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Abstract

CrossMark

In this study, a reformer stack was made by incorporating silicon technology into catalyst
preparation. The volumes of an individual micro-channel chip and a whole reformer stack
were 0.4 cm? and 16cm?, respectively. Different weight ratios (B/C = 35, 15, 5, and 0 wt%) of
binder (a mixture of boehmite, bentonite, and deionized water) and catalyst were mixed to find
out the optimal adhesion between the catalyst and silicon substrate. The results from this study
show that the percentage of weight loss of the catalyst on the silicon substrate increases as

the concentration of inorganic binder decreases. To further increase the exposed surface area
of the catalyst deposited on the micro-channels, micro-column structures were integrated into
the channels; however, a blockage of the catalysts among the columns during deposition was
encountered. To resolve this issue, a method of pre-protecting the micro-channel with thick-
film photoresist was utilized for the catalyst deposition, and the performance of the fabricated
micro-column reformer was able to reach a 95% methanol conversion rate, 90% hydrogen
selectivity, and 1.6 x 107> (mol min~') hydrogen yield at 225 °C in the partial oxidation of

methanol reaction.

Keywords: partial oxidation of methanol (POM), micro-channel reformer, catalyst coating,

thick film photoresist

(Some figures may appear in colour only in the online journal)

1. Introduction

Nowadays, fossil fuels such as coal, petroleum, and natural
gas are heavily depended upon for global energy supplies.
However, many negative effects from the heavy utilization of
fossil fuels have been encountered for decades such as water
pollution, acid rain, global climate change, and respiratory
diseases. Moreover, low-priced fossil fuels from the Earth’s
natural resources will only last for a limited number of years
[1]. Therefore, finding a clean and efficient energy source
that can substitute fossil fuels has become a crucial issue.
Renewable energies such as solar power, wind power, water
power, terrestrial heat, and biomass energy are potential ways

0960-1317/15/115021+9$33.00

to solve energy deficiency and environmental pollution prob-
lems. However, the reliability of a sufficient energy supply
from these renewable energies is still an issue. In recent years,
fuel cells have become potential alternative energy resources
due to their advantages of high efficiency, low contamination,
and nearly no noise generation [2-5]. Reforming liquid-type
fuel into hydrogen for high performance fuel cell operation is
one of the more rational ways available to ease the challenges
of the fuel carrying/transportation issue.

Four major reactions including methanol decomposition
(MD), steam reforming of methanol (SRM), partial oxidation
of methanol (POM), and partial oxidation and steam reforming
of methanol (OSRM) have been developed for methanol

© 2015 IOP Publishing Ltd  Printed in the UK
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Figure 1. Micro-channel chip and its pattern.

reformation. Among them, SRM is the most frequently used
[6, 7]. Stoichiometrically, one mole of methanol can produce
3 moles of hydrogen in SRM, but can produce only 2 moles
of hydrogen in POM. However, POM, an exothermic reac-
tion, has the advantages of producing less heat, a short start-up
time, and can reach steady-state quickly. POM can be consid-
ered as an alternative choice for high-performance methanol
reforming processes, even though its hydrogen generation rate
is not as high as SRM. Besides, the POM reaction uses oxygen
as the reactant gas, which makes the reaction much simpler
than OSRM [8-12].

In a micro-channel system, micro-reactors are usually
made of nonporous materials such as silicon wafer and glass
[13-16]. However, coating catalysts onto such substances is
difficult. High-quality coatings ensure that the catalysts can
withstand high temperature without peeling off. Generally,
particle size, solvent viscosity, solid content in the solvent,
and concentration of the binder are all important factors that
can determine the adhesion and uniformity of the coating.
Mirodatos et al [17] studied the effects of viscosity, deposi-
tion time, particle size, and pH on the adhesion of catalyst
coating. They were able to obtain films at a desired thickness
of 25 pum with good adhesion and reasonable uniformity at
the same time. Germani et al [18] researched the correlations
between binder preparation parameters, coating proper-
ties, and catalyst activity in water gas shift reactions, and
reported that molecular structure and weight would affect
the viscosity of the solvent, the adhesion of the coating, and
catalyst activity, respectively. Using syringes to coat a cat-
alyst is a convenient way to perform catalyst deposition at
lab scale with good layer quality [19, 20]. Datye et al used
a gas-displacement technique to generate wall coatings of
catalyst slurries in fused silica capillaries and ceramic micro-
reactors, and then studied the effects of channel diameters,
channel numbers, and the flow rates of gas and liquid on the
coating amount and uniformity. The results showed that the
inherent compact design of multi-channeled micro-reactors
led to a higher possibility of successfully loading catalysts
than a single channel with the same total reactor length. They
also pointed out that it is important to keep relatively thick

coatings from drying stresses in order to prevent cracking and
loss of cohesion [21, 22]. The application of multi-channel
benefits to lower the drop pressure of the reformer, and to
avoid the adverse effects of inertia on the quality of the coated
layer, and thus lead to a plug-free channel whereby all of the
loaded catalyst is expected to be accessible for the reforming
action [21, 23].

