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For the first time, a novel iron-promoted Rh catalyst is developed to produce CO-free H, through steam
reforming of ethanol at low temperatures, between 623 and 673 K. The iron oxides in the vicinity of Rh
sites reduce the CO adsorption on Rh sites and transfer the adsorbed CO from Rh to COO-formate species
on Fe, 0, for the subsequent water-gas shift reaction, resulting in a high H, yield, extremely low CO selec-
tivity, and a long Rh life span.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen is used as a fuel for proton exchange membrane fuel
cells (PEMFC) and phosphoric acid fuel cells (PAFC). It can be pro-
duced by on-site fuel reforming for stationary applications or on-
board for automotive applications. A typical fuel processor is
made up of different processing units such as fuel reformers and
high-temperature and low-temperature water-gas shift (WGS)
and CO cleanup reactors. WGS, as well as CO cleanup, is essential
in fuel processors, since the electrodes can only tolerate about 1-
2% CO for PAFC and less than 10 ppm for PEMFC [1,2]. PEMFC
and PAFC are classified as low-temperature fuel cells, operating
in low-temperature ranges, 353-393 K and 453-493 K, respec-
tively. Therefore, it will be ideal if CO-free hydrogen can be pro-
duced at low temperatures. This can in turn lower the cost of the
fuel processor by reducing the stacks of heat exchanger, WGS, or
even CO cleanup processing units [1-3].

Renewable hydrogen produced via steam reforming of bioetha-
nol (SRE) (Eq. (1)) has gained intense interest in recent years for the
above applications [2-4]:

C,Hs0H + 3H,0 — 2CO, + 6H, (1)

However, SRE is a complex process comprising many reactions that
can be influenced by the properties of catalysts and the reaction
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conditions applied. Some of them are expressed in the following
equations [5]:

C,Hs0H — CH3CHO + H, (2)
C,Hs0H — CoH, + H,0 3)
CH3CHO — CH4 + CO (4)
CH3CHO + H,0 — 2CO + 3H, (5)
CO + H,0 « CO, + H, (6)
CH4 + H,0 < CO + 3H, (7)

Therefore, it is possible to alter the hydrogen yield and product
selectivities by choosing proper catalysts and reaction conditions.
Furthermore, catalyst deactivation, which is usually caused by the
accumulation of carbonaceous deposits, is a serious problem during
SRE, especially at low temperatures [6]. Several reactions responsi-
ble for coke formation have been proposed, as shown in the follow-
ing equations:

2C0 « CO, +C (8)
CH4 < 2H, + C (9)
C,H,; — polymers — coke (10)

Coking can be mitigated at high temperatures. Thus, SRE is usually
operated in the temperature range 823-1073 K to avoid coking and
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to obtain high hydrogen yield [6]. However, CO formation would in-
crease correspondingly with increasing temperature (>823 K) due
to the thermodynamically favored reverse WGSR (Eq. (6)). There-
fore, in order to reduce the CO concentration significantly, the reac-
tion should proceed at relatively low temperatures. To do so, one
should optimize the reaction condition by balancing SRE and WGSR
and develop coking-resistant catalysts that can perform at low tem-
peratures. Indeed, methane produced from ethanol decomposition
(Egs. (2) and (4)) cannot be converted to H; via steam reforming
effectively (Eq. (7)) at low temperatures. Therefore, the yield of H,
is lower than that at high reforming temperatures (above 773 K).
However, the energy efficiency of low-temperature SRE could re-
main high if methane and carbon oxides could be separated from
hydrogen and sent to the tail gas combustion chamber to generate
heat for the reformer [2,7].

