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Partial oxidation of ethanol to hydrogen over Ni—Fe catalysts
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Catalytic generation of hydrogen by partial oxidation of ethanol over a series of Ni—Fe catalysts has been studied. The catalytic
performances have been investigated under various O, and C,HsOH molar ratios at 473—-573 K. These Ni—Fe catalysts showed high
activities for the partial oxidation of ethanol to hydrogen. The rate of hydrogen generation increased with the increase of temperature.
Among the different Ni—Fe catalysts, NisyFesy had the best activity. The conversion of ethanol reaches 86.91% and selectivity to
hydrogen reaches 46.23% at optimum reaction conditions, i.e., O,/C,HsOH = 1.5, T = 573 K. XRD patterns of the catalysts showed
that their main components are spinal-type magnetite and FeNis alloy. XPS results indicated that the bulk of catalyst is mainly FeNi;
alloy and the surface is mainly magnetite. The possible mechanism has been discussed.
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1. Introduction

Being a clean burning and, potentially, a highly
efficient energy carrier, hydrogen is being used more and
more widely and will become a major energy source in
the future. With the development of hydrogen fuel cell
technology, the need for hydrogen as the energy resource
for fuel cells becomes more urgent. However, the major
impediment to the extensive use of hydrogen is the
difficulty of its storage and distribution. The key prob-
lems for large-scale use of hydrogen are producing and
storing hydrogen safely. One alternative solution to
these problems is on-board hydrogen generation from
a suitable high-energy-density liquid fuel. Among var-
ious liquid fuels, methanol and ethanol are considered
as the potential resources because of their low cost,
easy storage and transportation and high energy content.

Great attention has been paid to the study of methanol-
to-hydrogen conversion and much improvement has been
made [1-6]. From the view of renewable energy, ethanol
can be produced from the biomass and will not give off
net carbon dioxide to the environment. Furthermore,
hydrogen produced by one mole of ethanol is 1.5 times
as much as that of methanol. As an energy resource of
fuel cells, ethanol is more promising. Nevertheless, the
catalytic generation of hydrogen from ethanol has not
been fully investigated [7—15]. Nowadays, the study of
ethanol-to-hydrogen conversion mainly concentrates on
theoretical thermodynamic analysis and ethanol steam
reforming. Some active catalysts can operate at relatively
high temperature; for example, Ni/La,O; catalyst is active
for ethanol steam reforming at 973—-1073 K [14]. How-
ever, an active catalyst at relatively low temperature is

*To whom correspondence should be addressed.

more attractive from the practical point of view because
this process can be operated with waste heat from the
engine at 573—-673 K. Partial oxidation of ethanol to
hydrogen, especially, is an exothermic reaction and is
now applicable to fuel cell systems because of its easy
handling, low cost and no requirement of additional heat-
ing apparatus. Ethanol partial oxidation does not need
many facilities, since only ethanol and air are consumed,
and it can be operated under self-thermal-balanced
conditions. The reaction equations of ethanol partial
oxidation to hydrogen are:

C2H50H + %02 — ZCO + 3H2
AHggg =14.1 kJ/mOl

C2H50H + %02 — ZCOZ + 3H2
AHggg = —554.0 kJ/mOl

Up to now, the study of partial oxidation of ethanol to
hydrogen has seldom been carried out.

In this paper we used a co-precipitation technique
to prepare the Ni—Fe catalysts. Catalytic activities for
partial oxidation of ethanol were investigated under
different conditions. We found that Ni—Fe catalysts are
very active for ethanol partial oxidation to hydrogen at
a relatively low temperature (573 K). The catalysts were
characterized by powder X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS).

2. Experimental
2.1. Preparation of catalysts

Ni-Fe catalysts with different weight ratios of
metallic Ni and Fe were prepared by co-precipitation.
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An aqueous solution of Na,COj; was added drop-wise to
an aqueous solution of Ni(NO;), and Fe(NOj3); with
vigorous stirring at room temperature. The resulting
precipitate was filtered, washed thoroughly with distilled
water and dried in air at 383K for 10h. The co-
precipitated catalyst precursors were then calcined in
air at 673 K for 3h and crushed to 40—60 mesh.

