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Abstract

Catalytic performances of Pd/ZnO in oxidative methanol reforming reaction were studied as a function of Pd loading. It
was confirmed that the formation of Pd—Zn alloy is essential to the selective production of hydrogen. High active Pd/znO,
comparable to commercial Cu-Zn catalyst, was obtained with higher Pd loading. Selectivity of the reaction was greatly
increased by increasing Pd loading on ZnO. At higher Pd loadings (>5%), co-precipitation was superior to impregnation
for the catalyst preparation. The catalytic performances were also discussed based on results from X-ray diffraction (XRD)
characterization.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (AH° = 0) because of heat loss. An almost heat bal-
anced OMR reaction is illustrated Eqg. (3)
The use of hydrogen-fueled proton-exchange mem- 1
brane fuel cells (PEMFCs) offers the potential of CHsOH(D + 502 — COz +2Hz
reducing carbon dioxide and nitric oxides emissions (AH° = —154.8 kJ/mol) 1)
from vehicles. However, current technologies for
on-board storage of hydrogen gas are still not eco- CH3OH(1) + H20(1) — COz + 3Hz
nomically attractive[1]. Among various on-board (AH° = +131kJmol) (2)
processing of liquid fuels oxidative methanol reform- 1 1 5
ing (OMR) is regarded as the most promising method CHsOH(L) + 53H20(1) + 702 — COz + 5H2
of supplying hydrogen to PEMFCs mounted in a (AH° = —12kJmol) 3)
vehicle[2—4]. i ,
The OMR reaction is a combination of partial ox- _ Early studies on OMR reaction were reported by

idation (POM,Eq. (1) with steam reforming (SRM, ~ Huang and Wangp,6]. They studied the effect of O
Eq. (2) at such a ratio that the overall reaction is addition to SRM reaction and the kinetics of OMR

thermal-neutral or modestly exothermic. In reality, the '€action over Cu-Zn-Al catalysts. Recent studies by

OMR reaction can not be completely heat balanced Velu et al.[7,8] and Murcia-Mascarés _et aﬂ9]_o_n
Cu-Zn based catalysts revealed the high activity for
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above e.g., 300C, obstructs its application in OMR
process for on-board hydrogen production.

Pd/ZnO catalyst, initially studied by Takezawa and
Iwasa[10], Takezawa and co-workefikl,12]for SRM
reaction and by Cubeiro and Fierft3,14] for POM
reaction, demonstrated high activity and selectivity in
both the SRM and POM reactions. The high selectiv-
ity of Pd/ZnO towards hydrogen production was pro-
posed to relate to the formation of Pd—Zn alloy on the
catalyst. Similar result on SRM reaction was also ob-
tained recently by Chin et a[15]. Considering the
higher melting point of Pd compared with Cu, better
thermal stability is expected for Pd/ZnO at higher re-
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molar ratio = 1.5) was fed into a vaporizer by a
mini—micro liquid pump at a rate of 0.44 g/min and
conveyed into the reactor by,Nas both carrier gas
and internal standard for product analysis. Thg N
flow was adjusted precisely by a STEC mass flow
controller at a rate of 120 ml/min. £adjusted by an-
other mass flow controller was fed into the reactor
at a rate of 16.7 ml/min, which gave amp/GH3;OH

ratio of 0.1. The above conditions determined a gas
hourly space velocity (GHSV) 0f110,000 1. Af-

ter reaction, the product gases were passed through a
cold-water (5 C)-circulated condenser followed by a
water-scrubber kept in ice water. The scrubbed gases

action temperature. It thus promotes us to investigate were analyzed on-line using a Shimadzu GC-8A gas

its catalytic performances in OMR reaction.

