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bstract

Nanoscale Co and Ni catalysts in silica were synthesized using sol–gel method for hydrogen production from steam reforming of methanol
SRM) in silicon microreactors with 50 �m channels. Silica sol–gel support with porous structure gives specific surface area of 452.35 m2 g−1

or Ni/SiO2 and 337.72 m2 g−1 for Co/SiO2. TEM images show the particles size of Ni and Co catalysts to be <10 nm. The EDX results indicate
o and Ni loadings of 5–6 wt.% in silica which is lower than the intended loading of 12 wt.%. The DTA and XRD data suggest that 450 ◦C is
n optimum temperature for catalyst calcination when most of the metal hydroxides are converted to metal oxides without significant particle

ggregation to form larger crystallites. SRM reactions show 53% methanol conversion with 74% hydrogen selectivity at 5 �L min−1 and 200 ◦C
or Ni/SiO2 catalyst, which is higher than that for Co/SiO2. The activity of the metal catalysts decrease significantly after SRM reactions over 10 h,
nd it is consistent with the magnetization (VSM) results indicating that ∼90% of Co and ∼85% of Ni become non-ferromagnetic after 10 h.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen production is getting a lot of attention from today’s
esearchers due to consumption of gasoline and environmen-
al concern. Steam reforming is an alternative process to pro-
uce hydrogen from organic sources with the aid of a catalyst
1]. Of many candidates being considered for hydrogen fuel
ources, methanol, ethanol, gasoline, and diesel are four of the
est candidates which are readily available, and currently being
nvestigated [2–9]. The use of methanol for steam reforming is
ttractive due to its high energy density, low cost, easy trans-
ortation, and low reforming temperature. The main reactions
nvolved in steam reforming of methanol may be presented by

he following equations.

∗ Corresponding author. Tel.: +1 318 257 5121; fax: +1 318 257 5104.
E-mail address: dkuila@latech.edu (D. Kuila).
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Steam reforming of methanol:

CH3OH + H2O � 3H2 + CO2,

�H r = 49.5 kJ mol−1 (1)

Methanol decomposition:

CH3OH � 2H2 + CO, ΔH r = 90.6 kJ mol−1 (2)

Water-gas shift reaction:

CO + H2O � H2 + CO2, ΔH r = −41.2 kJ mol−1

(3)

Considerable work already exists in literature on catalytic
team reforming of methanol for hydrogen production using
onventional macroscale reactors [10–12]. However, the use

f microreactors for steam reforming of methanol is relatively
nexplored [8,13,14]. Recently, Kothare and his coworkers
ave used a microreactor with microchannels in the range of
00–400 �m deep with a width of 1000 �m [8]. The advantages
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ig. 1. SEM image of 50 �m channels in a silicon microreactor fabricated at the
nstitute for Micromanufacturing of Louisiana Tech.

f microreactor systems include lightweight, compactness,
apid heat and mass transport due to large surface to volume
atio, and precise control of process conditions with higher
roduct yields [15]. Also, microchannel reactors working under
aminar flow conditions show low-pressure drop compared to
andom packed bed reactors. The short radial diffusion time
n microreactors leads to narrow residence time distribution of
eaction gases, which allows an optimum contact time between
eactants and catalysts avoiding formation of unwanted by-
roducts.

A number of commercial and research-derived noble met-
ls (such as Pt and Rh) loaded onto metal oxide supports (such
s CeO2, ZnO, MgO, Al2O3, SiO2, ZrO2, and TiO2) includ-
ng more than one type of catalyst-support have been tested for
ydrogen production from methanol and ethanol [2–5]. The cat-
lyst performance is greatly influenced by the type of supports.
lthough a number of catalysts including Cu and Pd have shown
romising results, problems with deactivation of the catalysts
ith an ensuing decrease in hydrogen and carbon dioxide and an

ncrease in carbon monoxide production have been reported [4].
urrently, there is little understanding of these catalysts behav-

or in steam reforming reactions carried out in microreactors.
n addition, the noble metal catalysts are expensive. Thus, more
asic research is necessary to find the optimized combination of
atalyst and support for hydrogen production. This paper focuses
n the development of Ni and Co non-noble nanocatalysts on
ilica support in microchannel reactors for SRM reactions to
roduce hydrogen.

