
sample was cooled and two EXAFS spectra were recorded.

2.4. Catalytic activity in steam methane reforming

The catalytic activity in steam methane reforming was measured
using a fixed-bed reactor with an internal diameter of 6 mm. The
stainless steel reactor tube was placed in a solid brass body to ensure
isothermal operation of the reactor. Typically, 3–15 mg of catalyst
(sieved to 125–250 lm) was mixed with inert a-Al2O3 (purity
99.997%, 110 lm crystalline, surface area 5.5 m2/g). Prior to cata-
lytic activity measurements, the catalysts were oxidized at 500 �C
for 1 h in 3 vol.% O2 in N2 and subsequently reduced at 450 �C for
2 h in 20 vol.% H2 in N2. The composition of the effluent gas was ana-
lysed by online gas chromatography (Interscience GC-8000 Top)
with a ShinCarbon ST 80/100 packed column (2 mm � 2 m) and a
thermal conductivity detector. SMR was carried out at 500 �C with
a feed containing 5 vol.% CH4 and 15 vol.% H2O in He (H/C = 10 and
O/C = 3) at a total pressure of 1.2 bar. The total gas flow was
200 ml/min. All tubings were kept at 125 �C after the point of steam
introduction to avoid condensation. The conversion was calculated
from the effluent concentrations via [5]

XCH4 ¼
½CO�out þ ½CO2�out

½CH4�out þ ½CO�out þ ½CO2�out
ð1Þ

The forward CH4 turnover rates (rf) were calculated by correction of
the measured net reaction rate (rn) for the approach to thermody-
namic equilibrium (g) [10] using

rf ¼
rn

ð1� gÞ ð2Þ
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with g ¼ ½PCO�½PH2 �
3

½PCH4 �½PH2O�
1

Keq

Pi the pressure of species i (bar) and Keq the equilibrium constant of
the SMR reaction, which amounts to 9.54 � 10�3 at 500 �C
(5.87 � 10�3 at 400 �C). These corrections were very minor with
typical initial values of g below 0.03. The rate of CH4 consumption
in the reactor was determined based on the CH4 inlet flow. Finally,
the rate for reforming is described by

rf ¼ kðTÞPCH4 ð3Þ
Table 3
Metal dispersion of reduced Rh/ZrO2 and Rh/CeO2 catalysts.

Catalyst H2-chemisorption TEM

dav
a (nm) Db (%) dav (nm) D (%)

Rh(0.1, 600)/ZrO2(600) 1.4 79 – –
Rh(0.4, 600)/ZrO2(600) 1.4 77 – –
Rh(0.8, 600)/ZrO2(600) 1.6 69 – –
Rh(1.6, 600)/ZrO2(600) 2.3 47 – –
Rh(0.4, 600)/ZrO2(900) 4.2 26 – –
Rh(1.6, 600)/ZrO2(900) 4.7 23 4.5 ± 1.5 24
Rh(1.6, 900)/ZrO2(900) – – n.d. –
Rh(1.6, a750)/ZrO2(900) – – 4.7 ± 1.5 23
Rh(1.6, a900)/ZrO2(900) 7.0 16 6.6 ± 3 17
Rh(1.6, a1000)/ZrO2(900) – – 9.0 ± 2.5 12

Rh(0.1, 550)/CeO2(550) 1.3 83 – –
Rh(0.4, 550)/CeO2(550) 1.6 69 – –
Rh(0.8, 550)/CeO2(550) 2.1 51 – –
Rh(1.6, 550)/CeO2(550) 2.8 39 – –
Rh(0.4, 550)/CeO2(900) 3.8 29 – –
Rh(1.6, 550)/CeO2(900) – – 5.2 ± 1.9 21
Rh(1.6, 900)/CeO2(900) – – 6.3 ± 1.6 17
Rh(1.6, a750)/CeO2(900) – – n.d. –
Rh(1.6, a900)/CeO2(900) – – 7.2 ± 5 15
Rh(1.6, a1000)/CeO2(900) – – 7.8 ± 2.5 14
Rh(0.1, 500)/CeO2-rod(500) 1.2 91 – –
Rh(1.6, 500)/CeO2-rod(500) 1.4 78 – –
Rh(1.6, 500)/CeO2-cube(500) 2.3 48 – –

a Average particle size.
b Dispersion.
2.4.1. Characterization spent catalysts
Temperature-programmed oxidation (TPO) was employed to

quantify the amount of carbonaceous deposits built up during
the SMR reaction. After a short purging period in He, the reactor
was closed and rapidly cooled to room temperature. The reactor
was transported to a setup suitable for TPO experiments. TPO
was carried out by heating the sample at a rate of 10 �C/min to
750 �C in a flow of 6 vol.% O2 in He. The amount of CO2 was deter-
mined by online mass spectrometry (quadrupole mass spectrome-
ter, Balzers TPG-300). The CO2 signal was calibrated by following
the decomposition of a well-known amount of NaHCO3 (Acros,
purity >99.5%). In a separate set of experiments, the reduced cata-
lyst was exposed to a feed consisting of 10 vol.% CH4 in He at a
temperature of 500 �C, purged in He and cooled to room tempera-
ture, followed by a similar TPO experiment. For X-ray absorption
spectroscopy of spent samples, an amount of catalyst was exposed
to SMR conditions for 75 h, purged in He and rapidly cooled to
room temperature and transferred under exclusion of air to a nitro-
gen-flushed glove box. The samples were brought to the synchro-
tron facility (ESRF) and loaded into the XAS cell under exclusion
of air.

