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Abstract

Samples of rhodium crystallites ®nely dispersed on alumina were prepared by impregnating an alumina support with

different amounts of rhodium chloride. Reduced samples were oxidized at different temperatures (To) in air and the oxidized

rhodium crystallites were characterized by the temperature-programmed reduction technique (TPR). According to the

reduction peaks found by TPR, ®ve kinds of oxidation products, i.e., oxygen-chemisorbed rhodium (RhOc), surface rhodium-

oxide (RhsO), bulk rhodium-oxides (RhOx), rhodium-oxides interacting with support (RhiOx) and rhodium aluminate

[Rh(AlO2)y], have been progressively formed on increasing To temperature. The abundance of these products on oxidized

samples varied with To temperature and the dispersion of supported rhodium crystallites. Rhodium atoms in the Rh(AlO2)y

structure, formed on severe oxidation conditions, would segregate from the bulk to the surface of alumina upon reductions at

temperature above 7508C. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rh/Al2O3 is one of the active catalysts for oxida-

tions of ammonia and carbon monoxide, the elimina-

tion of nitric oxide and the conversion of synthesis gas

to oxygenates [1]. In oxidative environments, rhodium

atoms dispersed on alumina tended to be oxidized into

oxide forms of various compositions, i.e.,

2Rh=Al2O3 � xO2 $ 2RhOx=Al2O3 (1)

Species of Rh2O [2], RhO [3], Rh2O3 [2,4±8], and

RhO2 [8,9] have been suggested to exist on oxidized

rhodium catalysts (Table 1).

The RhOx species formed on supported rhodium

samples varied signi®cantly with the properties of

support. Munoz et al. [2] distinguished two rhodium

oxide states, i.e., Rh(I), Rh(III), on TiO2 support with a

combination of XPS (X-ray photoelectron spectro-

scopy) and TPR (temperature-programmed reduction)

techniques. Also based on XPS study, both Schmidt

and coworker [6] and Carpenter [7] demonstrated that

Rh(III) prevailed on alumina and silica supports.

Using the combined techniques of the high resolution

electron microscopy (HREM) and the O2-uptake mea-

surement, Datye and coworkers [3] found that a RhO

intermediate state existed before the formation of

Rh2O3 during oxidation of Rh/SiO2 and Rh/TiO2

samples. Sachtler and coworkers [8] reported that

oxidation states of rhodium on Rh/NaY samples
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varied with the oxidation temperature, RhO2 prevailed

after oxidation at 3208C but Rh2O3 dominated after

calcination at 5008C.

Taylor pointed out in a review [10] that rhodium

catalysts tended to deactivate in oxidizing environ-

ments at high temperatures. Besides a sintering of

rhodium to form large particles [11±13], the deactiva-

tion was attributed to the formation of:

1. dif®cult-to-reduce rhodium oxides [11],

2. a rhodium species interacting strongly with the

surface of g-Al2O3 support or

3. binary compounds between rhodium oxides and

alumina [4,5,14,15].

Many studies [5,14±17] found that catalytic activities

of deactivated rhodium catalysts could be partially

restored by exposing to reducing environments at

temperatures of 6008C or higher. Presumably the

activity of rhodium catalysts depends heavily on the

chemical environment of RhOx. Therefore, a detailed

chemistry on oxidations of rhodium catalysts is

needed.

In a previous report [18], we distinguished different

species of platinum oxides, i.e., PtO, PtO2 and those

incorporated into alumina support, on Pt/Al2O3 sam-

ples with the technique of TPR. In this report, we used

the same technique to study the variation in chemical

environments of rhodium crystallites supported on

alumina with the temperature of oxidation treatments.

2. Experimental

2.1. Calcined samples

Rhodium catalysts of various rhodium loadings

were prepared via the incipient wetness technique

by impregnating g-Al2O3 powders (Merck, surface

area�108 m2/g) with an aqueous RhCl3 solution.

Obtained slurries were pretreated sequentially with

an overnight drying at 1108C and 4 h calcination at

5008C in air before being stored in capped bottles as

calcined samples. The loading of rhodium on the

calcined samples was determined by the atomic-emis-

sion technique using a Perkin-Elemer Sciex Elan 5000

ICP-MS.

The dispersion (D, i.e., percentage of atoms

exposed to surface) of rhodium crystallites on

each sample was estimated gravimetrically from

adsorption of dioxygen (2.5�104 Pa) at 258C under

the assumption that a monolayer chemisorption

of oxygen atom on rhodium surface has a stoichio-

metry of No/NRhs�1 [9]. The amount of oxygen

uptake was monitored in a Setaram TG/DSC 111 dual

port calorimeter equipped with a sensitive (�0.25 mg)

balance. A detailed description of this system has

been given in a previous report [19]. Obtained

dispersions of rhodium on the calcined samples are

listed in Table 2.