. Experimental

.1. Microreactor fabrication and packaging

The microreactor is a silicon-based micro-device with the

imension of 1.6 cm × 3.1 cm. It consists of vias, feed inlet,
roduct outlet, and reaction zone with 120 straight chan-
els of 50 �m width and 100 �m depth (Fig. 1), and a
otal volume of 9.6 mm3. The design of multi-inlets and out-
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ets is to allow uniform distribution of reaction and prod-
ct gases passing through the microchannels. The microre-
ctor was fabricated using microelectromechanical systems
MEMS) process, including photolithography and inductive
oupled plasma (ICP) etching [16,17]. Anodic bonding of
icroreactor with Pyrex glass protects the catalysts from the

nvironment and avoids leakage of reactants. Further details
f reactor microfabrication can be found in our previous paper
18].

.2. Catalyst preparation, coating and activation

Silica supported Co or Ni nanocatalysts were prepared by a
ol–gel procedure as described below. Tetraethyl orthosilicate
TEOS), water, ethanol and nitric acid were used in preparation
f silica sol–gel with the molar ratio of 1:12:45:0.26, respec-
ively [19]. Since ethanol and water are completely miscible, a
lear solution is obtained when they are mixed in appropriate
uantities. TEOS was slowly added to the solution with con-
tant stirring after the required amount of nitric acid was added.
he final solution was stirred at 40–50 ◦C for about 30 min and
llowed to age for 2 weeks. Solution of cobalt nitrate or nickel
itrate dissolved in water was added with intended loadings
12% for either Co or Ni) to the silica sol. After the catalyst
olution was completely dissolved in the sol, it was coated into
eactor microchannels using drop-coating method. The sol–gel
oated microreactor was dried by gentle heating, where polycon-
ensation leads to cross-linking and polymerization of silica, and
reated with 10% NH4OH solution for 30 min to form hydrox-
des of metal catalysts, followed by washing with DI-water to
emove residuals from ammonia treatment, and drying in a vac-
um oven for 30 min at 60 ◦C. Calcination at 450 ◦C for 4 h
ompleted formation of oxides from hydroxides. The oxides
f cobalt and nickel were finally reduced to active metals in
continuous flow of 40% hydrogen (nitrogen as balance for

afety consideration) at 450 ◦C for 4–6 h before packaging of
he microreactor. Any oxidation of catalysts that might have
ccurred during packaging and mounting of the microreactor
as eliminated by further in situ hydrogenation for additional
h prior to SRM reactions.

.3. Characterization of nanocatalysts with supports

Amray 1830 Scanning Electron Microscope (SEM) along
ith Energy Dispersive X-ray (EDX) was used to study unifor-
ity and elemental composition of silica supported catalysts

eposited in microchannel reactors. LIBRA 120 Carl Zeiss
ransmission Electron Microscope (TEM) was used to estimate

he particles size of the nanocatalysts in silica. Specific surface
rea (SSA) and pore size analysis of the silica supported cat-
lysts were done using Quantachrome NOVA 2000 analyzer.
himadzu DTA-50 differential thermal analyzer (DTA) was used

o optimize the catalyst calcination temperature. Phase identifi-

ation was carried out using Scintag Inc. powder X-ray diffrac-
ometer (XRD). The magnetization studies of silica supported
o and Ni catalysts in microreactors were performed before
nd after SRM reactions using 880A Digital Measurement Sys-
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effectively distributed to obtain larger surface area available for
catalytic SRM reactions.

Table 1
Surface area and pore size analyses of Co/SiO2 and Ni/SiO2 nanocatalysts

Specific surface Pore volume Pore diameter
Fig. 2. SEM image of Co/SiO2 nanocatalyst coated in 50 �m channels.

ems Vibrating Sample Magnetometer (VSM) to determine the
eduction efficiency and chemical changes of Co and Ni cata-
ysts.