3. Results

3.1. Characterization

3.1.1. Textural properties and metal loading
Table 1 lists the textural properties of the various support

materials before and after further calcination. The precursors were
calcined at various temperatures in the range 350–900 �C in order
to modify the textural properties and the final Rh particle size [34–
36]. The zirconia supports contained mainly the monoclinic phase
with minor amounts of the tetragonal phase. After calcination of
the cerium carbonate hydroxide precursor, ceria was obtained
and indexed as the fcc fluorite phase with space group Fm3m. This
form of ceria has a polycrystalline nature. As the reducibility and
reactivity of the various surface planes of ceria have a pronounced
effect on the catalytic activity of the active metal phase [37], ceria
nanorods and nanocubes were prepared as well. The morphology
of these nanostructured materials by TEM (not shown) is similar
to that reported before [30,38]. The lattice parameter of the ceria
nanocubes (a = 5.406 Å), which is equal to that of the CeO2 sup-
ports, is different from the value of 5.420 Å found for the nanorods.
This lattice distortion is caused by the presence of Ce3+ ions in the
lattice (Ce3+: r = 1.14 Å; Ce4+: r = 0.97 Å) [39,40] and is indicative of
the higher reducibility of this form of ceria. The ceria nanorods
have a typical width of 6.5 ± 1.6 nm and lengths in the range 30–
200 nm. The ceria nanocubes have a quite broad size distribution
ranging from 10 to 100 nm. The XRD patterns (not shown) of the
calcined CeZrO2 supports indicate that they exhibit the tetragonal
phase [41]. In comparison with t-ZrO2, the (1 1 1) peak shifted
down from 2h = 30.3� to 29.8� because of replacement of Zr4+

(0.84 Å) with the larger Ce4+ ion (0.97 Å) [42]. No diffraction peaks
assigned to ZrO2 or CeO2 as segregated phases were detected
irrespective of the calcination temperature. The lattice parameter
(a) is 5.180 Å, in agreement with values found for solid solutions
of similar composition [43].

Table 2 lists the most important properties of the catalysts pre-
pared in the present study. Only ageing treatments at elevated
temperature affected the textural properties after introduction of
the metal. Ageing led to a decrease in the metal loading for the
SiO2-supported catalyst but not for the others catalysts.
3.1.2. Metal dispersion
H2-chemisorption and TEM were employed to determine the

metal dispersion of reduced catalysts. H2-chemisorption measure-
ments were performed at �80 �C to suppress hydrogen spillover to
the reducible support [44,45].

The metal dispersion and the corresponding estimated particle
size of the Rh/ZrO2 and Rh/CeO2 catalysts are given in Table 3.
Figs. 2 and 3 show representative transmission electron micro-
graphs and the corresponding particle size distributions. It was dif-
ficult to determine the particle size accurately for highly dispersed
catalysts due to the small difference in contrast between rhodium
and the support materials. The smallest particles that could be ob-
served in the electron micrographs of Rh/CeO2 were around 2 nm.
For highly dispersed catalysts, the dispersion was determined by
H2-chemisorption. To validate that this approach did not introduce
systematic errors, the dispersion from chemisorption and electron
microscopy was compared for some samples and found to be in
satisfactory agreement. The average Rh particle size was varied be-
tween 1.4 and 9 nm and 1.3 and 7.8 nm for ZrO2- and CeO2-sup-
ported catalysts, respectively. The initially narrow particle size
distributions broaden as a result of ageing at high temperature.
The metal dispersion in CeO2-rod-supported Rh was much higher
in the CeO2-cube-supported one.

The dispersion results of the Rh/CeZrO2 and Rh/SiO2 catalysts
are collected in Table 4. Several representative electron
micrographs are given in Fig. 4. The trends of the dispersion as a
function of the Rh loading and the support are similar as noted
for the other catalysts. The dispersion of the CeZrO2-catalysts is



Fig. 2. Transmission electron micrographs and rhodium particle size distributions of (a) Rh(1.6, 600)/ZrO2(900), (b) Rh(1.6, a750)/ZrO2(900), (c) Rh(1.6, a900)/ZrO2(900), and
(d) Rh(1.6, a1000)/ZrO2(900) with average particle diameters 4.5, 4.7, 6.6 and 9 nm, respectively.

Fig. 3. Transmission electron micrographs and rhodium particle size distributions of (a) Rh(1.6, 550)/CeO2(550), (b) Rh(1.6, 550)/CeO2(900), (c) Rh(1.6, 900)/CeO2(900), and
(d) Rh(1.6, a900)/CeO2(900) with average particle diameters 2–3.5, 5.2, 6.3 and 7.2 nm, respectively.
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typically somewhat higher than that of the ZrO2- and CeO2-sup-
ported catalysts. The dispersion of the Rh/SiO2 catalysts was only
determined by TEM.

3.1.3. Reducibility of the active phase
Figs. 5 and 6 show Rh K-near-edge spectra during the reduction

of a representative set of Rh/ZrO2 and Rh/CeO2 catalysts. Fig. 5 in-
cludes reference spectra of metallic Rh and Rh2O3. The whiteline of
the oxidic precursor is substantially higher than for the metal due
to the lower occupancy of d-orbitals. The changes in the near-edge
spectra evidence the reduction of the rhodium oxide precursor to
metallic Rh. The near-edge region of the calcined catalysts is sim-
ilar to that of the rhodium oxide reference material. Reduction at
100 �C did not lead to any significant changes. The spectra after
reduction at 200 �C have pronouncedly changed. A clear shift of
the edge to lower energies is observed and the whiteline feature
has decreased, which means that reduction has taken place. Reduc-
tion at higher temperatures only results in minor changes in the



Table 4
Metal dispersion of reduced Rh/CeZrO2 and Rh/SiO2 catalysts.