2.2. Catalytic tests

The calcined catalysts were reduced in situ by 10% H,
diluted with N, stream (flow rate 30 ml/min) at 573 K for
3 h before test. Catalytic tests were performed in a fixed-
bed continuous flow quartz reactor (4 mm i.d.). Typically,
200 mg of catalyst was used for each run. Ethanol was
supplied by saturating N, and oxygen carriers in a set of
jacketed saturators maintained in an external heating
bath which could ensure that the ethanol flow rate was
Sml/min; the total flow rates were kept at 35ml/min.
After reaction for 20 min, the products were analyzed by
two on-line gas chromatographs equipped, respectively,
with a 13x molecular sieve column and a Porapak-Q
column with two thermal-conductivity detectors (TCD).
Hydrocarbons as well as oxygenated products were
separated by a Porapak-T column and analyzed by a
flame ionization detector (FID). The catalysts were
cooled to room temperature in a nitrogen stream to
prevent oxidation.
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2.3. Characterization

The BET surface areas of the calcined samples, before
the reaction, were estimated by nitrogen adsorption
experiments on an ST-03 (China). The powder XRD
patterns of Ni—Fe catalysts were recorded on a Rigaku
D/MAX-RB X-ray diffractometer with Cu K, radiation
and Ni filter to identify the species in the catalysts. XRD
measurements were conducted in a scanning angle (26)
range of 20—70° at a scanning speed of 4 deg/min.

X-ray photoelectron spectra (XPS) were measured on
a VG-ESCALAB 210 with Mg K, radiation (hv =
1253.6eV). If necessary, the sample was ion-sputtered
by Ar ions for 0, 30, 60 or 90 min at 3kV and 80 mA
before measurement. The binding energies are calibrated
by the C,g binding energy of 250.0eV.

3. Results and discussion
3.1. Catalytic activity for partial oxidation of ethanol

Partial oxidation of ethanol reaction was conducted
under normal pressure at 473-573K with the O,/
C,H;OH mole ratio varied from 0 to 2.0. The hydrogen
selectivity is defined as (3molHy producea)/ (1 mol-
C,HsOHgy) and the definitions of selectivities of
carbon dioxide and carbon monoxide are similar to H,.
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Figure 1. Effect of O,/C,HsOH ratio on ethanol conversion and selectivity over different Ni—Fe catalysts. (a) Ethanol conversion; (b) H, selectivity; (c)
CO, selectivity; (d) CO selectivity. 4, NiggFe;o; B, NijoFesy; A, NiggFeyo; %, NisgFesg; k NiygFeqy; @, NijgFeyg.
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Figure 1 shows the catalytic performance at 573 K over dif-
ferent Ni—Fe catalysts. The conversion of ethanol increases
gradually with the increase of O,/C,Hs;OH molar ratio
over various Ni—Fe catalysts (see figure 1). For the
NisoFes, catalyst, the ethanol conversion is close to 30%
in the absence of O, (corresponding to the ethanol decom-
position reaction). When the O,/C,HsOH molar ratio
reaches the stoichiometric ratio (1.5), the ethanol conver-
sion is nearly 90%, which indicated that the addition of
oxygen could enhance the partial oxidation of ethanol to
hydrogen. Hydrogen selectivity increases at first with the
increase of the O, /C,HsOH ratio and reaches a maximum
value at an O,/C,Hs;OH ratio of 1.5 (see figure 1), and
then decreases obviously. Typically, the H, selectivity is
44.03% at an ethanol conversion of 8§6.91% when the
0,/C,H;sOH ratio is 1.5 for NisyFes, catalyst. However,
the H, selectivities over NigyFe;, and NijoFey, catalysts
are only 20.59% and 22.03% under the same conditions
respectively. When the O,/C,HsOH ratio increases to
2.0, H, selectivity decreases significantly because excess
O, results in H, oxidation to H,O. In addition, selectivity
to hydrogen of NisyFes, catalyst is higher than that of
other samples at the O,/C,HsOH ratios from 0.5 to 1.5.