.4. Experimental setup for catalytic SRM reaction

SRM reactions were conducted using silicon-based microre-
ctors at 180–240 ◦C under atmospheric pressure. Flow rates
f 1:1 methanol/water between 5 and 20 �L min−1 were con-
rolled in the microreactors using a syringe pump. The reaction
emperature was controlled using a hot plate. A cold trap was
sed to separate gaseous products from aqueous methanol and
ater. Methanol conversion was calculated from volume differ-

nce between the fed methanol–water mixture and the unreacted
ethanol–water mixture cooled with liquid N2 in the trap. The

aseous products containing H2, CO2 and CO were diluted with
elium and analyzed using a Mass Spectrometer (MS) coupled
ith a residual gas analyzer (RGA) (QMS 200 Gas Analyzer

rom Stanford Research Systems). Hydrogen selectivity was cal-
ulated on the basis of partial pressures (proportional to moles)
f different products:

2 selectivity

= partial pressure of H2/sum of

partial pressures (H2 + CO + CO2) (4)

. Results and discussion

.1. Structure and composition of sol–gel supported
anocatalysts in microreactors

SEM imaging of the microchannels with the silica encapsu-
ated catalysts was performed to monitor the sol–gel coating in

he microchannels. Fig. 2 shows that silica sol–gel supported Co
atalyst does not form an uniform film on the walls of microchan-
els. However, the microchannels are not clogged as free gas
ow was observed during SRM reactions. Work is in progress

C
N

ig. 3. TEM image of Co nanoparticles in silica synthesized by sol–gel method.

o determine the optimum coating method to make better film of
upported catalysts in the microchannels. The elemental anal-
sis done on the nano metal catalysts indicate all chemical
orms of the catalysts: pure metal, oxides and any nitrate salt
hat is left without reduction. Both Ni and Co catalysts in the

icrochannels show loadings of 5–6%, which are much lower
han intended loadings of 12%. This may be due to loss of nickel
nd cobalt salts during ammonia wash. The EDX analysis at
ifferent locations of the sample shows uniform distribution of
he catalyst in sol–gel matrix. From TEM image (Fig. 3), we
an estimate the size of the Co-particles in silica sol–gel to be
10 nm.

.2. Surface area and pore size of silica supported
anocatalysts

The pore size and surface area properties of Ni and Co
anocatalysts incorporated with silica sol–gel matrix are shown
n Table 1. As surface area of a catalyst significantly affects
hemical reaction rate, surface area measurement is critical.
ince the amount of sol–gel maintained in a microreactor is

oo small to perform surface area analysis, specific surface area
SSA) was analyzed with a certain amount of silica sol–gel
upported nickel or cobalt catalyst prepared under similar con-
itions. As seen from Table 1, Ni catalyst has much higher SSA
han Co catalyst. With SiO2 porous structure, Ni and Co can be
area (m2 g−1) (cc g−1) (Å)

o/SiO2 337.72 0.1192 31.790
i/SiO2 452.35 0.2392 31.790
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Fig. 4. Differential thermal analysis of nickel–silica catalyst.
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Fig. 5. Differential thermal analysis of cobalt–silica catalyst.

.3. Optimization of catalyst calcination temperature

Optimization of calcination temperature was performed using
TA. For both Ni/SiO2 (Fig. 4) and Co/SiO2 (Fig. 5), endother-
ic peaks were observed at ∼100 ◦C which can be attributed to

vaporation of water [20,21]. Due to ammonia treatment during
ynthesis of the sol–gel encapsulated catalysts, most of metal

itrate salts are converted to metal hydroxides which are fur-
her converted to metal oxides from heating in air. The broad
ndothermic peaks observed at 100–150 ◦C can be considered
s water loss and some of the metal nitrate salts getting decom-

0
i
[
o

Fig. 6. X-ray diffraction patterns of Ni/SiO
ources 163 (2007) 630–636 633

osed for both Ni and Co catalysts [20]. Two exothermic peaks
bserved for Co and one for Ni may be either due to the metal
ydroxides getting converted to the oxides or due to structural
hanges of the surface species [22]. Thus, it may be concluded
rom Figs. 4 and 5 that all of the metal hydroxides are con-
erted to the metal oxides in temperature range of 350–400 ◦C,
hich can be considered the minimum temperature for calcina-

ion before hydrogenation of the metal oxides. There were no
ignificant thermal changes between 400 and 1000 ◦C indicating
omplete calcination of the catalysts.