Catalyst H2-chemisorption TEM

dav (nm) D (%) dav (nm) D (%)

Rh(0.1, 600)/CeZrO2(600) 1.1 97 – –
Rh(0.4, 600)/CeZrO2(600) 1.4 77 – –
Rh(0.8, 600)/CeZrO2(600) 1.5 72 – –
Rh(1.6, 600)/CeZrO2(600) 1.6 69 – –
Rh(0.4, 600)/CeZrO2(900) 3.5 31 – –
Rh(1.6, 600)/CeZrO2(900) – – 3.7 ± 1 30
Rh(1.6, 900)/CeZrO2(900) – – n.d. –
Rh(1.6, a900)/CeZrO2(900) – – 4.6 ± 1.2 24
Rh(1.6, a1000)/CeZrO2(900) – – n.d. –

Rh(0.1, 550)/SiO2 – – n.d. –
Rh(0.4, 550)/SiO2 – – 2.4 ± 0.5 46
Rh(0.8, 550)/SiO2 – – 2.5 ± 0.4 44
Rh(1.6, 550)/SiO2 – – 2.9 ± 0.7 38
Rh(0.8, 550)/SiO2(900) – – n.d. –
Rh(1.6, 550)/SiO2(900) – – 3.3 ± 1 33
Rh(1.6, 900)/SiO2(900) – – 4.7 ± 2.5 23
Rh(1.6, a750)/SiO2(900) – – 6.2 ± 3 18
Rh(1.6, a900)/SiO2(900) – – 8.0 ± 3.5 14
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XANES spectra. This means that reduction mainly occurs in the
temperature range 100–200 �C.

Fig. 6 shows similar spectra for three Rh/CeO2 catalysts with
small (D = 83%), medium (D = 39%) and large (D = 15%) average me-
tal particle size. Reduction at room temperature and 100 �C does
not result in spectral changes for Rh(0.1, 550)/CeO2(550) and
Rh(1.6, 550)/CeO2(550). Reduction commences at 200 �C and is
more pronounced for Rh(1.6, 550)/CeO2(550) than for Rh(0.1,
550)/CeO2(550). With increasing temperature, these two catalysts
become more reduced. Clearly, reduction of Rh(0.1, 550)/
CeO2(550) is not complete. The Rh(1.6, a900)/CeO2(900) catalyst
shows a completely different behaviour. The room temperature
spectrum shares features with the Rh foil, indicating the metallic
character of Rh. The changes in the near-edge spectra upon further
reduction are minor for this catalyst.

To quantify the differences in reduction degree of the reduced
catalysts, the near-edge spectra were fitted by linear combinations
Fig. 4. Transmission electron micrographs and rhodium particle size distributions of (a)
and (d) Rh(1.6, a900)/SiO2(900) with average particle diameters 3.7, 4.6, 3.3 and 8.0 nm
of the near-edge spectra of the Rh foil and Rh2O3. An overview of
the fraction of oxidic Rh (fRh3+) is given in Table 5. These data con-
firm that reduction takes mainly place between 100 and 200 �C. An
exception to this are the aged catalysts, which clearly have already
been reduced substantially during the ageing treatment.

Fig. 7 relates the reduction degree to the Rh particle size after
reduction at 400 and 500 �C. The differences in the reduction de-
gree between these two reduction temperatures are very small.
The reducibility depends on the average particle size. When the
particles become smaller than 4 nm, they become increasingly
more difficult to reduce. Particles larger than about 4 nm are nearly
fully reduced (fRh3+ <10%). Clearly, the reduction degree of the
CeO2-supported catalysts is lower than that of the CeZrO2-, ZrO2-
and SiO2-supported ones and this difference should be due to the
strong metal–ceria interactions [46–49].

Fig. 8 shows the experimental and fitted k3-weighted v(k) EX-
AFS functions and the corresponding Fourier Transforms (FT) of a
set conventional CeO2-supported catalysts after reduction. The fit
parameters are given in Table 6. In general, the FT spectra can be
fitted by a Rh-O shell at 2.06 Å and a Rh-Rh shell around 2.69 Å.
Higher Rh-Rh shells similar to those observed for the metallic Rh
foil were not used in the fitting procedure but are clearly present
when the Rh particles are large. Small Rh particles (dav < �2 nm)
contain a Rh–Rh shell at a coordination distance (R) slightly lower
than 2.69 Å and a coordination number (N) between 4 and 7. The
small Rh–Rh bond length contraction appears to be independent
of the type of support. A shorter interatomic bond length favours
enhanced d–d interactions, which narrows the d-band and lowers
the energy of the d-orbitals. Accordingly, a lower intensity of the
whiteline in the edge region of the X-ray absorption spectra is ob-
served (not shown). Similar effects have been reported before for
both Pt and Au catalysts [50]. The spectra also contain a contribu-
tion of an oxygen back-scatterer, which is due to the presence of a
small fraction of Rh-oxide particles that cannot be reduced. Such a
Rh–oxide shell is absent in the spectra of larger Rh particles. With
increasing Rh particle size, the coordination number increases to
values close to the bulk value of 12, while the Rh–Rh bond distance
remains at 2.69 Å.
Rh(1.6, 600)/CeZrO2(900), (b) Rh(1.6, a900)/CeZrO2(900), (c) Rh(1.6, 550)/SiO2(900),
, respectively.
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Fig. 9 relates the Rh–Rh coordination number to the Rh particle
size for a larger set of catalysts. The data are fitted with a simple
logarithmic function, which can be used to derive the average me-
tal particle size (daverage) from the coordination number of the first
Rh–Rh shell (NRh–Rh) by

NRh�Rh ¼ 3:815 � lnðdavÞ þ 3:88 ð4Þ

Additional data from the literature fit this correlation well. For sub-
nanometer-sized Rh particles, the estimation of the average particle
size from the Rh-Rh coordination number [59–62] has often been
based on the work of Van Zon et al. [51]. The particle sizes are a
bit lower than the correlation due to assumptions in applying
chemisorption [63]. The empirical function can be extended to met-
als of similar structure [50].