Some supported noble metal catalysts have been reported for
the low-temperature SRE [3,7-11]. Basagiannis et al. reported that
0.5% Pt/Al,03 was the best among catalysts of Rh, Ru, Pt, and Pd
supported on Al,03. However, the selectivity to CO was as high
as 30% at 623 K [7]. In another study, a H, yield of 1.99 mol Hy/
mol EtOH with a CO selectivity of 1.5% was achieved at 673 K over
a 1.5% Pt/CeqgZro 20, catalyst [3]. Roh et al. reported a H, yield of
4.3 mol Hp/mol EtOH with CO selectivity of 10% over a 2% Rh/
CeggZrg 10, catalyst at 723 K [8]. A bimetallic Rh-Pd/CeO, catalyst
was reported to exhibit good performance at 777 K. However, the
addition of Pd did not decrease the selectivity of CO, which re-
mained as high as 42.8% at 580 K [9]. In one of our recent reports,
1% Rh supported on hydrothermally synthesized ZrO, could pro-
duce high H; yield in the temperature range 573-673 K; however,
the selectivity to CO is about 30%, and catalyst deactivation was
observed at temperatures below 673 K due to the accumulation
of CO, carbonate, and CH, on the catalyst surface [10]. Despite
the high activity shown by noble metal catalysts for the SRE at
low temperatures, CO is inevitable in the final products.

In this communication, we report a novel multifunctional iron-
oxide-promoted catalyst, Rh-Fe/Ca-Al,0s, for the low-tempera-
ture SRE process. Significant increase in H, yield and extremely
low CO selectivity can be achieved in the presence of iron pro-
moter. A plausible reaction mechanism and the role of iron oxides
are also discussed.

2. Experimental

The Rh-Fe/Ca-Al,03 catalyst was prepared by a sequential
incipient wetness impregnation method, following the steps given
below: (1) Ca-modified alumina, denoted as Ca-Al,03, was pre-
pared by the calcination of a paste of y-Al,03 (Merck, 103 m?/g)
impregnated with Ca(NOs),-4H,0 (Riedel-deHaén) solution. (2)
The obtained Ca-Al,03 powder was impregnated with an appropri-
ate amount of Fe(NOs); solution to get a precursor with Fe loading
of 10 wt.%. The precursor was dried at 393 K for 10 h and heated to
723 K in air and then held for 5 h. (3) By impregnation with a RhCls
solution (Alfa Aesar), 1 wt.% of Rh was introduced into the powder
obtained in step (2). The obtained catalyst was dried and calcined
in the same manner as in step (2) and is denoted as Rh-Fe/Ca-
Al,05. For comparison, an Fe-free 1 wt.% Rh catalyst, denoted as
Rh/Ca-Al,03, was also prepared, following steps (1) and (3).

The activity measurements were carried out by using a micro-
quartz tube reactor equipped with an online Varian CP-3800 gas
chromatograph (GC). Prior to the reaction, catalysts were reduced
in pure H, with a flow of 50 ml/min at 473 K for 0.5 h. During
the reaction, a liquid mixture of EtOH/H,0 = 1:3 (v:v) was fed into
a vaporizer (443 K) at 0.005 ml/min with Ar (40 ml/min) as carrier
gas. The gas hourly space velocity (GHSV) was 34,000 h~!, and the
weight hourly space velocity (WHSV) was 0.54 ggongcar/h. The GC

for online outlet gas analysis had two channels with two thermal
conductivity detectors. One channel with carrier gas Ar was used
for analyzing H,, CH,4, and CO using a 5-A molecular sieve column,
and the other channel with carrier gas He was equipped with a
Hayesep Q column for the separation of C;Hs0H, CH3CHO, CO,,
C,H,4, CHg, acetone, and H,0. Conversion of ethanol (Xgon) and
selectivity to carbon-containing species (Sci) were calculated as
follows:

2 x MoOlgon )
X _(1_ out 100 1
Fro ( >'molC; + 2 x molgon,, : ! ()
molC;
omolG o 12
S, S "molC; x 100%, "

where C; represents a C-containing product. The selectivity S.; was
calculated based on detected carbon only, assuming that no coke
was formed during the reaction. H, yield (Yy,) was evaluated in
terms of the number of moles of H, produced per mole of fed
ethanol.

