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Abstract: The catalytic properties of oxidized Ni3Sn2 powders were investigated for producing hydrogen from decomposing methanol in
the temperatures ranging from 240 to 480 ºC. The oxidized Ni3Sn2 had much higher catalytic activity than that of Ni3Sn2 in the temperature
range of 320~400 ºC. The results of an isothermal test performed at 320 ºC revealed that the oxidized Ni3Sn2 was spontaneously activated
within 4 h of the reaction and slowly deactivated in the followed reaction time. The oxidized Ni3Sn2 suppressed side reactions such as
methanation and water-gas shift reaction and showed a high efficiency for H2 production from methanol decomposition. Surface analysis
revealed that the activity of oxidized Ni3Sn2 was attributed to the formation of Ni/SnO2 catalyst, which was supposed to serve as active sites
for methanol decomposition.
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oxidized Ni3Sn2 single-phase powders to evaluate their catalytic
properties for hydrogen production. The microstructure of the
powder surface was investigated before and after reaction in order
to understand the catalytic behavior of oxidized Ni3Sn2. Our attempt was to improve the activity of Ni3Sn2 IMC and explore an
effective method for catalyst preparation.

Ni-Sn intermetallic compounds (IMCs) have the potential to
show high catalytic activity, high selectivity to desired products,
and high durability due to the positive effects arising from the
cooperative interaction between Ni and Sn.1-3) It was reported that
the addition of Sn to Ni decreases the rate of methane formation
from C-O bond cleavage, while maintaining high rates of C-C
cleavage required for hydrogen formation.4-6) Ni-Sn IMCs were
expected to play an important role in Ni-Sn catalysts for hydrogen
production. Dumesic [5] reported that the addition of Sn to Ni
improved the selectivity for hydrogen production by ethylene glycol reforming and evidence for the formation of Ni3Sn alloy associated with alumina was obtained by Mossbauer spectroscopy.
Onda et al.[6] studied the catalytic properties of Ni3Sn, Ni3Sn2, and
Ni3Sn4 for the partial hydrogenation of acetylene into ethylene and
reported that the high degrees of selectivity of Ni3Sn and Ni3Sn2
were attributed to the Sn-induced decrease in catalytic activity. For
practical use, it was a potential requirement for developing a highactivity and cheap catalyst and lowering the activation temperature
for hydrogen production.
In this study, we performed the methanol decomposition over

Ni3Sn2 ingots were prepared by melting the mixture of stoichiometric amounts of nickel and tin metals in a high-frequency vacuum melting furnace. Ingots thus obtained were crushed in air and
filtered into particles with diameters between 25~75 μm. The oxidation of Ni3Sn2 powder was performed in Muffle furnace at air
for 5 h. The heating rate was defined to 10 ºC/min and the oxidation temperatures were set to 900 and 1100 ºC.

Catalytic activity experiments were performed in a conventional
fixed-bed flow reactor. The reactor was made of a quartz tube with
an internal diameter of 8 mm and the catalyst weight was 0.4 g.
The catalyst was used without any handling. The methanol was
introduced in a flow rate of 100 μl/min and the liquid hourly space
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Figure 1. shows the conversion of methanol over the oxidized
Ni3Sn2 powders plotted as functions of decomposition temperature
during the isochronal test.

velocity (LHSV) of methanol was calculated to be approximately
70 h-1 (defined as the volume of methanol passed over the unit volume of catalyst per hour).
The catalytic activity measurement includes isochronal and isothermal tests. The isochronal test was carried out with increasing
reaction temperature stepwise from 240 to 480 ºC at an interval of
40 ºC. The outlet composition and total flow rate of the gaseous
products were collected after holding at each temperature for 20
min. The isothermal test was carried out at 320 ºC for 28 h, and the
outlet composition and total flow rate of the gaseous products were
collected during reaction.

The crystal structures of Ni3Sn2 before and after oxidation were
characterized by an X-ray diffractometer (Thermo ARL, Switzerland, model ARL X’TRA) using a CuKα source. The surface morphology and the composition of the samples were examined using
JSM-5610LV model (JEOL Company) equipped with INCA energy dispersive X-ray spectroscopy (EDS) measurements. The
Brunauer-Emmett-Teller (BET) surface area was determined with a
surface area analyzer (Micromeritics, ASAP2020/ Tristar 3000)
using N2 as adsorbents.