3.2. Catalytic activity measurements

3.2.1. Catalytic activity and stability
A large number of catalysts were tested for their activity in the

steam methane reforming reaction. The catalysts displayed consid-
erable differences in their activities and stabilities as a function of
time on stream. As a representative example, Fig. 10 shows the sur-
face-atom-based activity of three ZrO2-supported catalysts with
low, medium and high metal dispersion as a function of time on
stream. The initial intrinsic activity decreases with increasing Rh
particle size. Despite the much higher initial activity of the catalyst
with the highest Rh dispersion, deactivation is much more pro-
nounced than for the other two catalysts. The catalyst containing
the largest Rh particles exhibits stable activity in the SMR reaction.

Table 7 lists the weight-based and surface-atom-based reaction
rates of methane after 0.5 h and 15 h. The weight-based initial
activities show an optimum in the dispersion range of 50–70%. It
is however more useful in the light of our discussion to compare
the surface-atom-based reaction rates. In doing so, it is observed
that the initial intrinsic activity increases with the Rh dispersion
for a set of catalysts on a particular support. It is also noteworthy
that the initial intrinsic reaction rates do not vary significantly be-
tween catalysts based on different supports and with similar dis-
persion. For instance, the initial reaction rates of CeO2-, ZrO2-
and CeZrO2-supported catalysts with Rh dispersion close to 69%
are very similar. Another important conclusion is that all catalysts
containing Rh particles smaller than about 3 nm deactivate. Cata-



Table 5
Rh K-edge XANES spectra fitting results: fraction of oxidic Rh (fRh3+) of supported catalysts during reduction from room temperature to 500 �C.

Catalyst D (%) fRh3+ (%)

RT 100 �C 200 �C 300 �C 400 �C 500 �C

Rh(0.1, 600)/ZrO2(600) 79 100 100 42 36 33 31
Rh(0.4, 600)/ZrO2(600) 77 100 97 36 23 20 19
Rh(0.8, 600)/ZrO2(600) 69 100 83 35 22 19 17
Rh(1.6, 600)/ZrO2(600) 47 100 94 21 17 13 12

Rh(0.1, 550)/CeO2(550) 83 100 100 55 50 47 34
Rh(0.4, 550)/CeO2(550) 69 100 99 52 46 39 29
Rh(0.8, 550)/CeO2(550) 51 100 – 33 32 26 22
Rh(1.6, 550)/CeO2(550) 39 100 96 27 24 21 19
Rh(1.6, 550)/CeO2(900) 21 94 88 14 11 7 8
Rh(1.6, a900)/CeO2(900) 15 18 3 3 5 5 7
Rh(1.6, 500)/CeO2-rod(500) 78 100 100 27 24 21 20
Rh(1.6, 500)/CeO2-cube(500) 48 100 27 18 17 15 14

Rh(0.1, 600)/CeZrO2(600) 97 100 100 87 63 40 32
Rh(0.4, 600)/CeZrO2(600) 77 100 97 82 57 35 28
Rh(0.8, 600)/CeZrO2(600) 72 100 89 53 35 30 21
Rh(1.6, 600)/CeZrO2(600) 69 100 – 25 20 17 15
Rh(1.6, 600)/CeZrO2(900) 30 – – – – – 10
Rh(1.6, a900)/CeZrO2(900) 24 5 – – – – 6

Rh(1.6, 550)/SiO2 38 95 68 17 15 12 9
Rh(1.6, a900)/SiO2(900) 14 10 – – – – 6
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lysts containing larger nanoparticles exhibit a quite stable SMR
activity.

The approach of the reaction toward the water–gas shift equi-
librium is also included in Table 7. These values were determined
from the concentrations of reactants and products as defined by

gWGS ¼
½PCO2 �½PH2 �
½PCO�½PH2O�

1
Keq;WGS

; ð5Þ

with Keq,WGS amounting to 5.03 at 500 �C.
WGS reaction rates are generally considered to be sufficiently

high to obtain the WGS equilibrium [10,64]. Although this may
be true at high reaction temperatures, the present data obtained
at 500 �C show that gWGS considerably depends on the particle size
and the type of support. The WGS activity is highest for Rh particles
supported by ceria. Catalysts containing small Rh particles
(D > �30%) show decreasing WGS activity with the type of support
in the order CeO2 > CeZrO2 > ZrO2 > SiO2. Catalysts that contain
large Rh particles (D < �20%) have much lower WGS activities than
catalysts containing small Rh particles.

3.2.2. Characterization of spent catalysts
Table 8 collects the amount of carbon deposited during SMR

and exposure to CH4/He at 500 �C. Clearly, the total amount of coke
built up during SMR depends only slightly on the dispersion of the
catalyst. The ratio of carbon to surface metal atoms, however, is
higher than unity and increases with the dispersion. The experi-
ments as a function of time on stream for Rh(0.1, 600)/ZrO2(600)
evidence that the carbonaceous deposits built up progressively
with time on stream. Therefore, the coke is not related to the deac-
tivation of a certain amount of highly active surface sites. The
amount of coke deposited during 15 h of SMR is relatively smaller
than the amount built up during the exposure to CH4/He at the
same temperature for 10 min. For the latter type of experiments,
a maximum amount of coke is found for intermediate particle size.
This is to be contrasted to the much smaller variation in coke
formation following SMR.



Table 6
Fit parameters of k3-weighted EXAFS spectra at the Rh K-edge of supported catalysts after reduction and reaction.