Dispersion of Rh was measured by pulse H, (99.999%) chemi-
sorption using a thermal conductivity detector (Thermo, TPDRO
1100). Catalysts were reduced at 473 K for 0.5 h (the same as for
catalytic activity measurement) and then purged with Ar at
673 K for 1 h and cooled to 298 K. At 298 K, pulses of H, were intro-
duced. Moles of active Rh were obtained assuming that each Rh
atom chemisorbs one hydrogen atom.

In situ diffuse reflectance infrared Fourier transform spectros-
copy (DRIFTS) study of CO adsorption was carried out in a Bio-
Rad FT-IR 3000 MX with a mercury-cadmium-telluride (MCT)
detector. A powder sample was put into a reaction cell (Harricks
HV-DR2) and reduced under the same conditions as for the activity
test. A flow of 1% CO/He was introduced at room temperature after
the sample had been purged by He for 0.5 h after the reduction.
Spectra with a resolution of 4 cm~! were taken after CO had been
adsorbed for 0.1 h.

Powder X-ray diffraction (XRD) patterns were collected with a
Bruker D8 X-ray diffraction system equipped with Cu Ko radiation
(4=0.154 nm). The profiles were collected at a step width of 0.02°
in the (20) range from 20° to 90°. Transmission electron micros-
copy (TEM) was done on a FEI Tecnai G*> microscope. X-ray photo-
electron spectroscopy (XPS) was performed on a VG ESCALAB 250
spectrometer using an Mg Ko radiation source. The XPS data were
processed with respect to the adventitious carbon Cls peak at
284.5 eV. The TEM, XRD, and XPS results are given in the Supple-
mentary information.

3. Results and discussion

The TEM image (Fig. S1b in the Supplementary information)
shows the coexistence of well-crystallized Rh and Fe,03 nanopar-
ticles on the reduced Rh-Fe/Ca-Al,05 catalyst. The XRD (Fig. S2)
pattern consistently confirms the formation of the o-Fe,03 phase.
The XPS spectrum of as-calcined Rh-Fe/Ca-Al,03 (Fig. S3a) shows
an Fe2ps), peak centered at 711.2 eV, corresponding to Fe(III). After
reduction at 473 K for 0.5 h, the Fe2p;, peak broadens (Fig. S3b)
because of the extra contribution from Fe(II), which indicates the
formation of Fe3O4 or probably coordinatively unsaturated iron
sites on the reduced catalyst surface [12,13]. Ca has been intro-
duced into the Al,O3 support to neutralize the acidity of Al,Os,
since it will result in the dehydration of ethanol (Eq. (3)) and sub-
sequently the polymerization of C;H,4 (Eq. (10)) on the catalyst [5].

The performance of the Rh-Fe/Ca-Al,05 and Rh/Ca-Al,05 cata-
lysts is compared in terms of Yy, (yield of Hy), Xgon (ethanol con-
version), Sy (selectivities to products x), TOFgoy, and TOFy,, as
listed in Table 1. At 573 K, for the Rh/Ca-Al,03 catalyst, the main
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products are CO, CHy4, CO,, CoHy, and CH5CHO, with an Xgon of
63.5%; the selectivity is 50.2% to CO and 40.0% to CH,4, respectively.
Sco is higher than Scyy, indicating a low reaction rate for the WGSR
(Eq. (6)) and a high rate for methane decomposition (Eq. (9)) on the
Rh/Ca-Al,03 catalyst. The results are similar to those observed for
an Rh-Pd/CeO, catalyst reported by Scott et al. [9] and an Rh/Al,05
catalyst reported by Cavallaro [11]. For the Rh-Fe/Ca-Al,03 cata-
lyst operated at the same temperature, Xg oy increases greatly from
63.5% (Fe-free) to 99.3% with an Y}, of 3.5 mol; Sco decreases sig-
nificantly from 50.2% (Fe-free) to 12.3%, accompanied by an in-
crease in Scoy from 2.5% to 43.0%, while Scys remains almost
unchanged. At 623 K, Xgon reaches 93.4% over Rh/Ca-Al,05 with-
out detection of acetaldehyde. In addition, Sco and Scy4 are almost
unchanged compared to those detected for the same catalyst at a
lower temperature, 573 K, indicating that the reaction pathway re-
mained the same. On the other hand, Rh-Fe/Ca-Al,03 produces ex-
tremely low Sco at 623 K with almost no detection of CO, while Sco,
reaches 60.3% and Yy, as high as 4.1 mol is measured.