Figure 1 shows the conversion of methanol over the oxidized
Ni3Sn2 powders plotted as functions of decomposition temperature
during the isochronal test. Ni3Sn2 had slow increase of methanol
conversion with increasing temperature and it had below 3.5 % of
methanol conversion even at 480 ºC and. In contrast, the oxidized
Ni3Sn2 exhibited different evolution trend of methanol conversion
with increasing temperature. There was below 1% of methanol
conversion over oxidized Ni3Sn2 powders below 320 ºC. The oxidized Ni3Sn2 powders rapidly increased the conversion of methanol
with increasing decomposition temperature above 320 ºC, and the

Figure 2. shows the conversion of methanol over Ni3Sn2 and oxidized Ni3Sn2 powders at 320 ºC plotted as functions of decomposition time.

largest value of the methanol conversion was obtained at 360 ºC,
then the methanol conversion was subsequently decreased with
increasing temperature. It was also observed that the largest value
of methanol conversion over oxidized Ni3Sn2 powders at 360 ºC
was significantly affected by oxidation temperature. The largest
value of methanol conversion over oxidized Ni3Sn2 at 900 and 1100
ºC was corresponded to 51 and 80%, respectively. Higher oxidation
temperature of Ni3Sn2 led to higher methanol conversion during the
reaction. These results indicate that oxidized Ni3Sn2 shows much
higher catalytic activity than Ni3Sn2, especially at 360 ºC.
The isothermal test was performed on the catalysts at 320 ºC for
28 h to examine the catalytic properties in more detail. Figure 2
shows the conversion of methanol over Ni3Sn2 and oxidized Ni3Sn2
powders at 320 ºC plotted as functions of decomposition time. Below 1% of the methanol was converted over Ni3Sn2 within 28 h of
reaction, reflected that there was almost no activity over Ni3Sn2
below 320 ºC. About 20% of the methanol was converted over
Ni3Sn2 oxidized at 1100 0C when the test started. Interestingly, the
conversion of methanol significantly decreased from 0 to 1 h, increased from 1 to 5 h, then decreased irreversibly from 5 to 28 h.
49% of the largest methanol conversion was obtained after 5 h and
approximate 19% of the methanol was still converted after 28 h.
These results reveal that oxidized Ni3Sn2 was spontaneously activated during the period of 0~5 h and deactivated in the range of 5~
28 h. It was clearly observed that the deactivation of oxidized
Ni3Sn2 became slower with increasing methanol decomposition
time from Figure 2, showed that oxidized Ni3Sn2 still had much
high activity than that of Ni3Sn2 after long reaction time.
Figure 3 plots the rates at which H2, CO, CH4, H2O, and CO2
were produced over oxidized Ni3Sn2 at 320 ºC as functions of methanol decomposition time. The production rates of H2 and CO were
much higher than those of the other gases, and the ratio of the H2 to
CO produced (H2/CO) was close to 2, which is stoichiometric for
methanol decomposition, indicating that the methanol had mainly
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Figure 3. plots the rates at which H2, CO, CH4, H2O, and CO2 were
produced over oxidized Ni3Sn2 at 320 ºC as functions of methanol
decomposition time.
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Figure 4. shows XRD patterns obtained for Ni3Sn2 before (a) and
after oxidation at 900(b) and 1100 ºC (c).

decomposed according to the following reaction (Eq. 1). The production rate of H2 and CO was still up to 52.4 and 26.6 ×10-3 mole
hr-1 g-cat-1 after 28 h of reaction, respectively.

CH3OH(g) ↔ 2H2(g) + CO(g)

(1)

The production rates of CH4 and CO2 were 0 and the production
rate of H2O was kept at approximate 5×10-3 mole hr-1 g-cat-1 within
28 h of reaction, reflected that there were a little Boudouard reaction (Eq. 2), reverse water–gas shift reaction (Eq. 3) but no
methanation (Eq. 4) during the reaction at 320 0C.

2CO(g) ↔ C(s) + CO2(g)

(2)

CO2(g) +H2(g) ↔ CO(g)+H2O(g)

(3)

CO(g)+3H2(g) ↔ CH4(g) +H2O(g)

(4)
Figure 5. SEM images of Ni3Sn2 surfaces before (a) and after oxidation at 900 (b) and 1100 ºC (c).