The goal of this study is to uniformly coat a Cu—Mn—Zn
catalyst onto the inside walls of silicon micro-channels, to
avoid the catalysts peeling off or the micro-channels clogging,
and to optimize the performance in these reformers. In this
paper, we report methods to coat a Cu—Mn—Zn-based catalyst
solution prepared via the slurry method onto micro-channels.
In addition, in order to enhance performance, micro-column
structures were designed into channels to increase the exposed
surface area and the loading amount of the catalyst. Moreover,
a micro-channel reformer with catalyst preparation by thick-
film photolithography was also proposed to improve catalyst
loading.

2. Experiment

2.1. Fabrication of micro-channels

In this experiment, silicon wafer and Pyrex glass were chosen
as the housing materials for the micro-channel reactors due to
their strong resistance to high temperature during the meth-
anol reforming reaction and good manufacturing capability
for micro-machining and wafer bonding processes.

A multi-inlet, micro-channel pattern was designed and
is shown in figure 1. We used a photolithography process to
define the channel patterns, and utilized a laser cutting tech-
nique to make holes in the Pyrex glass for the inlet and outlet
gases to flow through. To ensure tight connections between
the Pyrex glass and silicon wafer and to avoid leakage of the
reactant gases, an anodic bonding technique was used to bind
the Pyrex glass and silicon wafer together. However, anodic
bonding could only be conducted under extremely clean condi-
tions. Therefore, without special protection, the catalyst could
only be coated onto the micro-channels by the fill-and-dry
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Figure 2. Flow chart of the micro-channel fabrication.
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Figure 3. (I) Design of the micro-columns in the channels, (II) flow chart of the micro-column fabrication.

method after the anodic bonding was performed. The volume
of each micro-channel chip is 2cm x 2cm X 0.1cm, as
shown in figure 1. Our micro-reactor consists of 11 capil-
laries, and each capillary is roughly 15 mm in length and 150
pm in width. A multi-inlet was designed to enhance the reac-
tion area of the catalyst to the reactant gases, and also to make
the catalyst loading easier. The winding path of each channel
was fabricated in an attempt to increase the reaction time of
the reactant gases and catalysts.

2.2. Fabrication of micro-reformers

2.2.1. Micro-channels. To fabricate micro-channels, a pho-
toresist (AZ 9260) was first spin-coated onto a silicon wafer
(figure 2). Secondly, by using a photolithography process
and deep reactive ion etching (DRIE), the desired shapes
and depths on the silicon wafer were obtained (b). Then the
photoresist was stripped away (c). Next, the anodic bond-
ing technique was employed to bind the Pyrex glass and the
silicon substrates together (d), (e). Finally, catalyst solutions
were introduced into the micro-channels (f). After the micro-
channels had been dried in an oven at 100 °C overnight and
calcined at 400 °C for 4 h to remove unwanted organic materi-
als, the fabrication was complete.

2.2.2. Micro-channels with micro-columns. To increase the
exposed surface area of the catalyst, micro-columns inside the
channels were constructed. By designing patterns of photo-
masks, the widths and numbers of the micro-columns can be
controlled. Figure 3(I) illustrates the micro-columns.

The fabrication of micro-columns also requires a pho-
tolithography process to define the patterns of the channels
(figure 3(II)). The only difference is in the changes in the pat-
terns of the photomasks (b). Areas not exposed to UV light
would not be etched by DRIE, and thus become the structures
of micro-columns (c). The width of each column was 20 pm,
and the distance between the columns was 10 pym.

2.2.3. Micro-channels with thick-fim photolithography. In
order to further improve and increase the loading of catalysts,
an alternative way of catalyst deposition was developed and
utilized in the channels equipped with micro-columns.