Figs. 6 and 7 show the XRD patterns at room temperature
or Ni/SiO2 and Co/SiO2 annealed at 450 and 1000 ◦C. Pure
ilica sol–gel heated to 1000 ◦C shows sharp peak at 2θ = 22◦
hat matches with that of pure crystalline silicon oxide (ICDD#
0-1170 tridymite) [23]. However, when a metal oxide is incor-
orated in it, the 22◦ sharp peak broadens corresponding to
morphous silica matrix [23]. This peak also suggests densifica-
ion of the glass matrix. As the sample temperature is increased
rom 450 to 1000 ◦C, sharpness and intensity of the peaks also
ncrease due to formation of larger crystallites. This represents
volution of the particle size and corresponds well to crystal
rowth.

The diffraction peaks of NiO observed in Fig. 6 show higher
rystalline characteristics for samples calcined at 1000 ◦C than
hat at 450 ◦C. This indicates that heating the catalysts at very
igh temperatures may result in large crystallite sizes due to
ggregation. It has been reported that NiO crystallite in small
ize favors large Ni surface area after reduction [24]. This implies
hat higher calcination temperature is not preferred for nanocat-
lysts. The XRD pattern of Co/SiO2 heated at 450 ◦C in Fig. 7
hows low signal to noise ratio due to low crystallinity of the
ample at low temperature. The XRD pattern at 1000 ◦C shows
he presence of sharp peaks indicating formation and coexis-
ence of larger crystalline particles of two chemical forms of
obalt oxides, Co3O4 (ICDD# 42-1467) and Co2O3 (ICDD#

2-0770). These two species correspond to two peaks of DTA
n Fig. 5 and are consistent with the findings reported elsewhere
25,26]. From DTA and XRD studies, we selected 450 ◦C as the
ptimum calcination temperature for both Ni and Co catalysts.

2 catalyst heated at 450 and 1000 ◦C.
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Fig. 7. X-ray diffraction patterns of C

.4. Magnetization results of nanocatalysts

Since pure metallic Co and Ni are ferromagnetic, it is useful to
tudy magnetic behavior of Co and Ni catalysts to understand the
eduction efficiency during hydrogenation and chemical com-
ound formation of metal catalysts during catalytic reactions.
he saturation magnetization of the ferromagnetic component

n magnetic curves obtained from VSM was used along with
he EDX results to estimate the pure metallic Co and Ni in the
atalysts.

Magnetization studies of the silica supported Co catalyst in
icroreactors were performed before and after SRM reaction.
he magnetization studies for Ni catalyst are presented else-

here [27]. The magnetization curve (Fig. 8) of calcined Co

atalyst just before reduction with hydrogen shows paramag-
etic behavior as cobalt is in its oxide forms, which is also

ig. 8. Room temperature magnetization curves of Co/SiO2 before reduction,
fter reduction and after SRM reaction using a vibrating sample magnetometer.
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2 catalyst heated at 450 and 1000 ◦C.

onfirmed from the XRD and DTA results. Hydrogenation of the
atalyst reduces most, if not all, of the Co oxide to pure metal
the active phase for SRM reaction), thus giving the catalyst the
erromagnetic behavior. The ferromagnetic nature almost disap-
ears in the post-reaction catalyst sample as most of the metallic
o yields non-ferromagnetic species. Hence, the magnetization

esults were used for ferromagnetic catalysts to estimate the
ure metal content from the saturation magnetization value of
he ferromagnetic component obtained at different stages [18].
he magnetization results indicate that ∼33% cobalt oxide is

educed to pure Co and ∼45% nickel oxide is reduced to pure
i during hydrogenation at 450 ◦C for 5 h.

.5. Catalytic activity for steam reforming of methanol

Methanol conversion and hydrogen production at different
emperatures and flow rates of the reactants were measured over
o or Ni nanocatalyst supported by silica sol–gel in a micro-

eactor containing 50 �m channels. A CH3OH:H2O ratio of 1:1
as chosen for all the SRM reaction experiments. The catalytic

ctivities for Ni and Co nanocatalysts are shown as a function
f flow rate in Figs. 9 and 10, and as a function of tempera-
ure in Figs. 11 and 12. The main products of SRM reaction
re hydrogen and carbon dioxide with small amount of carbon
onoxide. Methanol conversion decreases as the flow rate is