We detected trace amount of the by-product CH, only
at 573 K. The by-product CO, is formed both in the pre-
sence and in the absence of oxygen. For the NisyFes, cat-
alyst, we found the CO, selectivity was 10.24% in the
absence of O,. Addition of O, results in the decrease of
CO, selectivity at first, and is followed by the increase
for all Ni—Fe catalysts. The minimum value of CO,
selectivity appears at the O,/C,H;OH ratio of 0.5 (see
figure 1). CO selectivity initially raises and then decreases
with the increase of the O,/C,HsOH ratio, but remains
at quite low values in all cases. The maximum CO, selec-
tivity occurs at the O, /C,HsOH ratio of 1.0 (see figure 1)
except for the NijoFeq, catalyst. For example, the CO
selectivity of the NisyFes, catalyst is less than 5.84% at
the O,/C,HsOH ratio of 1.5 and becomes zero at the
0,/C,H;sOH ratio of 2.0.

Reaction temperature markedly affects H, selectivity
(see figure 2) and ethanol conversion. The ethanol
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Figure 2. Effect of temperature on hydrogen selectivity over different Ni-Fe
catalysts at O,/C,HsOH = 1.5. @, NigyFe; B, Nij Fesz); A, NiggFeyg; X,
NisoFesg; %, NizgFeqy; @, NijgFeg,.

conversion increases with reaction temperature. For
example, the conversion of ethanol reaches 70% over
the NisoFes, catalyst at 473K, O,/C,HsOH ratio of
1.5, but the conversion of ethanol reaches 86.91% at
573K with the same O,/C,H;OH ratio. Within the tem-
perature range 473—573 K, the selectivity to H, increases
with the increase of reaction temperature and reaches a
maximum value at 573 K. It is interesting that NigyFey
catalyst shows high catalytic activity at rather low tem-
perature (498—-523K). For instance, the selectivity to
hydrogen has already reached 18.03% at 523 K with an
0,/C,H;sOH ratio of 1.5, which corresponds to an etha-
nol conversion of 49.1%. It is surprising to find that
hydrogen selectivities are almost zero over NiyqFe;,
NisoFesy and NijgFeq, catalysts at 498—523 K, but they
exceed 20.17% when the reaction temperature increases
to 548 K. Increasing the reaction temperature results in
the significant increase of selectivity to hydrogen and con-
version of ethanol. Selectivity to hydrogen is clearly higher
over NisyFes, than that of other catalysts at relatively high
temperature (548—573 K) and reaches a maximum value
of 46.23%, while the conversion of ethanol is 86.91% at
573 K. From a practical point of view, low temperature
activity may be important since waste heat of the engine
(around 573 K) can be used in the facility.

Oxygen conversion is 100% in our experimental con-
ditions. Oxygen is consumed completely during partial
oxidation of ethanol reaction at O,/C,HsOH ratios
from 0.5 to 2.0. Further increase of the O,/C,H;OH
ratio causes the decrease of H, selectivity and the
increase of selectivities to CO, and H,O. Among all
Ni—Fe catalysts, NisyFes, shows fairly high activity
and selectivity; the optimum reaction conditions are
573K and Oz/CszoH =1.5.

3.2. Activity with time-on-stream—stability test

The stability of the NisyFes, catalyst has been exam-
ined at 573K and the results are shown in figure 3, in
which the alterations of activity and selectivity to hydro-
gen are plotted as functions of time on stream. Under the
experimental conditions employed (see figure 3), there is
a small increase of ethanol conversion (from 90.42 to
96.86%) during the first 1-10 h on stream, while hydro-
gen selectivity drops from 51.67 to 47.12%. During the
next 15h on stream, ethanol conversion and hydrogen
selectivity ultimately maintain constancy. However,
ethanol conversion increases to 100% at 40h, while
hydrogen selectivity obviously decreases after reaction
for 25h, and drops to 27.31% at 40 h, which was prob-
ably due to the carbon formation. Work to increase the
stability of NisyFesq catalyst is still in progress.