In contrast to the traditional way of coating catalysts using
syringes, a thick-film photoresist was incorporated into this
study as a sacrificial layer to protect the surface of the silicon
wafer for catalyst loading in parallel. Catalysts can be loaded
directly onto the surface of channels before anodic bonding.
A flow chart of this process is shown in figure 4. First of all,
a silicon wafer was spin-coated with photoresist, as shown in



J. Micromech. Microeng. 25 (2015) 115021

K-Y Huang et a/

I s I o B — |

(a) Spin-coat photoresist onto a silicon wafer

and photolithography process

’_\_l_\_l_\_!_\_l_|

(b) DRIE to obtain desired shapes and
depths, and wash away the photoresist

TUTT

(c) A thick film photoresist was pressed

onto silicon wafer by a laminator at
180 °C

L

(d) Photolithography process to obtain

desired regions of thick film photoresist

ity

(e) Catalyst was uniformly

distributed onto the channels

‘_!_l_\_l_\_l_\_!—‘

(f) Channels were immersed in
NMP solution at 80 °C to strip
oft thick film photoresist

(g) Pyrex glass was bonded with

silicon wafer via anodic bonding

ARARARAR

(h) Calcined at 400 °C for 2hr

Figure 4. Flow chart of the thick-film coating process.

(a). Photolithography and DRIE processes were performed to
obtain the desired shapes and depths of the channels. Then the
photoresist was stripped away (b). A thick dry-film photore-
sist was then pressed onto the wafer at 180 °C by a laminator
(c). The photolithography process was once again performed
to obtain the desired regions of the thick-film photoresist (d).
Next, the catalyst was uniformly distributed onto the chan-
nels (e). The thick-film photoresist was used as a sacrificial
layer to protect the top surface of the silicon wafer. After
coating the catalysts onto the silicon wafer, it was immersed in
N-Methyl-2-pyrrolidone (NMP) solution at 80 °C to strip off
the thick-film photoresist (f). Finally, the Pyrex glass could be
successfully bonded with the silicon wafer (g). After calcina-
tion at 400 °C for 2 h, the process was complete.

2.3. Assembly of micro-reactors

Since the activity tests of micro-reactors in the methanol
reforming reaction had to be operated at about 250 °C, all wires
connected to the reaction units must be made of materials that
resist high temperature. Also, the gas tightness should be taken
into account to avoid gas leakage. A schematic of the micro-
reactor is shown in figure 5. For assembling the micro-reactor,
one micro-channel chip was placed in the center between two
stainless steel plates. The holders were designed to have one
inlet and one outlet tube that allow the reactant gases to flow
in and out. Two high-temperature-resistant O-rings were used
to prevent the gases from leaking out. The temperature was
controlled via a hot plate under this micro-channel reactor
set. A thermocouple detector was placed through the stainless

out in
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Figure 5. Schematic of the micro-reactor.

steel holder to measure the actual reaction temperature of each
micro-channel chip unit.

2.4. Catalyst preparation

A CuzpMn,pZnO catalyst was prepared via co-precipitation
methods and a detailed procedure is described in [24]. All the
precursor salts, such as copper nitrate (Cu(NO3),-2.5H,0),
zinc nitrate (Zn(NOj),-6H,0), and manganese nitrate
(Mn(NOs3)-4H,0) were nitrate salts. The atomic ratio of Cu/
Mn/Zn was 3:2:5. A catalyst slurry was prepared by mixing
the fresh catalyst with an alumina binder [boehmite (Remet),
bentonite (Sigma)] at the 35, 15, 5, 0 wt% of binders to cat-
alysts (B/C) into deionized water. The slurries were stirred
with ultrasound treatment for 4h to uniformly disperse the
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Figure 6. Temperature profiles of the catalytic performance: (a) conversion of methanol (Cyeon), (b) selectivity of hydrogen (Sy,), and (c)
selectivity of carbon monoxide (Sco), over (O0) CuzpMnyZnO, (A) CuzpMnyZnO B/C = 5 wt%, (@) CuzpMn,ZnO B/C = 15 wt%, during

the POM reaction in a fixed-bed reactor.

particles in the solution before being introduced into the
micro-channel chip.

2.5. The adhesive strength test

The adhesive strength of slurries on a silicon chip was esti-
mated by an ultrasonic vibration test. The slurry was dropped
onto the chip surface and dried at 60 °C overnight. After
drying, the slurry-coated chip was calcined at 400 °C for 2h.
Then the chip was placed in DI water under 135W of ultra-
sonic vibration for 30 min. The fraction of weight loss (Fr) of
the catalyst was calculated as follows:

A= W—- W

x 100%

where Fy is the fraction of weight loss during ultrasonic treat-
ment, W is the load amount of catalyst before treatment and
WL is the load after treatment.

2.6. Experimental set-up and performance characterization

A micro-channel chip was first placed in a stainless steel
holder, then the slurry solution of the catalyst was injected
into the channels through the tubes on the stainless holder by
syringes. Next, this micro-channel chip was dried in an oven
at 105 °C overnight, and was later calcined at 400 °C for 2h.
Before proceeding to the micro-reactor performance tests,
each micro-channel chip had to be placed in the holder to run
the gas-tightness test. Nitrogen gas was vented to the reactor
stack, and this whole stack was immersed in water to check if
any gas was leaking out.