2. Experimental
2.1. Catalyst preparation

The Pd/ZnO catalysts were prepared by either im-
pregnation (IMP series) of a ZnO support (Sakai Co.)
with Pd(NG;)2 aqueous solution (10% Pd(NR
in 10% HNG; from Aldrich) or by co-precipitation
(CP series) of Zn(N@)2 + Pd(NGs), with NaOH+
Na;CO3 aqueous solutions at constant pH and room
temperature. Zn(Ng)2-6H,O, NaOH, and NgCOs
of analytical grade were from wako chemicals. Pd
weight loading for IMP samples was 1-10%, and the
nominal Pd loading of CP samples was 1-15Phe

chromatograph automatic analysis system equipped
with Parapak-Q and molecular sieve 13X columns.
Unless otherwise mentioned, the initial activity was
evaluated from the data collected between 1 and 3h
of reaction time on stream. The gas yield (moles of
CO, + CO produced per mole of methanol fed) was
used as a measure to compare catalyst activity. Se-
lectivity of the reaction was defined as moles of £LO
produced per mole of CO+ CO in the products.

For comparison, a commercial Cu-Zn based catalyst
(MDC-4) from Sud—Chemie was also evaluated under
the same reaction conditions.

2.3. Catalyst characterization

Powder X-ray diffraction (XRD) patterns of the
samples were recorded on a Rigaku RINT1100 diffrac-

catalysts were named according to their preparation qometer with a Cu & (» = 0.15406 nm) radiation.

method and nominal Pd loading. For example, the
sample prepared by IMP method with 3.5% Pd was

Scanning 2 angles were ranged from 10 to80rhe
Scherrer equationfn = KA/Bcosd, K = 0.94)

designated as IMP3.5, and the sample prepared by CPyas applied to the diffraction peaks of ZnO(101)

method with 15% Pd was designated as CP15, and sognd Pd—zn(1 1 1) to calculate the corresponding crys-
on. All the samples were finally calcined at 48D 5] size based on the line broadening. However, the
for 2h and crushed to 0.15-0.25mm for activity test. yesylts are used only for relative comparison of the

2.2. Catalytic reaction

The catalytic reactions were carried out in a con-
ventional flow fixed-bed quartz reactor of 6 mm i.d.

mean crystal size.

3. Results and discussion

using 0.3 g of catalyst at atmospheric pressure. Prior 3.1. X-ray diffiraction

to the reaction, the catalyst was reduced in situ in
a stream of 20% bl in N2 (160 ml/min) at 400C
for 2h. After cooling down to the reaction tempera-
ture (250°C), methanot-water mixture (HO/CH;OH

Fig. lashows the XRD patterns of the calcined IMP
samples. With IMP1, only diffractions from ZnO could
be observed. The diffraction line attributed to PdO at
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Fig. 1. Powder XRD patterns of freshly prepared (a) and spent (b) IMP catalysts.

260 of 42.1° was appeared at Pd loadings exceeding 10% HNQ; and consequently the ZnO support was
2%. Though broad and weak, the PdO diffraction line partially dissolved during impregnation. After dry-
became stronger with the increase of Pd loading. Vari- ing and calcinating, larger ZnO crystallites could be
ation in intensities of ZnO diffraction lines was also developed on the catalyst surface. For higher Pd load-
noticed. After activity test, XRD pattern&ig. 1b of ings, more ZnO was dissolved in solution, and thus in-
spent IMP samples indicated new diffraction lines at creased the size of newly formed ZnO crystallites. On
26 of 41.2 and 44.2 and their intensities increased

with the increase of Pd loading. Considering that the 60
diffractions from Pd and Zn metals should appear .
at 40.F for Pd(111) and 433for Zn(101), they __ s50f
were indexed to the diffractions of Pd-Zn(111) and E
Pd-Zn(200), respectively. This result is consistent E 40F
with that reported by Iwasa et gll1] and Cubeiro ® C
and Fierrd13]. Itis believed that the Pd—Zn alloy was 2 30¢
formed during the pre-reduction before OMR reaction. § i
Fig. 2 shows variation in XRD mean crystal size § 20
determined from line broadening of ZnO(101) and = .
Pd-Zn(1 1 1) diffraction. ZnO crystallites of fresh cat- 10
alysts increased in size with the increase of Pd load- .
ing and at Pd loading above 5% became essentially 0 = A :

constant. After activity test the size of ZnO crys-
tallites were unexpectedly noted to decrease to and
remain the same as that of original ZnO support. The Fig. 2. Mean size of ZnO Q) freshly prepared;®) spent) and
Pd(NGs)2 solution for catalyst preparation contained Pd-zn () spent) crystallites of IMP catalysts.