Table 1

Rhodium oxide species suggested in the literature

Sample Oxidation condition Method Oxide states (RhOx) Reference

Temperature (8C) Flowing gas

2.5% Rh/TiO2 25 O2 XPS/TPR Rh(I) Munoz et al. [2]

500 Rh(I), Rh(III)

Rh/SiO2 500 Air XPS Rh(III) Schmidt and coworker [6]

2% Rh/Al2O3 300 5% O2/N2 XPS Rh(III) Carpenter [7]

500 Air Rh(III)

Rh/Al2O3 >400 Air TPR Rh2O3 Yao et al. [5]

Rh/NaY 400 Air TPR RhO2 Sachtler and coworkers [8]

500 Rh2O3

Rh/SiO2, Rh/TiO2 500 O2 O2-volumetric RhO Datye and coworkers [3]

>500 Rh2O3

Rh/Al2O3 (ra�1.6 mm) 500 O2 TG/DSC RhO2 Yeh and coworker [9]

Rh/Al2O3 (r<1.1 nm) Rh2O3

a Average diameter of rhodium crystallites calculated from 0.90/D.
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2.2. Reoxidized samples

For TPR characterizations, each calcined sample

was prereduced for 1 h in ¯owing hydrogen gas at

4008C and a subsequent purge for 1 h in ¯owing

helium gas (purity of 99.9999%) at 5008C. 0.15 g

of reduced Rh/Al2O3 sample was then reoxidized

for 1 h in a ¯ow of 5 vol% O2 in He at a predetermined

oxidation temperature (To) to convert rhodium crystal-

lites into rhodium oxides. Each reoxidized sample was

then cooled in pure He for subsequent TPR character-

izations.

The TPR study was performed in an apparatus

described in a previous report [20]. A 30 ml/min ¯ow

of 10 vol% H2 in Ar was used as the reduction gas in

TPR experiments. The rate of hydrogen consumption

was monitored by a thermal conductivity detector

(TCD) when the sample temperature was raised from

ÿ608C to 10008C at a constant rate of 78C/min. The

amount of oxygen atoms (No) reduced in TPR experi-

ments was calibrated with the hydrogen consumption.

Calculated No/NRh ratios (where NRh denotes the

number of rhodium atoms in each sample) were also

listed in Table 2. The software for peak analysis was

provided by Scienti®c Information Service Corpora-

tion (SISC).

3. Results and discussion

3.1. Effects of chloride ions on the reduction of

Rh/Al2O3

The Rh species on calcined samples may be tenta-

tively regarded as a mixture of RhOx and RhOyClz
because they were prepared from RhCl3 precursor and

calcined 5008C. Fig. 1 displays TPR traces from three

calcined samples with different Rh loadings. Two

Table 2

Effects of rhodium dispersion and reoxidation temperature (To) on the TPR characterization on Rh/Al2O3 samples

Sample Dispersion Nad
o /NRh To (8C) TPR

No/NRh Dominant RhOx

0.9% Rh/Al2O3 1.00 ÿ30 0.93 RhsO, RhOx

25 1.13 RhOx, RhiOx

100 1.23 RhOx, RhiOx

300 1.32 RhiOx

500 1.22�0.09 RhiOx, Rh aluminate

800 0.18�1.06 RhiOx, Rh aluminate

300a 1.23 RhOx, RhiOx

3.3% Rh/Al2O3 0.55 ÿ30 0.34 RhOc, RhsO

25 0.54 RhOc, RhsO

100 0.95 RhsO, RhOx

300 1.00 RhOx

400 1.38 RhOx, RhiOx

500 2.20 RhOx, RhiOx

700 2.01�0.11 RhOx, RhiOx

800 1.56�0.51 RhiOx, Rh aluminate

23% Rh/Al2O3 0.18 ÿ30 0.12 RhOc

25 0.18 RhOc, RhsO

100 0.29 RhOc, RhsO

300 0.64 RhsO

500 1.40 RhsO, RhOx

700 1.29�0.03 RhOx, RhiOx

800 1.27�0.12 RhiOx, Rh aluminate

Nad
o : Uptake of oxygen atom measured gravimetrically at 258C.