Catalyst Treatment fRh3+
a (%) EXAFS analysisb

Shell R (Å) N Dr2 (Å2) E0 (eV)

Rh(0.1, 550)/CeO2(550) H2, 500 �C 28 Rh-O 2.06 0.9 0.004 �6.0
Rh-Rh 2.65 4.3 0.012

Spentc 65 Rh-O 2.05 3.0 0.006 2.3
Rh-Rh 2.66 2.7 0.009

Rh(0.4, 550)/CeO2(550) H2, 500 �C 27 Rh-O 2.05 1.3 0.008 4.7
Rh-Rh 2.67 5.2 0.009

Rh(0.8, 550)/CeO2(550) H2, 500 �C 24 Rh-O 2.03 0.5 0.003 5.2
Rh-Rh 2.68 5.7 0.007

Rh(1.6, 550)/CeO2(550) H2, 500 �C 19 Rh-Rh 2.69 6.6 0.006 3.6
Spentc 39 Rh-O 2.06 2.1 0.008 3.3

Rh-Rh 2.68 4.5 0.007
Rh(1.6, 550)/CeO2(900) H2, 500 �C 10 Rh-Rh 2.69 10.1 0.006 3.0
Rh(1.6, a900)/CeO2(900) H2, 500 �C 2 Rh-Rh 2.69 11.8 0.006 3.4

Spentc 3 Rh-Rh 2.69 9.8 0.005 4.0

Rh(1.6, 500)/CeO2-rod(500) H2, 500 �C 21 Rh-Rh 2.68 5.9 0.007 2.8
Rh(1.6, 500)/CeO2-cube(500) H2, 500 �C 15 Rh-Rh 2.69 8.1 0.005 2.4

Rh(0.8, 600)/CeZrO2(600) H2, 500 �C 18 Rh-O 2.06 1.4 0.015 1.3
Rh-Rh 2.68 4.6 0.007

Rh(1.6, 600)/CeZrO2(600) H2, 500 �C 13 Rh-Rh 2.68 6.5 0.007 1.1

Rh(0.8, 600)/ZrO2(600) H2, 500 �C 19 Rh-Rh 2.66 4.7 0.006 7.2
Rh(1.6, 600)/ZrO2(600) H2, 500 �C 13 Rh-Rh 2.68 8.5 0.007 3.0

Rh(1.6, 550)/SiO2 H2, 500 �C 10 Rh-Rh 2.68 7.5 0.006 4.5

a Fitting of near-edge spectra.
b Only Rh–O and Rh–Rh shells fitted; Dk = 2.5–13.4 Å�1; estimated error in R ± 0.01 Å, N ± 20%, Dr2 ± 10%.
c SMR for 75 h at 500 �C in 0.06 bar CH4 and 0.18 bar H2O.
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Table 6 contains the fit parameters of the Fourier-transformed
k3-weighted EXAFS functions of spent CeO2-supported catalysts
with initial metal dispersions of 83%, 39% and 15% after reduction.
The corresponding Fourier transforms and EXAFS functions are
shown in Fig. 11. Compared to the freshly reduced catalysts, the
FT function of spent Rh(0.1, 550)/CeO2(550) contains a much smal-
ler contribution of the Rh-Rh shell. The coordination number has
decreased from 4.3 to 2.7. At the same time, the Rh–O coordination
number, which was only 0.9 in the reduced catalyst, increased to
3.0. These results suggest that the very small particles have not sin-
tered during the SMR reaction but instead have oxidized. In sup-
port of this is the analysis of the near-edge spectra, which shows
an increase of the fraction of oxidic Rh from 28% to 65%. The
Rh(1.6, 550)/CeO2(550) catalyst, which contains Rh particles with
an average size of 2.8 nm, deactivates less pronouncedly than
Rh(0.1, 550)/CeO2(550). The coordination number of the Rh–Rh
shell is 6.6 for the freshly reduced catalyst and decreases to 4.5.
Concomitantly, the Rh–O shell increases pointing to partial oxida-
tion of this catalyst. The degree of oxidation of this catalyst is lower
than for the very small particles in Rh(0.1, 550)/CeO2(550). Finally,
Rh(1.6, a900)/CeO2(900) initially contains 7.2 nm Rh particles with
a Rh-Rh coordination number of 11.8. After SMR, the coordination
number only changed slightly to 9.8. Most importantly, we ob-
served that the Rh particles remain nearly completely reduced.



Table 7
CH4 steam reforming ratesa initial and 15 h on stream of a selected set of catalysts (500 �C, 0.06 bar CH4, 0.18 bar H2O), and the extent of water–gas shift equilibrium (gWGS).

Catalyst D (%) rinitial r15h gWGS (–)

(mol/gcat�h) (mol/mol Rhsurf�s) (mol/gcat�h) (mol/mol Rhsurf�s)

Rh(0.1, 600)/ZrO2(600) 79 0.43 14 0.14 4.7 0.55
Rh(0.4, 600)/ZrO2(600) 77 1.66 13.7 1.17 9.6 0.45
Rh(0.8, 600)/ZrO2(600) 69 2.52 12.9 2.21 11.2 0.68
Rh(1.6, 600)/ZrO2(600) 47 2.33 8.8 1.95 7.3 0.6
Rh(1.6, 600)/ZrO2(900) 24 0.71 5.4 0.69 5.3 0.56
Rh(1.6, a750)/ZrO2(900) 23 0.64 5 0.66 5.3 0.2
Rh(1.6, a900)/ZrO2(900) 17 0.35 3.6 0.34 3.5 0.02
Rh(1.6, a1000)/ZrO2(900) 12 0.19 2.6 0.18 2.4 0.01

