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Abstract A novel catalyst Ir–FeOx/Al2O3 designed for

the preferential oxidation (PROX) of CO under excess

hydrogen was developed in this work. To clarify the pro-

moting role of Fe species, three different impregnation

sequences were employed, and the resultant catalysts were

characterized by various techniques. The results showed

that the Ir–FeOx/Al2O3 catalyst, which was prepared by the

co-impregnation procedure, exhibited the best performance

for the PROX. The partially exposed and highly dispersed

Ir sites and the FeOx sites allowed good adsorption for both

CO and O2 over the Ir–FeOx/Al2O3, which was believed to

be responsible for the enhanced activity.

Keywords CO oxidation � PROX � Iron � Iridium �
DRIFTS

1 Introduction

Preferential oxidation of carbon monoxide (PROX) in

excess hydrogen atmosphere has been regarded as one of

the most promising methods, for the removal of CO from

H2-rich gases produced by reforming processes [1, 2]. So

far, various catalyst formulations have been investigated

for the PROX reaction [3–6], among which supported Pt

catalyst was the most intensively studied one. Generally,

alumina-supported Pt catalysts behaved actively only at a

high temperature, e.g. 150 �C, since O2 could hardly be

adsorbed on the Pt surface covered with strongly adsorbed

CO layer at low temperatures. However, at high tempera-

tures, another unexpected reaction of H2 oxidation became

more competitive. Accordingly, to obtain a high activity at

low temperatures, in particular at 80*100 �C, promoters

for activating oxygen, such as Fe, Co, Ce, or Sn were

employed to form the bimetallic Pt–Fe [7–10], Pt–Co [11],

Pt–Ce [12], and Pt–Sn [13, 14] catalysts. Compared with

Pt, iridium has received little attention as an active com-

ponent in the PROX reaction [15]. In this study, we

designed a novel catalyst Ir–FeOx/Al2O3, and found that

this catalyst was very active and selective for the PROX

reaction.

2 Experimental

2.1 Catalyst Preparation

The Ir/FeOx/Al2O3 was prepared by sequential incipient

wetness impregnation. Briefly, c-Al2O3 (SBET: 230 m2/g)

was first impregnated with an aqueous solution of

Fe(NO3)3 � 9H2O, followed by drying at 85 �C and calci-

nation at 500 �C to obtain FeOx/Al2O3. Then, Ir was

deposited on the FeOx/Al2O3 by the same procedure with

H2IrCl6 � 6H2O as a precursor. After being calcined at

300 �C for 5 h, the final catalyst Ir/FeOx/Al2O3 was

obtained. For comparison, a FeOx/Ir/Al2O3 catalyst was

obtained through an inverse impregnation sequence, while

an Ir–FeOx/Al2O3 was prepared by co-impregnation

method. As reference samples, Ir/Al2O3 and Ir/Fe2O3 were

also prepared by impregnation. The Ir content in all the

catalyst samples was fixed at 5wt.%, and the atomic ratio of

Fe/Ir was 5/1.
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2.2 Catalytic Activity Tests

The catalytic activities were evaluated in a fixed-bed

reactor. A reacting gas mixture containing 2% CO, 1% O2

and 40% H2 in He was allowed to pass through 100 mg of

a catalyst sample at a total flow rate of 67 cm3/min (STP),

corresponding to a space velocity of 40,000 h-1. Prior to

the test, the catalyst sample was in-situ reduced with H2 at

300 �C for 1 h. The effluent gas was analyzed on-line by a

gas chromatograph (Angilent GC-6890) equipped with

TCD. The conversion and selectivity were defined and

calculated as follows:

CO conversion (%) ¼ fð[CO]in � [CO]out=½CO�ing � 100

O2 conversion (%) ¼ f½O2�in � ½O2�out=½O2�ing � 100

CO2 selectivity ð%Þ ¼ f0:5� ð½CO�in � [CO]outÞ=([O]in

� [O]outÞg � 100:

