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New catalytic functions of Pd-Zn, Pd—-Ga, Pd-In, Pt—Zn, Pt-Ga
and Pt—In aloys in the conversions of methanol
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Pd and Pt supported on ZnO, Ga,03 and In,O3 exhibit high catalytic performance for the steam reforming of methanol, CH3OH +
H,0 — CO; + 3H,, and the dehydrogenation of methanol to HCOOCH3, 2CH30H — HCOOCH3 + 2H,. Combined results with
temperature-programmed reduction (TPR) and XRD method revealed that Pd—Zn, Pd-Ga, Pd-In, Pt—Zn, Pt-Ga and Pt-In aloys were
produced upon reduction. Over the catalysts having the alloy phase, the reactions proceeded selectively, whereas the catalysts having

metallic phase exhibited poor selectivities.
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1. Introduction

Catalytic functions of group 8-10 metas are markedly
different from those of copper for the conversions of
methanol such as steam reforming and dehydrogenation to
HCOOCHj3 [1-13]. For the steam reforming of methanol,
group 8-10 metal catalysts exhibit poor selectivity [1-3],
whereas over copper catalysts the reaction occurs in high
selectivity [1,4-8]. Over group 8-10 metal catalysts,
methanol is decomposed to CO and H, [9-12], while over
copper catalysts it is dehydrogenated to HCOOCH; [1].

In previous work [1,12-16], we showed that the cat-
alytic functions of Pd and Pt were greatly modified in the
presence of ZnO. The steam reforming of methanol and the
dehydrogenation of methanol to HCOOCH; occurred with
high selectivity over Pd/ZnO and Pt/ZnO catalysts [1,12—
16]. Involvement of PdZn and PtZn alloys was suggested
[14-16].

In the present study, the steam reforming and the dehy-
drogenation of methanol are carried out over various sup-
ported group 8-10 metal catalysts. We show that the selec-
tivities for the steam reforming and the dehydrogenation to
HCOOCH; are greatly improved upon the formation of Pd
and Pt aloys.

2. Experimental

Catalysts used were Pd, Pt, Ni and Co supported on var-
ious metal oxides, i.e., ZnO (Kanto Chemicals Co., Ltd.),
In,03 (Wako Pure Chemicals Co., Ltd.), Ga,O3 (Wako Pure
Chemicals Co., Ltd.), SO, (Nihon Chromato Kogyo, Ltd.),
MgO (Kishida Chemicals Co., Ltd.), CeO, and ZrO,. CeO,
and ZrO, were prepared by thermal decomposition of zir-
conium oxynitrate (Kanto Chemicals Co., Ltd.) and cerium
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carbonate (Wako Pure Chemicals Co., Ltd.), respectively.
Metal loading of each catalyst was kept at 10 wt% un-
less otherwise stated. Supported Pd, Ni and Co catalysts
were prepared by impregnation of the metal oxides with
a solution of Pd(NOg3), (Tanaka Noble Metals Ind. Co.),
Ni(NO3), (Wako Pure Chemicals Co., Ltd.) and Co(NOz3)»
(Wako Pure Chemicals Co., Ltd.) at 353 K, respectively.
Supported Pt catalysts were prepared by impregnation with
a solution of Pt(NH3)4(NOs), (Aldrich Chemical Co., Inc.)
at 353 K.

The catalysts thus prepared were then dried at 383 K
overnight, pressed into granules in sizes of 60-80 meshes
(Tyler meshes), and were subjected to calcination in air at
773 K for 3 h. The catalysts (1.0 g) were then packed in
reactors and calcined again at 773 K for 2 h in a stream of
O, (20 vol% Oy) diluted with nitrogen at a total flow rate
of 100 cm® STP/min.

Prior to the reaction, the catalysts were reduced in a
hydrogen stream (4 vol% H,) diluted with nitrogen un-
der temperature-programmed conditions at a heating rate
of 5 K/min up to 773 K.