a A second TPR for 3008C reoxidized sample.
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reduction peaks (at Tr�1008C and � 1708C, respec-

tively) can be distinguished from these traces. These

two peaks may be regarded as the following reduc-

tions:

RhOx � xH2 ! Rh� xH2O (2)

RhOyClz � y� z

2

� �
H2 ! Rh� yH2O� zHCl (3)

The coordinated chloride ions in the RhOyClz com-

plex might be completely removed from rhodium at

the termination of TPR reduction (3508C) [18]. The

rhodium crystallites reduced may be further converted

into rhodium oxide (RhOx) by reoxidation with

oxygen:

Rh� x

2
O2 ! RhOx (4)

Fig. 2 shows TPR characterizations of the three

TPR reduced Rh/Al2O3 samples reoxidized at

5008C. Only a single reduction peak was observed

in each sample for the RhOx species formed at the

5008C reoxidation. The reduction temperatures (Tr) of

this peak are always lower than 1208C. A comparison

of these TPR traces with those in Fig. 1 reveals that

the peaks with Tr>1508C in Fig. 1 can be assigned to

the reduction of RhOyClz species (reaction 3) while the

chloride-free RhOx species formed in reaction 2 gen-

erally gives a peak at Tr�1208C. The main peak

(Tr�1008C), the small peaks at Tr�608C and 1208C
in Fig. 1(b) and the shoulder at Tr�858C in Fig. 1(c)

found in the calcined samples came from reductions of

rhodium oxide species in different chemical environ-

ments, which will be discussed at Section 3.2 in detail.

Obviously, the coordinated chloride ions in RhOyClz
complex inhibited the reduction of rhodium ions and

these chloride ions can, indeed, be removed from

rhodium upon the prereduction treatment at 4008C.

Interestingly, the RhOx/RhOyClz ratio obtained in

Fig. 1 varied with the Rh loading. Large RhCl3 par-

ticles on a highly loaded Rh/Al2O3 sample are prob-

ably more dif®cult to convert into RhOx compared

with small RhCl3 particles upon a 5008C calcination.

Similar chloride effects have also been found pre-

viously from Pt/Al2O3 systems [18,21].

Fig. 2 indicates that TPR traces for RhOx supported

on alumina vary signi®cantly with the rhodium load-

ings. Observed variations may be caused by different

extent of interaction between these RhOx species and

the Al2O3 support (rhodium clusters deposited on a

lowly loaded Rh/Al2O3 sample should have a high

dispersion and, accordingly, an intimate interaction

with the alumina support). Accordingly, effects of

Fig. 1. TPR spectra for reduction of RhOx and RhOyClz species on

calcined samples of Rh/Al2O3: (a) 0.9% Rh/Al2O3; (b) 3.3% Rh/

Al2O3; (c) 23% Rh/Al2O3.

Fig. 2. TPR spectra of Rh/Al2O3 samples after reoxidation at

To�5008C: (a) 0.9% Rh/Al2O3; (b) 3.3% Rh/Al2O3; (c) 23% Rh/

Al2O3.
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oxidation treatment on the extent of RhOx±Al2O3

interaction were subsequently examined.

3.2. Effects of oxidation temperature on the

reduction of reoxidized samples

Fig. 3 presents TPR traces obtained from several

portions of a prereduced 3.3 wt% Rh/Al2O3 sample

reoxidized at different oxidation temperatures (To).

These traces are composed mainly of four peaks

tentatively designated as peaks A (Tr between

ÿ308C and 258C), B (Tr�808C), C (Tr�1208C) and

D (Tr�7508C), respectively. The existence of these

four peaks suggests that reoxidized Rh atoms have at

least four different chemical environments.

Relative areas of these four peaks varied with To as

shown in Fig. 3. Peak A was the dominant reduction

signal from the 3.3% Rh/Al2O3 sample reoxidized at

To�258C [trace (a) of Fig. 3]. The total peak area of

this trace indicates that RhOx formed on this oxidation

treatment has a No/NRh ratio�0.54. This low uptake

stoichiometry suggests that the oxygen uptake at room

temperature might be limited to an oxygen species on

the surface of reduced rhodium crystallites. Peak A is

therefore assigned to reductions of an oxide layer

formed on the surface of rhodium crystallites (RhOs)

upon the oxygen chemisorption. This oxide layer has

already been assigned to the b-state species in litera-

ture based on TPD of oxygen from single crystals of

rhodium [22±24].