Rh(0.1, 550)/CeO2(550) 83 0.41 9.3 0.13 3 1
Rh(0.4, 550)/CeO2(550) 69 1.33 10.6 0.88 7 0.91
Rh(0.8, 550)/CeO2(550) 51 1.97 11.3 1.58 9.1 0.97
Rh(1.6, 550)/CeO2(550) 39 2.62 10 2.46 9.4 0.98
Rh(1.6, 550)/CeO2(900) 21 0.63 5.5 0.6 5.2 0.82
Rh(1.6, a900)/CeO2(900) 15 0.08 1 0.03 0.4 0.03
Rh(1.6, 500)/CeO2-rod(500) 78 0.38 13.2 0.33 11.4 0.92
Rh(1.6, 500)/CeO2-cube(500) 48 2.43 9.2 2.28 8.6 0.8

Rh(1.6, 600)/CeZrO2(600) 69 2.3 11.5 2.17 10.8 0.85
Rh(1.6, a900)/CeZrO2(900) 24 0.45 3.1 0.41 2.9 0.22

Rh(1.6, 550)/SiO2(900) 33 1.24 6.8 1.03 5.7 0.18
Rh(1.6, a750)/SiO2(900) 14 0.12 1.6 0.11 1.5 0.03

a rinitial (r15h) is defined as the average rate between 0.5 and 2.5 h (15 and 17 h).

Table 8
The amount of carbon in spent Rh/ZrO2 and Rh/CeO2 catalysts after SMR and exposure to CH4/He as determined by TPO.

Catalyst D (%) t a(h) PCH4 (bar) PH2O (bar) Tmax (oC) Coke (mmol/gcat) Coke (mmol/mmol Rhsurf)

Rh(0.1, 600)/ZrO2(600) 79 2.5 0.06 0.18 271 0.12 13.7
8.5 0.06 0.18 285 0.3 35.8
15 0.06 0.18 319 0.57 67.4
0.167 0.1 0.18 307 0.06 7.0

Rh(1.6, 600)/ZrO2(600) 47 15 0.06 0 276 0.23 3.2
0.167 0.1 0 320 1.21 16.3

Rh(1.6, 600)/ZrO2(900) 24 15 0.06 0.18 285 0.36 9.5
0.167 0.1 0 322 0.26 6.8

Rh(1.6, a900)/ZrO2(900) 17 15 0.06 0.18 319 0.4 11.6
0.167 0.1 0 484 0.08 3.0

Rh(0.1, 550)/CeO2(550) 83 15 0.06 0.18 268 0.6 49.9
Rh(0.8, 550)/CeO2(550) 51 15 0.06 0.18 260 0.33 7.2
Rh(1.6, 550)/CeO2(900) 21 15 0.06 0.18 266 0.2 6.1
Rh(1.6, a900)/CeO2(900) 15 15 0.06 0.18 289 0.19 8.1

a Time on stream.
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4. Discussion

Insight into the influence of the number of particular surface
sites such as terraces (Nterrace), edges (Nedge), corners (Ncorner) and
step edges (Nstep) can be obtained by relating the intrinsic surface
atom reaction rates to the metal dispersion. Following the work of
Jones et al. [7], the total reaction rate (rtotal) will be the sum of the
individual reaction rates over the various surface sites via

rtotal ¼ Nterrace � rterrace þ Nedge � redge þ Ncorner � rcorner þ Nstep � rstep

ð6Þ

As typically only the metal dispersion (D) is known, the intrinsic
surface atom reaction rate (rintrinsic) is obtained by normalizing
the experimental total reaction rate to the number of surface atoms
(Ntotal) via

rintrinsic ¼ rexperimental=Ntotal ð7Þ

with rexperimental being the turnover frequency in molCH4/gcat s and
Ntotal the total number of surface sites in molRh-surf/gcat. How rintrinsic

relates to the metal particle dispersion depends on the individual
rates for the various surface sites. If the reaction rate is controlled
by the terrace sites, rintrinsic does not depend on the dispersion, be-
cause Nterrace/Ntotal does not depend on the metal particle size. If the
reaction rate is limited by a reaction step taking place on the edge
atoms, the rate will scale linearly with metal dispersion as Nedge in-
creases inversely with the particle size. If the rate-controlling step
occurs on corner atoms, the rate should correlate with D2. Finally,
one should consider the special case where CO formation on the
stepped site surface topology is rate-controlling. In this case, one
expects that rintrinsic has a maximum at around 2 nm for cubo-octa-
hedron-shaped nanoparticles. To compute meaningful values for
rintrinsic, the experimental reaction rate is corrected for the metal
dispersion as well as the fraction of metallic Rh. The latter correc-
tion is required, because the fraction of Rh atoms that cannot be re-
duced is significant, viz. for the CeO2-supported catalysts and for the
other catalysts that contain very small Rh particles.

Fig. 12 shows the initial rintrinsic as a function of the Rh disper-
sion. Two important conclusions can immediately be drawn. The
first is that the intrinsic reaction rate over the reduced surface me-
tal atoms increases linearly with the metal dispersion. This finding
indicates that the overall rate is controlled by a reaction step
occurring on the edge atoms of the Rh nanoparticles. The second
is that the initial reaction rate per surface metal atom does not
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depend on the support. These two issues will be discussed in detail
below.