In short, Yy, has increased significantly with the decrease in CO
on the iron-promoted Rh catalyst. We argue that CO, which was
derived from CH3CHO decarbonation (Eq. (4)), may be converted
by three reactions: the WGS reaction (Eq. (6)), the methanation
reaction (Eq. (7), reversed methane steam reforming), and the Bou-
douard reaction (Eq. (8)). The last possibility can basically be ex-
cluded, as it only occurs on metallic Fe particles [14]. In our XPS
and XRD experiments (Figs. S2 and S3), we did not detect any
metallic Fe phase in the catalysts. In comparison with the Fe-free
catalyst, both Sco, and Yy, increase significantly on the Rh-Fe/
Ca-Al,03 catalyst with the decrease in Sco, while Scy4 remains al-
most unchanged. Since iron oxide is a well-known WGSR catalyst,
it is reasonable to propose that the addition of iron oxides remark-
ably promoted the WGSR (Eq. (6)), resulting in the improved Yy,
and reduced CO production at low temperatures. The tests of
WGSR on the Rh/Ca-Al;03 and Rh-Fe/Ca-Al, 03 catalysts prove this
hypothesis (see Fig. S4 in the Supplementary information). The
conversion of CO is only 6% over the Rh/Ca-Al,03 catalyst at
573 K, while it increases dramatically to 88% over the Rh-Fe/Ca-
Al,03 catalyst. A similar observation on the promotion effect of
iron for the WGSR during SRE has been reported in a bimetallic
10% Co-1% Fe/ZnO catalyst, which showed slightly higher activity
for WGSR at low temperature than 10% Co/ZnO and 10% Co-1%
Ni/ZnO catalysts [15].

At 673K, over the Rh/Ca-Al,03 catalyst, Yy, increases to
4.7 mol, and Sco and Scy4 decreases to 15.7% and 28.8%, respec-
tively, all of which may result from the enhancement of reaction
rate at higher temperatures. Over the Rh-Fe/Ca-Al,03 catalyst,
Yuo is 4.3 mol, which is surprisingly slightly lower than that for
Rh/Ca-Al,05 (4.7 mol), and there is still no detection of CO. The
Yu2 might have been higher than that for Rh/Ca-Al,03 if CO were
completely converted into CO, and H, by the WGSR (Eq. (6)).
Hence, a lower Yy, here implies that, besides the WGSR, there ex-
ists another reaction pathway. CO may be converted to CH,4 via the
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methanation reaction (Eq. (7)), which is thermodynamically favor-
able at relatively low temperatures. Indeed, we observe 7.4% in-
crease in Scyq and a slight decrease in Yy, on the Fe-promoted
catalyst.

The data in Table 1 have demonstrated that CO-free H, gas can
be produced directly from the SRE on the Rh-Fe/Ca-Al,O3 catalyst
in the temperature range 623-673 K. More importantly, the stabil-
ity study presented in Fig. 1 indicates that the addition of iron
oxide to the Rh/Ca-Al,05 catalyst can greatly enhance its life span.
As shown in Fig. 1, the Rh-Fe/Ca-Al,05 catalyst is stable for the SRE
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Fig. 1. Conversion of ethanol and selectivity of products as function of time on
stream over Rh-Fe/Ca-Al,05 (solid) and Rh/Ca-Al,03; (open) at 623 K and 1 atm
(®Xecon, WSy, ASco, ¥Sco2, 4Scha, and Scuscho)-

2200 2100 2000

1664

1836

Intensity (KMU)

2400 2200 2000 1800 1600 1400 1200
Wavenumber (cm-1)

Fig. 2. DRIFT spectra recorded under 1% CO/He at 298 K after H, treatment of Rh/
Ca-Al,03 (a) and Rh-Fe/Ca-Al,05 (b) at 298 K.