ncreased (Fig. 9 ) for both Co/SiO2 and Ni/SiO2 nanocata-
ysts with slightly higher conversion for Ni/SiO2. While our
ngoing studies with Ni/SiO2 show 53% methanol conversion,
o/SiO2 shows only 37% conversion at 5 �L min−1 flow rate
nd 200 ◦C. This may be attributed to larger specific surface
rea (Table 1) of Ni/SiO2 catalyst [27]. However, to date, the

atalysts’ behavior in microreactors for SRM has been not fully
iscovered and understood. The decrease of methanol conver-
ion with increasing flow rate may be explained by lower res-
dence time of the reactants in the microreactor at higher flow
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Fig. 9. Methanol conversion (CH3OH:H2O ratio of 1:1) as a function of flow
rate at 200 ◦C using silica sol–gel supported Ni/SiO2 and Co/SiO2 nanocatalysts
in 50 �m channel microreactor.

F
r
i

r
v
h
f
t
e

F
p
C

F
p
C

e
c
s
a

a
d
o
i
p
∼
s
o
[

4

b

ig. 10. Hydrogen selectivity (CH3OH:H2O ratio of 1:1) as a function of flow
ate at 200 ◦C using silica sol–gel supported Ni/SiO2 and Co/SiO2 nanocatalysts
n 50 �m channel microreactor.

ates. The hydrogen selectivity (Fig. 10) also showed similar
ariations (decreasing) with increasing flow rate. The maximum
ydrogen selectivity is ∼74% for Ni/SiO2 catalyst and ∼67%

or Co/SiO2 at 5 �L min−1 flow rate and 200 ◦C. Further, the
emperature in range of 180–240 ◦C does not have a significant
ffect on methanol conversion for both catalysts (Fig. 11). How-

ig. 11. Methanol conversion (CH3OH:H2O ratio of 1:1) as a function of tem-
erature at a flow rate of 5 �L min−1 using silica sol–gel supported Ni/SiO2 and
o/SiO2 nanocatalysts in 50 �m channel microreactor.
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ig. 12. Hydrogen selectivity (CH3OH:H2O ratio of 1:1) as a function of tem-
erature at a flow rate of 5 �L min−1 using silica sol–gel supported Ni/SiO2 and
o/SiO2 nanocatalysts in 50 �m channel microreactor.

ver, hydrogen selectivity (Fig. 12) in both Ni/SiO2 and Co/SiO2
ases is affected by the variation of temperatures. The hydrogen
electivity is the maximum at 200 ◦C for Ni/SiO2 catalyst and
t 220 ◦C for Co/SiO2 catalyst.

All the reactions described above were carried out within 8 h
nd no significant deactivation of the catalysts was observed
uring this period. However, when these reactions were carried
ut over 10 h, deactivation of the catalysts was noticed which
s consistent with the VSM analysis. The VSM results from the
ost-reaction catalyst sample (see Fig. 8) provide an estimate of
90% Co and ∼85% Ni being converted to non-ferromagnetic

pecies after SRM reactions over 10 h. These species may be Ni-
r Co-compounds such as their oxides, carbonyls and carbides
28,29].

. Conclusion

Silica supported Ni and Co nanocatalysts were synthesized
y sol–gel method and coated in 50 �m channel silicon microre-
ctors. The catalyst activity and its effect on methanol con-
ersion and hydrogen selectivity in SRM reaction were inves-
igated. EDX results show uniform distribution of nanocata-
ysts in silica matrix with actual loadings of 5–6%, which is
ower than the intended loadings of 12%. The specific sur-
ace area (SSA) of Ni/SiO2 catalyst is much higher than that
f Co/SiO2. Both Ni and Co catalysts have a particle size
f <10 nm observed by TEM images. DTA and XRD studies
how that 450 ◦C is the optimum calcination temperature for
onversion of metal hydroxides to metal oxides which are subse-
uently reduced to metal prior to SRM reactions for both Ni and
o catalysts. Higher conversion and hydrogen selectivity were
bserved for Ni/SiO2 catalyst compared to Co/SiO2. Magneti-
ation studies indicate that most of the nanocatalysts becomes
on-ferromagnetic and shows lower activity after 10 h of SRM
eactions.
cknowledgements
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