The linear correlation between the intrinsic reaction rate and
the metal dispersion for steam methane reforming has been re-
ported before by Jones et al. [7] and Wei and Iglesia [10]. In the
work by Jones et al., a set of Rh catalysts was supported by zirconia
with a varied dispersion in the range 8–32%, which implies that the
smallest particles had a size of about 3 nm. This size is consider-
ably larger than the particle size at which the density of stepped
edge sites is expected to dominate on the metal nanoparticles.
The smallest particle size in the present set of catalysts is 1.3 nm.
The intrinsic reaction rates of our catalysts are very similar to those
reported by Jones et al. [7] for similar metal dispersion. In contrast,
the activities are nearly two times higher than the activities of sup-
ported Rh catalysts reported by Wei and Iglesia [10], even when
the reaction temperature in the latter case was 100 �C higher.
The reason for this difference is not clear, although we would like
to note that we and Jones et al. use inert forms of alumina as dilu-
ent, whereas quartz powder was employed by Wei and Iglesia. As
the linear relation with dispersion still holds, this allows us to ex-
tend the conclusion by Jones et al. to a much larger range of parti-
cle sizes. The data of Wei and Iglesia relate to high-temperature
conditions [10], under which one expects CH4 dissociation to be
rate-controlling [23]. A word of caution is in place. The geometrical
optimum of stepped edge sites of 2 nm is determined for nanopar-
ticles with cuboctahedron morphology [17]. In reality, metal parti-
cles tend to minimize their surface energy and one way to do so is
to maximize the interaction with the support. In this case, the par-
ticle shape may be different, and it is likely that stepped edge sites
can still be present on very small particles that interact more
strongly with the support. Indeed, the relation between the Rh-
Rh coordination number and the average Rh particle size of the
supported Rh catalysts in comparison with recent spectral simula-
tion work [65] points to the presence of half-spheres in our
catalysts.

The importance of surface defect sites in the activation of meth-
ane dissociation has been extensively demonstrated by periodic
DFT calculations on Group VIII metals. The activation energies on
Rh are typically 60 kJ/mol and higher for terrace surfaces (close-
packed facets) and 30–60 kJ/mol for surface atoms with a lower
metal–metal coordination number as found for edges and stepped
sites [14,66]. These barriers are substantially lower than those cal-
culated for CO formation on Rh. The activation energy for CAO
recombination is �180 kJ/mol on terrace surfaces and decreases
to values on the order of 90 kJ/mol on step edge sites [23]. To
meaningfully compare these barriers, one should compare the acti-
vation free energies. At a temperature of 500 �C, one has to add
approximately 100 kJ/mol for the entropy loss during dissociative
methane adsorption (DSact estimated to be �130 J/mol�K), which
implies a free energy activation barrier of at least 130 kJ/mol. For
a surface recombination reaction, the change in entropy will be
very small [67]. The free energy activation barrier for CAO recom-
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bination will remain around 90 kJ/mol. This analysis predicts that
the rate of dissociative methane adsorption will be lower than
the rate of CAO recombination as long as step edge sites are
available.

In line with earlier suggestions [1,7], this analysis implies that
at sufficiently low temperatures, CAO recombination will become
rate-controlling. To verify this, we determined the intrinsic rates
for a number of Rh/ZrO2 catalysts at 400 �C (Fig. 13) and found that
the intrinsic rate remains linearly related to the dispersion. As in
this case no catalyst deactivation was observed, a kinetic study
could be carried out to determine the reaction orders in methane
and steam. Fig. 14 shows that changes in the methane partial pres-
sure range of 24 to 105 mbar did not lead to any changes in the
conversion. Thus, the reaction is first-order in methane. The intrin-
sic activity did not depend on the steam-to-carbon ratio (S/C ratio
varied between 3 and 6). Accordingly, the reaction rate equation
has the form

r ¼ k � P1
CH4
� P0

H2O ð8Þ

similar to the form reported by Wei and Iglesia [10] for reforming at
more conventional reforming temperatures of 600 �C and higher. In
another set of experiments, we determined the apparent activation
energy for two Rh/ZrO2 catalysts with average particle sizes of 1.6
and 2.3 nm and found it to be 70 kJ/mol in the temperature range
330–450 �C. Wei and Iglesia [10] reported a value of 109 kJ/mol
for SMR at higher temperatures for a Rh-based catalyst. Zeppieri
et al. [68] found a value of 69 kJ/mol for a 5 wt.% Rh-perovskite cat-
alyst similar to our activation energy. The present value of 70 kJ/mol
is very close to theoretical values for methane activation [14,66].

Accordingly, the present experimental results allow us to con-
clude that (i) CH4 dissociation is the rate-controlling step and (ii)
CO formation is occurring on step edge sites. This also implies that
the very small particles employed in this study still stabilize suffi-
cient step edge sites. Jones et al. [7] assume competition between
CH4 dissociation and CAO recombination in their microkinetic
model. This choice appears to be related to the relatively high bar-
rier for CAO recombination computed for the stepped Ru(1015)
surfaces, which was used to derive the barrier for Rh and other
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Fig. 13. Initial CH4 steam reforming rates as function of Rh dispersion supported by
ZrO2 at 500 oC (black) and 400 �C (gray) (0.06 bar CH4, 0.18 bar H2O).
metals. A similarly high barrier on Rh for this step was found ear-
lier by Mavrikakis et al. [69]. The free activation energy analysis
then predicts competition between CAO recombination and CH4

dissociation for the most active metals. Recently, Van Grootel
et al. [23] have reported values for the activation barrier of CAO
recombination for Rh(1 1 1) and Rh(2 1 1) of 180 and 90 kJ/mol,
respectively, independent of whether CO forms by recombination
of adsorbed C and O adatoms or via a formyl (CHO) intermediate.
Obviously, this free energy analysis implies that dissociative meth-
ane adsorption will be the rate controlling step at higher reaction
temperatures.