Pd loading /%
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the other hand, the presence of Pd(ll) ions may also appeared at Pd loading above 3.5%, and the line inten-
enhance the crystallinity of surface ZnO crystallites, sity increased with Pd loading. The diffraction peaks
and the heterogeneity of ZnO surface was increasedfor the Pd—Zn alloy at @ of 41.2 and 44.2 of spend
by such kind of surface reconstruction. However, the CP samplesKig. 3b were quite different from that of
new ZnO crystallites should be tightly connected to spent IMP samples, being much broaden, suggesting
PdO patrticles. During the reduction in 20% lgas more amorphous or smaller Pd—Zn crystallite forma-
flow at 400°C, the ZnO crystallites reacted with PdO tion for the CP samples.
to form Pd—Zn alloy. The ZnO support, not affected  The variation of ZnO and Pd—Zn alloy crystal size
during impregnation, remained essentially unchanged with Pd loading is indicated iifrig. 4. In contrast to
subsequent to the reduction and OMR reaction. This IMP samples, the fresh CP samples showed similar
is reasonable in consideration of the drastic reduction ZnO crystal size from 12 to 18 nm. After the OMR
in the mean crystal size of ZnO crystallites for fresh reaction, ZnO crystal size of the spent CP samples
samples compared to those spent samples, as evidenkept at around 15 nm, which was smaller than the IMP
from Fig. 2 Variation of the size of Pd—Zn crystallites samples {30 nm).
as determined from Pa—Zn(111) line broadening is Comparing with IMP samples, the variation of
also indicated irFig. 2 The size of Pd—Zn alloy crys-  Pd-Zn crystal size with Pd loading of spend CP sam-
tallites increased with the increase of Pd loading, sug- ples was more complex. The Pd-Zn crystallites of
gesting poor dispersion of the Pd—Zn alloy at higher samples with Pd loadings below 3.5% were expected
Pd loadings. to be small due to the low Pd content. For spent sam-
XRD patterns for fresh CP samples are shown in ples of CP5, CP6.5, and CP8, the mean crystal size
Fig. 3a At Pd loading below 15%, the patterns were of Pd—Zn alloy was 15-16 nm, much bigger than that
very similar to that of IMP samples. However, the in- of CP10 and CP15, which was estimated as 7-8 nm.
tensity of ZnO diffraction lines was lower than the It seems that a sudden decrease in the crystallinity of
IMP samples. The PdO diffraction peak &td&f 42.1° Pd—zn alloy occurred with Pd loading above 10%. In
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Fig. 3. Powder XRD patterns of freshly prepared (a) and spent (b) CP catalysts.
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addition, it needs to point out that the size of Pd—Zn in OMR reaction under the examined conditions. Gas
crystallites was similar to that of ZnO support for yield on CP6.5 was 68% at a selectivity of 92%. For

the spent CP samples, and at Pd loadings above 5%|MP samples, gas yield was stable during 4 h reac-
the Pd-Zn crystallites was smaller than that of IMP tjon, but the selectivity decreased with reaction time on
samples. These results suggested that the CP samstream. XRD results indicated CP samples to be more
ples were more homogeneous, and the dispersion ofhomogeneous than IMP samples and this would ap-
Pd—Zn alloy was higher than that for corresponding pear to be the reason for their better stability in OMR

IMP samples. reaction. The surface heterogeneity caused by disso-
lution of ZnO during impregnation of IMP samples
3.2. Stability of Pd/ZnO catalysts may accelerate the change in Pd—Zn crystallites and