The steam reforming and the dehydrogenation of metha-
nol were carried out in a conventional flow reactor at
493 and 473 K, respectively. For the steam reforming of
methanol, the inlet partial pressures of methanol and water
were both kept at 10.1 kPa. For the dehydrogenation of
methanol, the inlet partial pressure of methanol was kept
at 10.1 kPa. Nitrogen was used as a diluent. Gases in
the effluent were analyzed by gas chromatography. The
selectivity was evaluated on the carbon basis.

Temperature-programmed reduction (referred to as TPR)
of the catalysts was carried out in a flow of a hydrogen—
argon mixture (4 vol% Hy) at atotal flow rate of 50 cm®/min
and at aheating rate of 5 K/minto 773 or 1073 K. Hydrogen
from the reactor was collected every 2 min in a sampling
tube attached to the outlet of the reactor and analyzed by
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gas chromatography. X-ray diffraction (referred to as XRD)
spectra of the catalysts were obtained with a JEOL JDX-
8020 X-ray diffractometer. The number of metal surface
sites of Pt, Ni and Co catalysts were determined by hy-
drogen chemisorption at room temperature, whereas those
of Pd catalysts were determined at 373 K to avoid hy-
dride phase formation [17]. The metal surface areas were
calculated from the number of metal surface sites and the
average surface densities of metal atoms[18]. The turnover
frequency for the hydrogen formation was estimated from
the number of metal surface sites and the outflow rate of
hydrogen.

3. Results and discussion
3.1. Steam reforming of methanol

When a mixture of methanol and water was fed over
the catalyst, H, and CO, were produced together with CO.
The steam reforming of methanol (CH3OH+H,O — CO,+
3H,) occurred along with the decomposition of methanol
(CH30H — CO + 2Hy).

Table 1 summarizes the conversion of methanol, selec-
tivity and turnover frequency for the hydrogen production
obtained over various supported group 8-10 metal cata-
lysts along with the metal surface area and the dispersion.
The kinetic parameters such as conversion, selectivity and
turnover frequency were greatly affected by the kinds of
supports as well as those of metals used. The selectiv-
ity for the steam reforming was greatly improved when Pd
or Pt was supported on ZnO, 1n,O3 and GaO3. Over the
other group 8-10 metal catalysts, CO and H, were produced
predominantly. The methanol decomposition occurred in

Table 1
Steam reforming of methanol over various supported group 8-10 metal
catalysts.2

Catalyst ~ Conv.  Selectivity (%) SAP  Disperson TOF¢

(%) co, CO (m*g™h) (%) s
Pd black 10.9 0.0 100.0 9.9 21 0.0071
Pd/ZnO 54.2 99.2 0.8 10.4 22 0.497
Pd/Iin,Os¢ 283 95.5 45 9.9 21 0.291
Pd/Gap0O; 21.2 94.6 54 12.3 2.6 0.177
Pd/SIO, 15.7 0.0 100.0 424 9.0 0.021
Pd/MgO 41.0 6.6 93.4 49.0 104 0.053
Pd/ZrO, 64.3 184 81.6 311 6.6 0.139
Pd/CeO, 62.4 22.7 77.3 170.6 36.2 0.025
Pt black 3.0 56.7 433 1.65 0.60 0.019
Pt/ZnO 27.6 95.4 4.6 7.1 2.58 0.391
Pt/In,0z¢  30.6 98.3 17 7.7 2.81 0.420
Pt/GapO3 54 755 245 7.2 2.63 0.065
Pt/SiO; 10.3 18.8 81.2 92.3 335 0.0087
Ni/ZnO 191 30 97.0 2.7 0.40 0.365
ColZnO 131 133 86.7 6.2 0.92 0.117

aReaction temperature: 493 K. Inlet partial pressures of methanol and
water: 10.1 kPa.

bMetal surface area

¢ Turnover frequency for the H, formation.

d Reduction temperature: 523 K.
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preference to the steam reforming. No reaction took place
over ZnO, Ga,03 and In,O3 alone. The turnover frequen-
cies obtained over Pd/ZnO and Pt/ZnO catalysts exceeded
those obtained over the other supported Pd and Pt catalysts.
In comparison with previous results for copper-based cat-
alysts [7], it is to be noted that the turnover frequencies
obtained over Pd/ZnO and P/ZnO are greatly in excess of
those (0.04-0.1 s~1) over copper-based catalysts.