Table 1
Activity of catalysts at 573, 623, and 673 K.
T(K) Catalysts Vi (Ho/EtOH (mol/mol)  Xecon (%) Scoz (%) Sco (%) Scus (%) Scoms (%) Scuscio (%) TOFeron (s')°  TOFyp (s™')P
573 Rh/Ca-Al,03 1.8 63.5 25 50.2 40.0 0.19 7.1 0.037 0.066
Rh-Fe/Ca-Al,03 35 99.3 43.0 123 44.7 0.0 0.0 0.122 0.427
623 Rh/Ca-Al,03 3.6 93.4 16.7 47.0 36.4 0.0 0.0 0.054 0.194
Rh-Fe/Ca-Al,03 4.1 100.0 60.3 0.0 39.7 0.0 0.0 0.123 0.503
673 Rh/Ca-Al,03 4.7 100.0 55.5 15.7 28.8 0.0 0.0 0.058 0.271
Rh-Fe/Ca-Al,03 43 100.0 63.8 0.0 36.2 0.0 0.0 0.123 0.528

2 Molecules of EtOH converted per Rh surface atom per second.
> Molecules of H, produced per Rh surface atom per second.



200 L. Chen et al./Journal of Catalysis 276 (2010) 197-200

reaction at 623 K for 288 h. In contrast, deactivation is observed for
the Rh/Ca-Al,05 catalyst after a 7.5-h reaction, accompanied by
obvious increments in the CH3CHO and CO selectivity. It has been
proposed in several papers that the reaction/adsorption of ethanol
over Rh catalysts first undergoes dehydrogenation to acetaldehyde
and hydrogen (Eq. (2)). Acetaldehyde intermediates quickly
decarbonylate into CO and CH,4 due to the active C-C rupture prop-
erty of Rh (Eq. (4)). Finally, CH4 may convert to CO and H; by steam
reforming (Eq. (7)) or decompose to C and H, by cracking (Eq. (9)),
while CO may convert into CO, and H, by the WGSR (Eq. (6)) [7-
10,16]. An increase in CH3;CHO production indicates that the sur-
face Rh atoms have gradually lost the ability to break the C-C bond
of CH3CHO, which may be attributed to the poisoning effect of
strong CO-Rh bonding and hence the blockage of Rhu?[5*(C, 0)]
active sites for C-C bond activation and rupture [17,18].

In situ DRIFTS studies of CO adsorption support the above
hypothesis. As shown in Fig. 2a, two strong bands at 2093 and
2020 cm !, which are exactly the same as those reported by Erdéh-
elyi and Solymosi on a 0.3% Rh/Al,03 catalyst [19], are observed for
the Rh/Ca-Al,03 catalyst. They are assigned to asymmetric and
symmetric stretch of gem-dicarbonyls on Rh ions, respectively.
The strength of the Rh-CO bond energy in gem-dicarbonyl is
~145 KkJ/mol, even greater than the 121 kJ/mol of Rh-Rh bonds in
metallic Rh [20]. The high concentration of gem-dicarbonyl CO that
may remain on the Rh surface at temperatures < 503 K will poison
the Rh active sites for ethanol adsorption and further acetaldehyde
decomposition. At higher temperatures, CO may undergo the Bou-
douard reaction (Eq. (8)), thus depositing carbon and poisoning the
catalyst. Two smaller bands at 1836 and 1664 cm~! can be attrib-
uted to bridged Rh,-CO and tilted CO [21]. The other smaller bands
at 2141 and 2172 cm™! can be assigned to Rh?*(CO), [21].