Figure 4 shows XRD patterns obtained for Ni3Sn2 before and
after oxidation at 900 and 1100 ºC. The initial XRD patterns were
obtained using Ni3Sn2 powders before oxidation and only show
diffraction peaks attributed to Ni3Sn2 (Orthorhombic, Pnma), indicating that the Ni3Sn2 samples consisted of pure single-phase powders. The XRD patterns obtained for Ni3Sn2 after oxidation were
completely different to the initial XRD patterns, and they showed
some peaks attributable to other phases such as oxides of Ni or Sn,
suggesting that the Ni3Sn2 were completely oxidized in air at above
900 ºC. Some diffraction peaks attributable to NiO and SnO2 were
identified in the XRD pattern obtained for oxidized Ni3Sn2 and the
peaks became stronger with increasing oxidation temperature.
There were other peaks at 28.7 º, 42.7 º, 45.1 º and 55.5 º identified
to be those of NiSnO3 in the XRD patterns of oxidized Ni3Sn2 at
900 ºC and they disappeared in the XRD patterns of oxidized
Ni3Sn2 at 1100 ºC.
The surface morphologies of Ni3Sn2 before and after oxidation

were analyzed using SEM and the results are shown in Figure 5.
Ni3Sn2 showed relatively smooth surfaces with a few small particles, several hundreds of nm in diameter, before oxidation. The
surfaces changed significantly after oxidation. Many small particles
ranging in hundreds of nm were observed on the surface of Ni3Sn2
oxidized at 900 ºC. The small particles presented loose and irregular structure. With increasing oxidation temperature from 900 to
1100 ºC, the small particles sintered together and their size became
larger. The morphology of the particles changed from irregular to
regular shape such as hexagon diamond, which was the crystal
structure of NiO and SnO2.
The specific BET surface areas of the Ni3Sn2 particle were measured before and after oxidation and the results are shown in Table
1. The Ni3Sn2 particle showed very small specific surface areas
(<0.1 m2/g) before oxidation. After oxidation at 900 ºC, the Ni3Sn2
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Figure 6. TPR profiles of Ni3Sn2 powders before (a) and after oxidation at 900 (b) and 1100 ºC (c).

Figure 7. shows XRD patterns obtained for oxidized Ni3Sn2 at
1100 ºC before (a) and after isothermal test (b) at 320 ºC.

-particle surface area increased to 1.41 m2/g, ~20 times larger than
its initial surface area before oxidation. After oxidation at 1100 ºC,
the Ni3Sn2 -particle surface area was corresponded to 0.53 m2/g,
which was only one-third than that after oxidation at 900 ºC.

Figure 6 shows TPR profiles of Ni3Sn2 before and after oxidation
at 900 and 1100 ºC. There was no reduction of intermetallic compound Ni3Sn2 while several reduction peaks were observed for
oxidized Ni3Sn2. The peaks were corresponded to the reduction of
NiO→Ni [7], SnO2→SnO[8], SnO→Sn [8] and NiSnO3→Ni +
SnO. The reduction peaks had some changes except those of
SnO→Sn at 717 ºC with increasing oxidation temperature. The
reduction peak of NiO→Ni was slightly shifted to low temperature
from 405 to 395 ºC and its starting reduction temperature was significantly reduced from 345 to 275 ºC with increasing oxidation
temperature from 900 to 1100 ºC. The reduction peak at 538 ºC
was corresponded to that of NiSnO3→Ni + SnO. The peak was
shifted to high temperature, became weaker and finally disappeared
with increasing oxidation temperature. It might be due to the decomposition of NiSnO3 at high temperature. The reduction peak of
SnO2→SnO at 474 ºC appeared on TPR curves for the Ni3Sn2 oxidized at 900 ºC and the peak became stronger with increasing oxidation temperature. The reduction temperature of SnO2→SnO was
also shifted to high temperature with increasing oxidation temperature, which may be related to the sintering effect.
Table 1. BET surface areas (m2/g) of Ni3Sn2 before (a) and after
oxidation at 900 and 1100ºC.
Samples

Specific surface area
(m2/g)

Ni3Sn2 powder

0.06

Oxidized Ni3Sn2 powder at 900ºC in air for 5 h

1.41

Oxidized Ni3Sn2 powder at 1100ºC in air for 5 h

0.53

Figure 8. SEM images of oxidized Ni3Sn2 after 28 h of reaction at
320 ºC. The used samples was oxidized at 1100 ºC.