2.3 Catalyst Characterization

Powder X-ray diffraction (XRD) of the samples was per-

formed on a Rigaku (D/MAX-bB) diffractometer equipped

with an on-line computer. Diffraction patterns were

recorded with Ni-filtered Cu–Ka radiation (40 kV,

250 mA) over a 2h range of 10–80�. The high resolution

transmission electron microscopy (HRTEM) image was

recorded using a Philips CM200 FEG electron microscopy

operated at 200 kV. Temperature programmed reduction of

hydrogen (H2-TPR) and chemisorption measurements of

CO or O2 were performed on a Micromeritics AutoChem

2920 apparatus. Prior to the measurement of H2-TPR, the

catalyst sample was pretreated in Ar at 120 �C for 2 h to

remove the adsorbed water. After cooling to room tem-

perature in Ar, the gas flow was switched to 10% H2 in Ar

and the sample was heated from room temperature to

800 �C with a temperature ramp of 10 �C/min. The

chemisorption measurements were performed at 40 �C

after pre-treating the samples in H2 at 300 �C for 1 h and

cooling them to 40 �C in He. In-situ DRIFTS studies were

performed using a high pressure DRIFTS cell equipped

with CaF2 windows. Catalyst sample (*40 mg) in a fine-

powder form was placed firmly into the ceramic cup of the

DRIFTS cell. All the spectra were collected in a single

beam mode, with a resolution of 4 cm-1, using a Bruker

EQUINOX 55 Spectrometer equipped with a MCT detector

cooled by liquid nitrogen. Before the measurements were

taken, the sample was pretreated in 50% H2/He at 300 �C

for 1 h, and then purged in He while being cooled to the

desired reaction temperature of 100 �C to allow for the

collection of the background spectrum. After that, a reac-

tion mixture containing 2% CO, 1% O2 and 40% H2 in He

was introduced to the catalyst and the spectrum was

recorded under steady state conditions.

3 Results and Discussion

Figure 1 compares the catalytic performances of the Ir/

FeOx/Al2O3, Ir–FeOx/Al2O3, FeOx/Ir/Al2O3, Ir/Fe2O3 and

Ir/Al2O3 in the PROX reaction. The Ir/Al2O3 exhibited

very poor activity, with only less than 10% CO conversion

in the temperature range of 60*150 �C. The Ir/Fe2O3

showed a better performance than the Ir/Al2O3, with the

maximum CO conversion of 47% at 160 �C. In contrast,

the Fe-promoted Ir/Al2O3 catalysts possessed remarkably

enhanced activities. In particular, on the Ir–FeOx/Al2O3

catalyst which was prepared by the co-impregnation, the

maximum CO conversion of 74% was obtained at 80 �C.

With the difference in the impregnation sequence, the

activities varied, following the order of Ir–FeOx/Al2O3 [
Ir/FeOx/Al2O3 [ FeOx/Ir/Al2O3. On the other hand, the
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Fig. 1 CO conversions (a), O2 conversions and CO2 selectivities (b)

versus reaction temperature over different catalysts
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selectivity towards CO conversion was very high over the

Ir–FeOx/Al2O3, 74% at 80 �C and it dropped slowly with

the reaction temperature rise. The BET surface areas of the

above samples (Table 1) are very similar, suggesting the

differences in their catalytic activities should not be caused

by the variations in the surface areas.

To get the structural information of the different Fe-

promoted Ir/Al2O3 catalysts, we examined the XRD pat-

terns of the three samples. It should be pointed out that the

three samples were pre-reduced by H2 at 300 �C for 1 h

before being subjected to XRD examinations. As shown in

Fig. 2, there was no either Ir or FeOx species which can be

detected on the Ir/FeOx/Al2O3 and Ir–FeOx/Al2O3 samples,

indicating that both Ir and FeOx are highly dispersed on the

alumina support. However, for the FeOx/Ir/Al2O3 catalyst,

we observed a very weak peak positioned at 41o, which can

be attributed to FeO species [JCPDF00-002-1180]. This

result suggests that the Ir species is always highly dispersed

on the support, irrespective of the impregnation sequence.

However, the FeOx species were better dispersed on the

pure alumina support than on the Ir/Al2O3 support.

The HRTEM was employed to identify the highly dis-

persed Ir and FeOx species on the alumina support. As

shown in Fig. 3, the lattice fringes corresponding to c-

Al2O3 phase could be observed on the HRTEM image of

the Ir–FeOx/Al2O3, while neither iridium nor iron oxide

could be identified. However, the EDX analysis showed

that both Ir and Fe were present in this region. Therefore, in

good agreement with the XRD results, our HRTEM also

demonstrated that both Ir and FeOx were highly dispersed

on the Al2O3 support.