For the Rh-Fe/Ca-Al,03 catalyst, the concentration of gem-
dicarbonyl CO is mitigated (see the inset of Fig. 2) so that the CO
poisoning effect can be reduced. In addition, it is noted that the
bridged and tilted CO adsorption bands disappear in Fig. 2b, while
two new bands at 1554 and 1372 cm™}, which can be attributed to
v,(0CO) and v5(0CO) of formate species on iron oxide surface, are
evidently observed [22]. These peak changes suggest that adsorbed
CO species on Rh sites can be converted to COO™ species in the
presence of iron oxide, which is an excellent catalyst for the WGSR
and is now located adjacent to Rh, as shown by the TEM image
(Fig. S1 in the Supplementary information).

The above IR spectroscopic changes caused by the addition of
iron oxides clearly indicate that in the presence of iron oxide, ad-
sorbed CO species on Rh sites can be converted to COO~ species
or gaseous CO, (so that the overall number of adsorbed CO species
is reduced). We can thus propose a reaction mechanism for the SRE
process over Rh-Fe/Ca-Al,05. Ethanol adsorption and activation
mainly occur at Rh active sites. Hence, CO that are derived from
CH3CHO reforming (Eq. (5)) and decarbonation (Eq. (4)) are bonded
to Rh sites. As CO-Rh bonding is very strong, without the presence
of Fe oxides, the subsequent WGSR proceeds slowly at low temper-
atures, even though thermodynamically CO should be converted to
CO, in the presence of water. The strong CO-Rh bonding results in
undesired high CO selectivity over iron-free Rh catalysts and the
deactivation of the Rh catalyst. In the presence of Fe,O,, CO ad-
sorbed onto Rh particles can migrate from Rh to the nearby Fe,O,.
As can be seen from the XPS results in the Supplementary informa-
tion, Fe,O, are easily generated by H, reduction at 200 °C. There-
fore, coordinatively unsaturated ferrous (CUF) can form along the
interface between Rh and Fe,O,. The WGSR can proceed following
the reaction scheme:

H,0 + + — 20H, — 20, + H, (13)

CO + 0, — COyy — CO + * (14)

where O, represents a lattice oxide ion, CO,, and OH, are adsorbed
species, and * denotes a surface vacancy, which may be a CUF site.
The addition of iron oxides enables our novel catalyst to play
bifunctional roles at the molecular level for SRE and the WGSR. This
would enhance the ethanol conversion, eliminate the CO produc-
tion, which is an undesired product and an Rh catalyst poison,
and improve the catalyst stability. This mechanism is very similar
to the interface-confined ferrous centers for catalytic CO oxidation
that was very recently reported by Fu et al. [13]. In their paper,
CO bonding energy at coordinatively unsaturated ferrous (CUF) on
the FeO/Pt interface was found to be smaller than that on FeO-free
Pt surface. Therefore, adsorbed CO on FeO/Pt is unstable and can
quickly react by O, exposure. O, can be preferentially adsorbed
and activated at CUF. The adsorbed O at the CUF sites can react with
CO adsorbed on neighboring Pt atoms, and CO oxidation can thus
proceed on FeO/Pt. On pure Pt surfaces, the active Pt sites are
blocked by strongly adsorbed CO, and no oxidation can take place
at modest temperatures.

4. Conclusions

We have demonstrated that CO-free H, can be produced
through low-temperature (623-673 K) steam reforming of bioeth-
anol on an Rh-Fe/Ca-Al,05 catalyst. The role of iron oxide is to en-
hance the WGSR, which can efficiently convert CO byproduct to
CO, and H,. Furthermore, the presence of Fe,O, is able to improve
the durability of the catalyst by the mitigation of CO poisoning of
Rh.
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