3.3. BET surface area

The BET surface area of catalysts was determined by
the nitrogen adsorption method (see table 1). Ni;oFe;,
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Figure 3. Conversion of ethanol and selectivity to hydrogen as a function of
time-on-stream over NisyFes, catalyst. Experimental conditions: catalyst
200mg; O,/C,HsOH = 1.5; T = 573K; P = latm.

catalyst has the highest BET surface area, while NigyFeyq
has the lowest. As compared with the data of activity, we
concluded that BET surface area of samples does not
have a direct effect on activity.

3.4. XRD study

Figure 4 shows the powder XRD patterns of Ni—Fe
catalysts after ethanol partial oxidation at 573K and
0,/C,HsOH = 2.0. It can be seen that different catalysts
exhibited similar diffraction patterns. The Fe and Ni
species in these catalysts can be identified as spinel-
structured (Ni,Fe)Fe,0, and FeNi; alloy, respectively;
no Fe metallic or FeO or other phases are found. In
the used catalysts, the sharp peaks attributed to FeNi;
alloy are observed at 260 = 44.2° and 51.6°, as well as
the typical peaks of (Ni,Fe)Fe,O,4 with spinel structures.
The intensities of FeNi; alloy diffraction peaks decrease
with the decrease of Ni content in the catalysts. For
example, significant decreases of intensities of FeNij
alloy diffraction peaks occur when Ni content is reduced
from 70 to 60%. However, the diffraction patterns of
(Ni,Fe)Fe,O, remain almost unchanged when the Ni
content is reduced. The possible reason may be the
high stability of the (Ni,Fe)Fe,O, structure. The peaks
of fresh NisgFes, catalyst are broad and weak—as
shown in figure 5—while these peaks become sharp
after reaction. The reason may be that the (Ni,Fe)Fe,O,4
crystals re-construct during the reaction, which results in
the growth of the crystal size of the catalyst. Since the
selectivity to H, only reached 23.3% over pure NiO
even at 573K in blank runs, while pure Fe,O; was
hardly active for partial oxidation of ethanol to hydro-
gen, spinel-structured (Ni,Fe)Fe,O, and FeNis alloys
are, probably, the active species for ethanol partial

Table 1
BET surface area of catalysts

Catalyst NijFesq NigoFeyo NisoFesq

Sper (m’/g) 126 92.7 104
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Figure 4. XRD patterns of the used Ni—Fe catalysts. (a) NijyFesy; (b)
NigyFeq; (¢) NisgFes. W, (Ni,Fe)Fe,04; O, FeNi;.
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oxidation to hydrogen. An appropriate content of
(Ni,Fe)Fe,O, and FeNi; alloy in the catalyst results in
a higher catalytic activity.

3.5. XPS study

XPS was used to study the chemical state of surface
species in the catalysts. Figure 6 shows the Ni XPS
patterns of NisyFesy and NiyyFes, catalysts after sputter-
ing of argon ions for different times. Only oxidized Ni
species and Fe species are observed before sputtering in
these two catalysts. The binding energies of Ni2p;/,
and Fe2p;,, for NijFe;, catalyst are 856.08¢eV and
711.36¢eV, respectively. After a short sputtering time,
the binding energy of Ni2ps/,, changes to 853.47¢V,
i.e., has a shift about 2.61¢eV to the low binding energy
region, and the peak becomes much narrower and the
satellite peaks disappear. These phenomena show that
there is a large content of metallic Ni species in the
bulk phase. Considering the XRD results, it is believed
that the sample bulk phase is mostly alloy phase and
the surface is the oxidized species. This result was further
supported by the Fe XPS (see figure 7) study. One XPS
peak with binding energy of 711.36¢eV is observed for
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Figure 5. XRD patterns of the fresh and used NisyFes, catalysts. (a) Used
catalyst; (a’) fresh catalyst. W, (Ni,Fe)Fe,0,; <, FeNi;.
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Figure 6. XPS patterns of Ni2p for NisyFesy and Niy Fe;, catalysts.
(a) NisoFeso; (b) NiygFes; (c) NijgFesq sputtering for 30 min; (d) NijoFes
sputtering for 60 min; (e) NijoFes, sputtering for 90 min.