Pd—-zn alloy composition during the oxidative reform-

As stated in the introduction, Pd/ZnO is a good ing with consequent reduction in reaction selectivity
catalyst in SRM and POM reactions. It is also antic- and increased CO formation.
ipated to perform well in OMR reaction. However, In Fig. 6 CP15 and the commercial Cu-Zn catalyst
experimental data for application to OMR reaction are compared and gas yield can clearly be seen to be
are limited in literature for this catalyst. The present more stable with CP15. At 4 h reaction, gas yield on
results confirmed its good applicability, and excellent CP15 was maintained at nearly 74% while with Cu-Zn,
performances were achieved with Pd/ZnO catalyst. the initial 80% yield decreased to only 73%. The activ-
The main products are hydrogen and carbon diox- ity of CP15 was found comparable to the commercial
ide. Carbon monoxide production in minor amount Cu-Zn catalyst in OMR reaction, and the selectivity
depends on the catalyst. Being a poison to the elec- was lower than the Cu-Zn catalyst. CO (dry angd N
trocatalyst at the fuel cell anode, special attention was free base) in product gases for the commercial Cu-Zn
paid to decrease CO formation during the study. catalyst was 4200 ppm while on CP15 12000 ppm CO

Fig. 5shows the variation of gas yield and selectiv- was produced. In consideration of the poisoning effect
ity with reaction time on stream of several IMP and of CO to the PEMFCs anode, to increase the reac-
CP samples. Within 4 h of reaction, no decrease in gastion selectivity and decrease CO formation is essential
yield and selectivity was observed for the CP sam- in developing an advanced Pd/ZnO catalyst for OMR
ples. All the CP samples appeared to be rather stablereaction.
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3.3. Effect of Pd loading
theless, at higher Pd loading, CP samples were more

Pd—-zn alloy formation has been shown responsible active than IMP samples. The highly active Pd/ZnO
for the high selectivity in SRM and POM reactions catalyst, essentially to the same extent as commer-
[11,13] In the view of that OMR reaction is a combi- cial Cu-Zn catalyst, can be produced at higher Pd
nation of SRM with POM, catalytic performances of loading.
Pd/ZnO in OMR reaction is thus expected to closely  Variation in selectivity as a function of Pd loading
relate to the particular state of Pd—Zn alloy on the was actually the same as that noted for gas yield. The
ZnO support. XRD characterization indicated Pd-Zn selectivity of CP samples sharply increased with rise
crystallites of spent samples to strongly depend on in Pd loadings from low values. The selectivity on
Pd loading, which was also reflected in the catalytic CP1 was 76% and more than 92% on CP5. CO forma-
performances of Pd/ZnO catalysts. The dependencetion is thus shown to greatly decrease with increase in
of gas yield on Pd loading with IMP and CP sam- Pd on ZnO. IMP selectivity exceeded that of CP sam-
ples is illustrated irFig. 7. The gas yield was greatly  ples at Pd loadings less than 5%. Larger Pd-Zn alloy
increased at low Pd loading, but assumed essentially crystallites or well crystallized Pd—Zn alloy particles
constant value at about 5%. The rapid increase in gaswould appear to have higher selectivity towards the
yield was considered due to greater surface concen-OMR reaction. In the case of lower Pd loadings as
tration or surface area of Pd—Zn alloy. With increase with CP1 and CP2, Pd—Zn crystallites should be quite
in Pd loading, Pd-Zn crystallites grew larger, which small and single Pd atoms may possibly be present
inhibited further increase in the surface concentration in the catalyst. Such Pd atoms and/or very small
of Pd—Zn alloy and resulted in a relative constant gas non-perfect Pd—Zn alloy crystallites may possibly not
yield at 5-10% Pd loadings. Above 10%, gas yield for be selective in the OMR reaction and promote CO
CP samples again increased though only moderately.formation.
The smaller Pd-Zn crystallites of these samples may At Pd loading above 5%, the selectivity of IMP and
have contributed to higher gas yield. CP samples increased but slightly. On CP15 it was

Fig. 7 also shows that, for Pd loading below 5%, 95.5%, only 3% above that on CP5. The larger Pd—Zn
IMP samples performance was better than that for CP alloy crystallite size may have been the reason for this,
samples, this being due to the greater surface con-but with attainment of a certain size, any further in-
centration of Pd—Zn alloy for IMP samples. Never- crease would not likely have significant effect on the
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