To clarify the promoting role of the Fe species, H2-TPR

experiments were performed on these catalysts. As shown

in Fig. 4, the Ir/Al2O3 presents a major reduction peak at

around 90 �C and a minor peak centering at 240 �C, which

could be ascribed to the reduction of IrO2 with different

sizes [16]. For the FeOx/Al2O3, two broad reduction peaks

occurring at 360 �C and 620 �C are observed, which were

due to the reduction of Fe3+ to Fe2+ and further to Fe0 [17].

In comparison with the Ir/Al2O3, the three Fe-promoted Ir/Al2O3 catalysts are characterized with a very strong

reduction peak at 100*200 �C, which should be an over-

lap of the reduction of both Ir4+ and Fe3+ according to the

large consumption amount of H2. Thus, the reduction of

Fe3+ could occur at a much lower temperature as a result of

hydrogen spillover from Ir to Fe3+, implying a strong

interaction between Ir and Fe. Moreover, for the Ir–FeOx/

Al2O3 which was prepared by co-impregnation, the first

reduction peak appeared at *150 �C, which was 60 �C

lower than that on the FeOx/Ir/Al2O3. Since the FeOx/Ir/

Al2O3 was prepared by the sequential impregnation with

first Ir and then Fe, it can be speculated that most of the Ir

species were covered by the FeOx. As a result, its reduction

occurred at a higher temperature. On the other hand, the Ir/

Table 1 The physical properties of different samples and the satu-

ration uptakes of CO and O2 on the fresh-recuced catalysts (lmol/g-

cat)

Catalyst SBET

(m2/g)

CO

adsorption

(lmol/g)

O2

adsorption

(lmol/g)

Ir/Fe (atomic ratio,

determined by

XPS)

FeOx/Al2O3 176 0 150 –

Ir/Al2O3 180 77 59 –

Ir/FeOx/Al2O3 166 64 396 0.035

Ir–FeOx/Al2O3 198 39 412 0.026

FeOx/Ir/Al2O3 181 0 321 0.023
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Fig. 2 XRD patterns of Ir/FeOx/Al2O3, Ir–FeOx/Al2O3 and FeOx/Ir/

Al2O3 catalysts which were reduced at 300 �C with H2

Fig. 3 HRTEM image of the Ir–FeOx/Al2O3 catalyst (inset: EDX

spectrum)
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FeOx/Al2O3 catalyst presented the first reduction peak at

only a slightly higher temperature than the Ir–FeOx/Al2O3,

but the peak strength of the former was much lower. This

result implies that there are more Fe3+ ions that could be

reduced to Fe2+ on the Ir–FeOx/Al2O3 catalyst. Based on

the hydrogen consumption, it could be roughly estimated

that the percentage of the reducible Fe3+ ions on the Ir/

FeOx/Al2O3, Ir–FeOx/Al2O3 and FeOx/Ir/Al2O3 was 23%,

53% and 55%, respectively. Correlating with the catalytic

performance, it can be seen that the reduction behavior,

especially the first reduction peak temperature, is coherent

with the activity level.