the Fe2p;), before sputtering, which is assigned to
the oxidized ferrite on the surface of the sample. After
sputtering, the pattern of Fe2p;/, broadened and split
to dual peaks, at 707.86¢V and 710.53 eV, respectively.
They are assigned to Fe 2p;/, of metallic Fe and that of
dispersed oxidized Fe phase. The surface atomic ratios
of both species after sputtering for 30 min and 90 min
are 1.00 and 1.331 respectively, i.e., the surface concen-
tration of metallic Fe atoms increases with sputtering
time. The binding energies of metallic Ni and Fe are
higher than those of the standard XPS data. It can be
suggested that there is an interaction between metallic
Ni and Fe. Taking the XRD results into consideration,
we believe that Ni and Fe form FeNi; alloy rather than
exist as pure metal.

Table 2
Surface atomic ratios of M and Fe(III) 2p calculated from XPS (M = metallic
Fe 2p, metallic Ni2p, Ni(II)2p)

Sputtering time

NispFesg  NigFez  NigpFey  NigFes

for Omin  for Omin for 30 min for 90 min
Metallic Fe 2p /Fe(III) 2p 0 0 1.00 1.331
Metallic Ni2p/Fe(I1I) 2p 0 0 4.15 5.384
Ni(IT) 2p/Fe(III) 2p 1.29 245 0 0
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Figure 7. XPS patterns of Fe2p for NisyFesy and NiyyFes, catalysts. (a)
NisoFesq; (b) NiggFesq; (¢) NiggFes sputtering for 30 min; (d) NijgFey, sput-
tering for 60 min; (e) NiyyFe;, sputtering for 90 min.

In addition, from the XPS data we know that the
sodium contents in NisyFes; and NijgFes, catalysts
scarcely changed, even after the sputtering of Ni;oFesq
catalyst. So we concluded that sodium content does not
have a remarkable effect on the catalytic performance
of Ni—Fe catalysts.

4. Conclusions

The performances of different Ni—Fe catalysts have
been investigated at 473—573 K, with the feed ratios of
0,/C,HsOH (molar) from 0 to 2.0. The experimental
results indicate that Ni—Fe catalysts have a high catalytic
activity to partial oxidation of ethanol to hydrogen.
Catalytic activity increased with the increase of tem-
perature. Among the catalysts, NisyFes, has the best
activity results. The selectivity to hydrogen of 50.66%
and the ethanol conversion of 86.91% are obtained
under the optimum reaction conditions: 7 = 573K,
0,/C,HsOH = 1.5. The highest selectivity to H, is
obtained at O,/C,HsOH = 1.0, the low selectivity to
CO is achieved at O,/C,H;OH =2.0 and the low
selectivity to CO, is achieved at O,/C,Hs;OH = 0.5
over NisgFes, catalyst. XRD results of the fresh and
used catalysts show that Ni—Fe catalysts are composed
mainly of spinel-structural (Ni,Fe)Fe,O4 and FeNij
alloy. In addition, XPS results indicate that the surface
of the sample mainly consists of oxidized species, while
the bulk is mainly FeNi; alloy. Our present results
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reveal that Ni—Fe catalysts exhibit high activity for
partial oxidation of ethanol to hydrogen with high
selectivity to hydrogen and conversion of ethanol. To
our knowledge, our work is the first example of
ethanol-to-hydrogen via partial oxidation at such a low
temperature, 573 K (~300°C).
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