The reactant gases were methanol (12.2%) and oxygen
(6.1%), and nitrogen (81.7%) was used as a carrier gas. The
total flow rate of the reactant gases was set at 2ml min~!.
Product analysis was done by a TCD-GC equipped with col-
umns, Porapak Q (used to detect MeOH, CO, and H,0), and
Molecular Sieve 5A (used to detect CO, O,, and H,). The
major products found in the performed reactions were Hj,
CO,, CO, and H,O (found in POM). The conversion rate of
methanol (Cyeon), hydrogen selectivity (Sg,), hydrogen yield
(Y,), and CO selectivity (Sco) are generally defined as:

Guvieort = (MMeOH, in — MMeOH, out)/iMeom,in X 100%
Sh, = nHZ/(nHzo + np,) X 100%

Yiy, = ny, min~!

Sco = ncol/(nco, + nco) x 100%.

3. Results and discussion

3.1. Catalysis activity of fixed-bed under POM reaction

Figure 6 shows the temperature profiles of the catalytic per-
formance over CuzpMnyZnO B/C = x wt% catalysts in a
fixed-bed reactor. The methanol conversion was increased as
the reaction temperature (7r) increased in the POM reaction.
However, the addition of a binder would decrease the reac-
tion conversion. When the percentage of binder (B/C) was
15 wt%, Cymeon and Sy, were reduced; i.e. from 98% and
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Figure 7. (I) SEM images (side view) of micro-channels loaded with slurries of different binders to catalyst weight ratios (B/C wt%): (a)
15 wt% (b) 5 wt% and (c) 0 wt%. (II) Temperature profiles of catalytic performance: (a) conversion of methanol (Cyeon), (b) selectivity of
hydrogen (Sg,), (c) yield of hydrogen (Yi,), over (0) CuzpMny0ZnO, (@) CuzpMnzyZnO B/C = 15 wt%, (4) CuzpMnyyZnO B/C = 35 wt%
during the POM reaction in micro-reformers, and over (¢) CuzpMnyZnO B/C = 35 wt% during the POM reaction in micro-reformers with

2mm regions of micro-columns.

97% to 75% and 85%, respectively, at 225 °C. We sup-
posed that most of the catalyst particles were covered with
aluminum oxides, reducing the active surface sites exposed
to the reactants, thus resulting in the worst performance.

3.2. Effect of binder amount

Under strong ultrasonic vibration (135W) for 30min, we
observed that the adhesion increased with increasing the
binder ratio. The weight loss of the binder/catalyst (B/C)
weight ratios of 35 wt%, 15 wt%, and 5 wt% were 23%, 82%,
and 96%, respectively. The optimum ratio for the best adhe-
sion was at about 50 wt% of B/C and the weight loss was less
than 10%.

3.2.1. SEM morphology of the catalyst. Figure 7(I) shows the
SEM images of the channels after repetitive loading of the
slurry solution with 15 wt%, 5 wt%, and 0 wt% of binder/
catalyst (B/C) weight ratios, respectively. We can clearly
observe that the catalyst was uniformly distributed onto the
micro-channels, forming a catalyst layer deposited onto the
surface of the micro-channels. For B/C = 0 wt%, we found
that even without the binder, the catalyst could still be coated
well on the channels. With the same times of repetitive load-
ing of slurry solutions at B/C = 0 wt%, which had the high-
est concentration of catalyst, a compact catalyst layer could
accumulate, reaching an average thickness of 25 pym. On
the other hand, although the inorganic binder enhanced the

Table 1. Total catalyst amounts in the channels.

B/C Micro-column  Total catalyst
(Wt%) Coating method region (mm) amount (ug)
. None 3383
0 Thick film 1 4888
0 None 2797
5 None 2567
15 Syringe None 1089
None 598
35 2 631

adhesion between the catalyst and silicon substrate, the con-
centration of the catalyst in the slurry was relatively lower.
In addition, due to the accumulation of the catalyst with the
binder, some catalyst may block the entrance of channel and
lead to uniform coating. The thickness of the deposited cata-
lysts with B/C = 15 wt% and 5 wt% were 17 pm and 22 pum,
respectively, and both of them were thinner than the layer of
B/C = 0 wt%. Table 1 lists the total catalyst amount of each
channel detected by inductively coupled plasma-mass spec-
trometry. With the increment of B/C, the loading amount of
the catalyst decreased.