3.2. TPR

Upon feeding of hydrogen over the various supported
Pd catalysts at room temperature, hydrogen consumption
occurred rapidly. This suggests that PdO formed on the
supports was reduced, being converted to PdH,, [14]. Af-
ter completion of the H, consumption at room temperature,
TPR experiments were conducted. Figure 1 illustrates TPR
profiles for various supported Pd catalysts. With increas-
ing temperature, inverse peaks are observed around 360 K
where PdH,. is decomposed [14]. With further increase in
temperature, peaks appear in a temperature range of 600—
700 K over Pd/ZnO, Pd/Ga,0O3; and Pd/In,O3. However,
no hydrogen consumption peaks appear over the other sup-
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Figure 1. TPR profiles for various supported Pd catalysts.
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Figure 2. TPR profiles for various supported Pt catalysts.

ported Pd catalysts. Over ZnO, Ga0O3; and 1n,O3 aone,
no peaks of hydrogen consumption or desorption were dis-
cerned over the whole temperature range studied. Similar
experiments were carried out over supported Pt catalysts.
For Pt/ZnO, Pt/Ga,O3 and Pt/In,03, the consumption of H,
becomes appreciable around 500 K and increases, yield-
ing a peak at 680, 670 and 650 K, respectively. By con-
trast, the hydrogen consumption is practically negligible
over Pd/SIO, at higher temperatures (figure 2).

3.3. XRD

The structures of the catalysts reduced to 773 K under
the temperature-programmed conditions were inspected by
the XRD measurement. Figure 3 shows XRD spectra of
various supported Pd catalysts. In the spectra, peaks for
Pd species appear along with those for support metal ox-
ides. Peaks for PdZn alloy [19] are discerned at 20 = 41.2
and 44.1° and that for Pdgs2lng.4s aloy [20] appears at
20 = 39.3° in the respective spectrum for Pd/ZnO and
Pd/In,O3 catalysts. For Pd/Ga,O3 catalyst, peaks ascribed
to GasPd [21] or GaPds alloy [22] grow at 20 = 39.5,
41.3 and 45.9° or at 20 = 38.2, 39.9, 40.2, 44.4 and 47.9°,
though some peaks overlap with those of Ga,O3. For the
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Figure 3. XRD pattern for various supported Pd catalysts reduced at

773 K. () Pd/ZnO, (b) Pd/Ga O3, (c) Pd/InyOg3, (d) Pd/SIO,, (€) Pd/ZrO,

and (f) Pd/CeOy; () PdZn, () GaxPds, (W) GagPd, (A) Ing.52Pdo. 48,
() Pd and (o) support metal oxides.

other supported Pd catalysts, broad peaks ascribed to metal-
lic Pd [23] are observed at 20 = 40.1° upon the reduction.
Similar experiments were carried out over supported Pt, Ni
and Co catalysts. Figure 4 depicts XRD spectrafor the cata-
lysts reduced to 773 K. For Pt/ZnO, Pt/In,O3 and P/Ga; O3
catalysts, PtZn, GagPts, Gas 4Pt10.6 and In Pt aloy phases
were evolved, respectively, whereas for P/SIO;,, Ni/ZnO
and Co/ZnO catalysts, only metallic phases were devel oped
after the reduction of the catalysts at 773 K. After the steam
reforming, XRD spectra were also recorded. It was found
that the original alloy phases were maintained over these
catalysts subjected to the reaction. These findings indicate
that the steam reforming of methanol selectively proceeds
over the catalysts having alloy phases.