Some studies [25±27] have found that structural

reconstructions, such as `̀ doubling-step'' to `̀ sin-

gling-step'' transformation, might occur on surfaces

of metallic single crystal during extensive oxygen

chemisorptions. Such mild reconstruction probably

converted part of the oxygen-chemisorbed rhodium

system (RhOc) into an oxide structure on metal surface

(RhsO). The broad A peaks in traces (a) and (b) of

Fig. 3 may thus re¯ect the existence of surface oxygen

atoms in two different environments, a chemisorption

state (A1) at Tr�ÿ308C and a surface oxide state (A2)

at Tr�258C.

Since the structural reconstruction is an activated

process, the extent of surface reconstruction can be

decreased by lowering the oxidation temperature. A

chemisorption of dioxygen at To�ÿ308C was there-

fore performed on a reduced 3.3% Rh/Al2O3 sample.

To our satisfaction, the TPR trace of this sample

reoxidized at this low temperature displayed a big

A1 peak and a small A2 peak [trace (a) in Fig. 4].

As the To was raised, oxygen atoms on the metal

oxide surface might diffuse into the bulk of rhodium

Fig. 3. TPR spectra of 3.3% Rh/Al2O3 sample after reoxidation at

To: (a) 258C; (b) 1008C; (c) 3008C; (d) 4008C; (e) 5008C; (f)

7008C; (g) 8008C.

Fig. 4. TPR spectra of 3.3% Rh/Al2O3 sample after reoxidation at

To: (a) ÿ308C; (b) 258C.
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crystallites. Peak B (with a Tr�808C) became the

major signal when the reduced Rh/Al2O3 sample

was reoxidized at 3008C [trace (c) in Fig. 3]. A

chemical stoichiometry of No/NRh�1.00 (Table 2)

calculated from the peak area indicates that the oxide

species formed at To�3008C should be the bulk

crystallites of RhOx. The x is a stoichiometry between

0.5 and 2.0.

Besides the peaks B and C (with a Tr�1208C)

became an additional dominant peak on raising To

from 3008C to 5008C [traces (d) and (e) in Fig. 3]. On

comparing to results of Fig. 2, the difference in Tr

between peaks B and C probably resulted from RhOx

species with different extent of interaction with Al2O3.

Peak B comes from a RhOx species insigni®cantly

affected by the support while peak C may be assigned

to another RhOx species intimately interacting with

the Al2O3 surface. The interacting species is desig-

nated in this report as RhiOx to distinguish from the

RhOx species of peak B. The extent of this surface

interaction increased with the To of the oxidation

treatment (Fig. 3). The No/NRh ratio of RhOx and

RhiOx also increased with To (from the ratio 1.00 to

2.20). The deviation of the observed No/NRh ratio from

the stoichiometric values of 1.0, 1.5 or 2.0 re¯ected

that a mixture of RhO, Rh2O3 or RhO2 existed on these

reoxidized samples.

The reoxidation of a reduced Rh/Al2O3 sample

above 7008C caused a dramatically environmental

change to the oxidized RhOx. Peak D (Tr�7508C)

became a noticeable signal in TPR traces (f) and (g) in

Fig. 3. This high Tr peak indicated that the chemical

stability of this RhOx species was rather high. Since

MAl2O4 spinel species have been reported in many

alumina-supported metal samples (including Pt [18],

Co [28], Ni [29,30], Cu [31] and Pd [32]) upon high

temperature calcination treatments, and all these

MAl2O4 species display a much higher Tr temperature

than their corresponding metal oxide species, peak D

is therefore assigned to the reduction of Rh(AlO2)y

species. This species was formed by diffusion of

rhodium oxides into sublayers of the Al2O3 structure

at high oxidation temperatures. The formation of

Rh(AlO2)y has been regarded as one of the major

reasons for the deactivation of Rh/Al2O3 catalysts

towards many oxidation reactions [4,5,14,15].

Fig. 5 presents a model for the extent of interaction

between dioxygen and rhodium crystallites supported

on alumina. On increasing the interaction temperature,

RhOC (To� ÿ308C), RhsO (To �258C), RhOx

(To�3008C), RhiOx (To�5008C) and Rh(AlO2)y

(To�8008C) alternate becoming dominant oxidized

products on the 3.3% Rh/Al2O3 sample.

3.3. Effects of rhodium loading on TPR of

reoxidized Rh/Al2O3

All ®ve rhodium oxide species, i.e., RhOC, RhSO,

RhOx, RhiOx and Rh(AlO2)y, distinguished from the

3.3 wt% Rh/Al2O3 sample, appeared also in the TPR

traces (Fig. 6) of reoxidized 23% Rh/Al2O3 samples.