The other important conclusion is that the support does not
influence the intrinsic reaction rate of the surface metal edge
atoms. Iglesia and co-workers [10] have reached a similar conclu-
sion by comparing the intrinsic activities of zirconia- and alumina-
supported Rh catalysts. This result is in agreement with the finding
that the rate is controlled by dissociative methane adsorption, be-
cause it is commonly accepted that this elementary reaction step
takes place over a single metal surface atom without any involve-
ment of the support. Several studies for supported Pt [70] and Pd
[71–73] catalysts have shown a positive effect of the use of ceria
in steam methane reforming. It may well be that the more difficult
activation of water on Pt and Pd surfaces [23] explains the benefi-
cial effect of ceria in such cases. Indeed, ceria and a ceria-contain-
ing support such as ceria-zirconia as employed in the present study
are known to activate water, which may provide oxygen species on
the metal phase via spillover [74,75].

A further interesting finding of the present work is that catalyst
deactivation becomes more pronounced with decreasing Rh parti-
cle size. Deactivation is apparent for particles with an initial dis-
persion higher than 75%, whereas particles with dispersion
between 35% and 75% deactivate less strongly. Particles larger than
about 4 nm are stable in the SMR reaction. TPO of spent catalysts
shows a clear relation between the amount of coke built up on
the catalyst surface during SMR and the particle size. The coke is
graphitic in nature as follows from the high temperature needed
to hydrogenate these coke deposits [76]. The smaller the initial
Rh nanoparticles, the higher the surface Rh atom normalized
amount of coke in the spent catalyst. This trend is at variance with
the one obtained in separate experiments involving coke deposi-
tion by exposure of the same catalysts to methane. In the presence
of water (SMR reaction), CAO recombination reactions, which re-
move carbon from the surface, compete with carbon–carbon cou-
pling reactions. CAO recombination occurs on stepped sites
during SMR [23]. It can be expected that the density of such step
edge sites decreases with a decrease in the particle size [13]. Thus,
the lower density of step edge sites on small nanoparticles may re-
sult in a higher concentration of carbon (C or CH species) on the
surface and, therefore, increase the rate of formation of carbona-
ceous deposits. Accordingly, coke deposition provides a possible
explanation for the stronger catalyst deactivation of smaller Rh
particles.

A detailed comparative analysis of the near-edge region and EX-
AFS part of the X-ray absorption spectra of reduced and spent Rh
catalysts shows that very small particles are oxidized to rhodium
oxide species under the SMR conditions. The smaller the initial
particle size, the more extensive the oxidation of the metal phase
is. This is evident from the increased fraction of oxidic Rh as well
as from the increased Rh–O coordination shell. The tendency of
Rh nanoparticles to become oxidized increases with decreasing
the particle size [77]. We recently found that Rh nanoparticles dis-
persed on reducible supports with a size smaller than 2.5 nm oxi-
dize completely and are much more active in CO oxidation than
large Rh particles that remain metallic [78]. The present results
also indicate that under the more reducing conditions of steam
reforming, the surface oxygen atoms can oxidize these very small
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70 ± 2 and 71 ± 3 kJ/mol, respectively.
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Rh nanoparticles, whereas for CO oxidation, Rh oxide turns out to
be much more active than Rh metal; this is not the case for steam
methane reforming because of the necessity of activating the C–H
bonds of methane over Rh surface metal atoms. Thus, oxidation of
very small Rh particles provides a reasonable explanation for cata-
lyst deactivation. The current findings do not support that catalyst
deactivation is due to sintering of the active metal phase as re-
ported before for Rh/SiO2 during dry reforming of methane [79].

In an attempt to determine which effect is more important in
explaining the stronger deactivation of the more dispersed Rh cat-
alysts, the effect of the S/C ratio on the rate of catalyst deactivation
was investigated. It is well known that a higher S/C ratio improves
catalyst stability by reducing the formation of coke [80–83].
Fig. 15a shows the intrinsic reaction rate for Rh(0.1, 600)/
ZrO2(600) and Rh(1.6, 600)/ZrO2(900) with initial dispersion of
83 and 24% after reduction, respectively, as a function of the time
on stream for S/C ratios of 3 and 6. In line with our earlier finding,
the catalytic activity does not depend on the S/C ratio. The rate of
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Fig. 15. (a) CH4 steam reforming rates as a function of time on stream of (squares) Rh(0.1
(open) (500 �C, 0.06 bar CH4) and (b) the amount of carbon per surface metal atoms as
deactivation of Rh(0.1, 600)/ZrO2(600) also does not depend on the
S/C ratio. In order to verify whether the increased S/C ratio led to a
decreased amount of carbonaceous deposits, TPO experiments
were carried out after 15 h time on stream. Clearly, the amount
of coke deposits has substantially decreased when the S/C ratio is
6 instead of 3 (Fig. 15b). For the small particle catalyst, the amount
of coke is only half. These results clearly indicate that not carbon
deposition but instead the oxidation of small nanoparticles is the
dominant explanation for the deactivation of highly dispersed Rh
catalysts.
5. Conclusions

The initial intrinsic surface atom reaction rate of steam meth-
ane reforming at 500 �C for a large set of Rh catalysts increases lin-
early with the metal dispersion. This points to dissociative
methane adsorption as the rate-controlling step and is understood
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a function of the S/C ratio (black: S/C = 3; gray: S/C = 6).
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in terms of an increasing density of low-coordinated edge and cor-
ner metal atoms with decreasing particle size. CAO recombination
is not the rate-controlling step, even when the temperature is low-
ered to 400 �C. The intrinsic activity does not depend on the type of
support. The support only affects the catalytic activity in steam
methane reforming indirectly by influencing the dispersion and
the reduction degree of the metal phase.

Catalysts with Rh nanoparticles smaller than 2.5 nm deactivate
more strongly than catalysts with larger nanoparticles. Character-
ization of spent catalysts by X-ray absorption spectroscopy shows
that deactivation is due to the oxidation of very small particles un-
der the steam methane reforming reaction conditions.
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