3.4. Reaction mechanisms
In previous work [2], we showed that the steam reform-
ing of methanol proceeds through pathways

CH,OH — HCHO — HCOOH — CO, +H,
TH,0 (D]

L HCOOCH,
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Figure 4. XRD pattern for various supported Pt, Ni and Co catalysts
reduced to 773 K. () Ni/ZnO, (b) Co/ZnO, (c) PY/ZnO, (d) Pt/GayO3,
(e) Pt/InyO3 and (f) PYSIOz; (A) Ni, (o) ZnO, (v) Co, (e) PtZn,
(") GaxOs, ([) Gas.4Ptio.6, (W) GagPls, (A) In203, (#) InzPtand (O) PL.

and

CH30H — HCHO — co ™2 co, + H;, @)
respectively, over Cu/SIO, and Pt/SIO, catalysts. Over
Cu/SIO, catalysts, HCHO species formed in the reaction
were attacked by H,O and/or CH30H, and finally trans-
formed to CO, and H,. In contrast, over Pt/SiO, catalysts,
HCHO species were rapidly decomposed to CO and Ho,
and partly transformed to CO, and H, through the water—
gas shift reaction.

Recently, we found that over Pd/ZnO catalysts when
Pdzn alloy phases are developed, the steam reforming of
methanol occurred through pathway (1) [14]. Consistent
with the proposed reaction mechanisms, the formation of
HCOOCH; occurred selectively upon the dehydrogenation
of methanol over Pd/ZnO.

Dehydrogenation of methanol was carried out over var-
ious supported Pd and Pt catalysts, HCOOCH3 was pro-
duced along with CO and H», suggesting that the reactions,
2CH30H — HCOOCHS3 + 2H;, and CH30OH — CO + 2H,
occurred. Table 2 lists the conversion of methanol and
the selectivities to HCOOCH3 and CO over various sup-
ported Pd and Pt catalysts. The conversions and selectivity

Table 2
Dehydrogenation of methanol over various supported group 8-10 metal
catalysts.?

Catalyst Conv. Selectivity (%)

(%) HCOOCH3 CO
Pd black 21.6 0.0 100.0
Pd/ZnO 8.9 94.1 59
Pd/InO3° 18.2 76.0 24.0
Pd/Gay O3 12.3 96.3 4.7
Pd/ZrO, 415 0.0 100.0
Pd/SIO, 13.0 0.0 100.0
Pt black 17 0.0 100.0
Pt/ZnO 37 89.5 10.5
Pt/Gap O3 39 71.8 28.2
Pt/In,O3P 12.7 86.9 13.1
P/SiO2 9.8 0.0 100.0

aReaction temperature:
10.1 kPa.
b Reduced to 523 K.

473 K. Inlet partia pressure of methanol:

are greatly affected by the kinds of supports. The cata-
lysts, Pd/ZnO, Pd/Ga,O3, Pd/In O3, Pt/ZnO, Pt/In,O3 and
Pt/Gax O3, exhibiting high selectivity for the steam reform-
ing show high selectivity to HCOOCH3;. Over the other
catalysts, such as Pd/SIO,, Pd/ZrO, and Pt/SIO,, the de-
composition of methanol occurs exclusively. Origina cat-
alytic functions of metallic Pd and Pt for the conversions
of methanol are greatly modified upon the formation of the
aloys.

4, Conclusion

Catalytic performances of group 8-10 metal catalystsfor
the conversions of methanol are markedly affected by the
kinds of supportsaswell asthose of metalsused. The selec-
tivities for the steam reforming, CH3OH + H,O — CO; +
3H,, and the dehydrogenation to HCOOCH3, 2CH30H —
HCOOCH; + 2H;, are greatly improved when Pd or Pt
is supported on ZnO, Ga,0O3; and 1n,03. Over the other
group 8-10 metal catalysts, the decomposition of methanal,
CH30H — CO + 2H,, occurs exclusively. Combined re-
sults with TPR and XRD method revealed that the support
metal oxides of Pd or Pt supported on ZnO, Ga,O3 and
In,O3 were reduced in the course of the TPR with H, be-
ing transformed to Pd-Zn, Pd-Ga, Pd-In, Pt-Zn, Pt-Ga
and Pt-In dloys. Origina catalytic functions of metallic
Pd and Pt are greatly modified upon the formation of the
Pd and Pt aloys.
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