However, the following three major variations have

been found on this low dispersion rhodium sample

(average diameter �5 nm or dispersion�18%)

1. Chemisorbed oxygen (RhOc) is the only species at

To�258C.

2. To required for the formation of an oxide surface

(RhsO) through surface reconstruction was

increased to 3008C (comparing traces (a)±(d) of

Fig. 6 with Fig. 4).

3. Temperature required for the formation of RhOx

(peak B) and RhiOx (peak C) species was increased

to To�5008C.

Fig. 5. The extent of interaction between dioxygen and rhodium

crystallites supported on alumina for 3.3% Rh/Al2O3 sample at To:

(a) < ÿ308C; (b) 508C; (c) 3008C; (d) 5008C; (e) 8008C.
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Evidently, a high oxidation temperature is generally

required for the formation of deep oxidized species on

this lowly dispersed rhodium sample.

Fig. 7 shows TPR traces of 0.9 wt% Rh/Al2O3

(D�100%) reoxidized at different To. The highly

dispersed rhodium crystallites on this sample have

been fully reoxidized to bulk RhOx even at the room

temperature (trace (b) of Fig. 7). The ®nely dispersed

bulk rhodium-oxides also easily spread over onto the

alumina surface (trace (e) of Fig. 7) and diffused into

the support structure (trace (f) of Fig. 7).

The type of rhodium oxide species formed during

the oxidation therefore varies with both the To tem-

perature and the rhodium dispersion. Fig. 8 presents a

phase diagram for the variation of rhodium oxide

species on these two factors. Dotted lines are used

in this diagram to separate different oxide phases

because a mixture of two or more phases is generally

found and the marked phase in each region indicates

only the dominant phase among them.

3.4. Reduction of Rh(AlO2)y

The ®nely dispersed bulk rhodium-oxides on the

0.9% Rh/Al2O3 sample diffuse easily into the structure

of alumina support at severe oxidation condition.

Trace (a) in Fig. 9 showed that the Rh(AlO2)y species

was the dominant rhodium phase at To�8008C. Rho-

dium atoms in the Rh(AlO2)y structure have been

proposed to be catalytically inactive [4,5,14±17]

Fig. 6. TPR spectra of 23% Rh/Al2O3 sample after reoxidation at

To: (a) ÿ308C; (b) 258C; (c) 1008C; (d) 3008C; (e) 5008C; (f)

7008C; (g) 8008C.

Fig. 7. TPR spectra of 0.9% Rh/Al2O3 sample after reoxidation at To:

(a) ÿ308C; (b) 258C; (c) 1008C; (d) 3008C; (e) 5008C; (f) 8008C.

Fig. 8. Phase diagram for the variation of rhodium oxide species

on the dispersion of rhodium samples and the reoxidation

temperatures (To). The marked phase in each region indicates only

the dominant phase among them. Dotted line used to separate

different oxide phases because there existed a mixture of two or

more phases.
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towards oxidation reactions and be able to partially

resume their activity by an appropriate reduction

treatment (at Tr�6008C) [5,15±17]. In order to study

whether the rhodium atoms reduced from the Rh(A-

lO2)y species is remained in the alumina structure, the

sample reduced in the TPR treatment of trace (a) was

therefore subsequently reoxidized mildly at

To�3008C. Trace (b) of Fig. 9 shows the TPR char-

acterization of this reoxidized sample where reduc-

tions of RhOx (peak B) and RhiOx (peak C) were

observed Table 3. The No/NRh ratio of these two traces

(see Table 2) indicates that the incorporated Rh(A-

lO2)y species can be completely reduced and all of the

reduced rhodium would segregate from the Al2O3

structure back to the surface of alumina upon a severe

reduction at Tr�7508C. A similar result has also been

reported by Mccabe and coworker [4].

4. Conclusions

The TPR technique has been successfully used to

characterize the oxidized rhodium species on Rh/

Al2O3 samples. In this study, we propose

1. Two kinds of surface oxide [RhOc (Tr�ÿ308C)

and RhsO (258C)], two kinds of bulk oxides [RhOx

(808C) and RhiOx (1208C)], and an oxide in the

alumina support [Rh(AlO2)y (7508C)] are sequen-

tially formed (see Fig. 5) on progressive oxidation

of reduced Rh/Al2O3.

2. A phase diagram for the existance of these oxidized

species is summarized in Fig. 8. The formation of

these species varied with the dispersion of the

supported rhodium and the oxidation temperature.

3. The catalytically inactive Rh(AlO2)y may segre-

gate completely to actively RhOx species on a

hydrogen reduction at Tr>7508C.
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