The catalyst structure was further uncovered by the in-

situ DRIFTS. The pre-treatment condition was the same

with the activity test, and the reaction temperature was

fixed at 100 �C. As shown in Fig. 5, The Ir/Al2O3 pre-

sented two absorption bands at 2060 and 1970 cm-1,

which should be assigned to the linear and bridged CO

adsorption on Ir sites [18]. No CO2 gas peak was observed

on the Ir/Al2O3 during the PROX reaction. Compared with

the Ir/Al2O3, a strong linearly adsorbed CO band at

2067 cm-1 appeared on the Ir/FeOx/Al2O3. It is noted that

the intensity of this band differed markedly on the three

catalysts, following the order of FeOx/Ir/Al2O3 \ Ir–FeOx/

Al2O3 \ Ir/FeOx/Al2O3. This result indicates that the

exposed Ir sites on the Ir/FeOx/Al2O3 are the most while

those on the FeOx/Ir/Al2O3 are the least. This result was

further confirmed by our XPS analysis. As shown in

Table 1, the surface Ir/Fe atomic ratio on the Ir/FeOx/

Al2O3, Ir–FeOx/Al2O3, FeOx/Ir/Al2O3 catalysts was 0.035,

0.026 and 0.023, respectively. Since the bulk Ir/Fe ratio on

the three samples was 0.2, the unexpected low surface Ir/Fe

ratio suggests a significant enrichment of Fe on the catalyst

surface. In addition to the CO adsorption band, the band at

2349 cm-1 can be attributed to the gas phase CO2, while

the bands between 1800*1000 cm-1 are assigned to the

carbonate-like species. A broad band at 3300 cm-1

appeared on the Ir/FeOx/Al2O3 and Ir–FeOx/Al2O3 cata-

lysts, which can be attributed to the adsorbed H2O coming

from the oxidation of H2 in the PROX reaction. In agree-

ment with the activity test results, the intensity of the CO2

band on the Ir–FeOx/Al2O3 is the strongest. The above

result seems to suggest that the Ir–FeOx/Al2O3 catalyst,

with a part of Ir sites exposed on the surface while another

part covered by the FeOx species, should provide sites for

both CO adsorption and O2 activation.

To corroborate this, the chemisorption of CO and O2

was performed, and the saturation uptakes are listed in

Table 1. Clearly, the FeOx/Al2O3 could not adsorb CO at

all. Similarly, the FeOx/Ir/Al2O3 had only a negligible

adsorption amount of CO, indicating most of the Ir species

in this catalyst was covered by the FeOx. In contrast, a

significant amount of CO could be adsorbed on the Ir–

FeOx/Al2O3. Moreover, the CO uptake on the Ir–FeOx/

Al2O3 was 39 lmoL/g while it was 64 lmoL/g on the Ir/

FeOx/Al2O3 catalyst, implying that less Ir sites were

available on the Ir–FeOx/Al2O3 catalyst. Compared with

the Ir/Al2O3, the Ir/FeOx/Al2O3 adsorbed only a slightly

lower amount of CO. Considering that the deposition of

FeOx on the Al2O3 would lead to a slight decrease in the

specific surface area (Table 1), we believe that in the Ir/

FeOx/Al2O3 catalyst, most of the Ir species were exposed

on the surface, just like the case of the Ir/Al2O3. On the

other hand, for the O2 adsorption, the three Fe-promoted Ir/

Al2O3 catalysts exhibited much higher O2 uptakes, as

compared to the Ir/Al2O3. Clearly, the role of FeOx was

mainly to adsorb and activate O2. In particular, the

Ir–FeOx/Al2O3 exhibited the highest O2 uptake, which

should be attributed to the adsorption of O2 on both the Ir

sites and on the FeOx sites. The above results showed that
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the activation of O2 was improved greatly while the CO

adsorption could still occur on the most active Ir–FeOx/

Al2O3 catalyst.

In summary, we have developed a very active and

selective catalyst Ir–FeOx/Al2O3 for the PROX reaction.

On this catalyst, the exposed Ir acted as the adsorption sites

for CO while the FeOx played the major role in the acti-

vation of oxygen. By this way, a non-competitive L–H

reaction pathway was established and the catalytic perfor-

mance was improved significantly.
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316:169

14. Schubert MM, Kahlich MJ, Feldmeyer G, Huttner M, Hacken-

berg S, Gasteiger HA, Behm RJ (2001) Phys Chem Chem Phys

3:1123

15. Mariño F, Descorme C, Duprez D (2004) Appl Catal B 54:59

16. Carnevillier C, Epron F, Marecot P (2004) Appl Catal A 275:25

17. Wan HJ, Wu BS, An X, Li TZ, Tao ZC, Xiang HW, Li YW

(2007) J Nat Gas Chem 16:130

18. Solymosi F, Novak E, Molnar A (1990) J Phys Chem 94:7250

Promoting Role of Fe in the Preferential Oxidation 323

123


	Promoting Role of Fe in the Preferential Oxidation �of CO Over Ir/Al2O3
	Abstract
	Introduction
	Experimental
	Catalyst Preparation
	Catalytic Activity Tests
	Catalyst Characterization

	Results and Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