Figure 7 shows XRD patterns obtained for oxidized Ni3Sn2 at
1100 ºC before and after isothermal test at 320 ºC. Before reaction,
the peaks of NiO and SnO2 were identified in the XRD patterns of
oxidized Ni3Sn2 at 1100 ºC. After reaction at 320 ºC, the peaks of
NiO disappeared due to the reduction of NiO and the result was in
agreement with TPR results. The peaks of Ni and SnO2 were identified and dominated, reflected that Ni and SnO2 were main products
of oxidized Ni3Sn2 after reaction. There was a weak peak of SnO
observed, which was explained from the partial reduction of SnO2
in methanol decomposition [9].
The surface morphologies of the oxidized Ni3Sn2 after reaction
were further analyzed using SEM equipped with EDS and the results are shown in Figure 8 and table 2. The morphology had a few
changes and the hexagon diamond of oxidized Ni3Sn2 at 1100 ºC
disappeared after methanol decomposition. The size of some parti-
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cles became large due to the caking in methanol decomposition.
Some porous structures over the surfaces were observed and they
might be formed due to the loss of oxygen from the reduction of
NiO→Ni. Interestingly, the carbon fiber or graphite was not easily
observed on the surface of oxidized Ni3Sn2 after 28 h of reaction,
showing that a little carbon was generated during the reaction. EDS
analysis of the spots marked in Figure 8 showed the percentage of
element Ni, Sn, C and O in table 2. Ni element was comprised of
approximate 40%, which exceeded 1.5 times than approximate
18% of Sn element, reflected that Ni element was accumulated rich
on the surface. Sn/O molar ratio was calculated to range in 1~1.5,
confirmed that the mixture of SnO and SnO2 were existed over the
surface of oxidized Ni3Sn2 after reaction. The detected C had approximate 18~22% , which was supposed to come from the C deposited on the surface of the particles during methanol decomposition.
The experimental results show that oxidized Ni3Sn2 exhibits
much higher degree of catalytic activity for decomposing methanol
than that of Ni3Sn2 in the temperature range of 320～360 ºC. This
catalytic behavior was supposed to be related to the Ni/ SnO2 serving as the active species for decomposing methanol, combined with
the results of catalytic test, XRD, TPR and SEM. The similar phenomenon was also observed by A. C. Grijalba and A. Neramittagapong [10, 11]. The oxidized Ni3Sn2 began to have catalytic activity from 320 ºC at which the reduction of NiO→Ni occurred. The
activity increased as more Ni amount generated with increasing
temperature. When the temperature was up to 360 ºC, the activity
began to decrease with increasing temperature at which the reduction of SnO2→SnO occurred. The activity continued to decrease
with increasing temperature as more SnO2 amount was reduced.
The Ni/SnO2 catalyst is greatly advantageous for producing H2
from decomposing methanol, as it significantly decreased the
methanation and water-gas shift which decreased the efficiency of
H2 production.

The catalytic properties of oxidized Ni3Sn2 were investigated for
decomposing methanol in the range 240–480 ºC, and the following
results were obtained:
1) The oxidized Ni3Sn2 showed high degrees of catalytic activity for decomposing methanol and suppressed methanation
Table 2. EDS results of oxidized Ni3Sn2 after 28 h of reaction at
320 ºC.
Spot No

Ni(at%)

Sn(at%)

C(at%)

O(at%)

O/Sn

1

43.6

17.5

18.6

18.3

1.1

2

37.9

17.3

20.9

23.9

1.4

3

39.1

17.4

18.6

24.9

1.4

4

40.9

17.7

19.3

22.1

1.3

5

38.9

17.8

21.6

22.7

1.3

6

38.7

17.6

20.8

22.9

1.3

7

40.2

18.4

18.3

23.1

1.3

8

40.3

18.6

19.2

21.9

1.2

9

39.9

18.0

19.4

22.7

1.3

2)

3)
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and water-gas shift reaction over the whole temperature
range tested.
The oxidized Ni3Sn2 was spontaneously activated in the temperature range of 320~360 ºC and deactivated with increasing temperature from 360 to 480 0C. From the results of
XRD, SEM, TPR, etc, the reduction of NiO→Ni improved
the activity of oxidized Ni3Sn2 but the reduction of
SnO2→SnO decreased the activity of oxidized Ni3Sn2. Therefore, the Ni/ SnO2 catalyst was considered as the active sites.
The Ni/SnO2 catalyst is greatly advantageous for producing
H2 from decomposing methanol as it has low methanol decomposition temperature, low cost and high efficiency of H2
production. Therefore, it maybe a potential catalyst for hydrogen production from methanol.
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