3.2.2. Activity tests of micro-reformers. The activity test of
catalysts in a micro-reformer is shown in figure 7(II). The
catalyst without binder exhibited the highest activity. At 200
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°C, its methanol conversion rate could reach approximately
75%, whereas B/C = 15 wt% and 35 wt% had only 43%
and 39%, respectively. In addition, the hydrogen selectiv-
ity was lowered from 80% to 15% by increasing the B/C
to 35 wt%. Despite the fact that the addition of a binder to

the catalyst slurry was to enhance the adhesion between the
catalyst and silicon substrate, large amounts of binder would
not only lower the concentration of the catalyst in the slurry
solution, but also lower the efficiency of the catalyst. This
consequently resulted in the worst catalytic performance in
micro-reformers.
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3.3. Micro-columns to increase the catalyst reaction area

Although repetitive loading of the slurry solution can increase
the amount of catalyst on the micro-channels, these heavy and
compact catalyst layers might block the diffusion of the reactant
gases. To solve this issue, micro-column structures combined
with channels were designed and integrated into micro-channels.

With these micro-column structures, the catalyst could
be uniformly distributed onto micro-channels and thus
more reaction areas were created. The activity test results of
Cu3oMny¢ZnO B/C = 35 wt% via the syringe coating method
in the reformers w/wo 2mm regions of micro-columns are
shown in figure 7(II). Nonetheless, instead of having an
improved performance, the methanol conversion rate and
hydrogen yield of the channels with micro-column structures
were lower than anticipated. In addition, the total catalyst
amounts (CuzgMnypZnO B/C = 35 wt%) in both channels
(w/wo 2mm regions of micro-columns) were nearly the
same (table 1). Figures 8(a) and (b) are cross-section views
of the channels with micro-column structures after the cat-
alyst was coated by syringes. It can be clearly observed in
figure 8(a) that the catalysts are mostly clogged in some parts
of the micro-columns, whereas in figure 8(b), some micro-
columns are not completely or evenly coated with any catalyst.
Because the catalyst solutions were directly injected into the
channels through the inlet and outlet holes during the coating
process, the narrow space between the micro-columns prob-
ably intercepted the catalysts, resulting in tunnel blockage;
thus, the non-uniform deposition of the catalyst was observed.
This phenomenon led to poor performance. To solve the
clogging issue, instead of using syringes to pump the slurry
serially through the micro-channel, a new method by directly
depositing the catalyst onto the whole micro-channel surface
in parallel before wafer binding was proposed. To prevent the
contamination of slurries on the unbound silicon wafer sur-
face, dry thick-film lithography was employed.

3.4. Thick-film photolithography process

By using dry thick-film lithography, the catalysts can be
loaded directly and more uniformly onto the surface of
channels before anodic bonding. Figures 9(a)—(h) show the
top views and cross-section images of the micro-channels
consisting of micro-columns loaded with a catalyst via a
thick-film photolithography process. Not the same as the tra-
ditional way of coating catalysts using syringes, the catalysts
were successfully distributed onto the regions w/wo micro-
columns. Figures 9(e)—(h) show the cross-section images of
the micro-channels w/wo micro-columns, and the Pyrex glass
was combined with silicon substrate. This shows that this pro-
cess is viable for catalyst distribution and glass bonding.

3.4.1. Activity tests of the improved micro-reformers. The
activity tests of reformers w/wo 1 mm regions of micro-
columns via the thick-film process are shown in figure 10.
The results show that with more catalyst loaded onto the
micro-channels, the methanol conversion rate and hydro-
gen yield were enhanced. The surface area in a plain micro-
channel chip is 2.46 x 10~* m?, whereas it is 3.06 x 10~*
m? in micro-columns. The overall increase in surface area
is 1.24 times after using the micro-column structures. The
catalyst amount increased ca. 1.44 times (shown in table 1).
Thus, the expected performance should be enhanced ca.
1.44 x 1.24 = 1.79 times. At 200 °C, micro-channels with
1 mm lengths of regions of the micro-column structure via
thick-film coating had the higher performance and the metha-
nol conversion can be improved ca. 1.8 times, which is quite
consistent with what was expected. Moreover, at higher tem-
perature, nearly 100% of Cyeon and S, can be reached in
micro-reformers w/wo micro-columns, which means the
amount of the catalysts is enough for the reactants to undergo
a complete reaction. In this micro-reformer with 1 mm regions
of micro-columns, the optimum operation condition is at 225
°C, and the methanol conversion rate, hydrogen selectiv-
ity, and hydrogen yields are 95%, 90%, and 1.6 x 10~> mol
min~!, respectively.

The results shown in figure 10 indicate that the micro-
column structures have been successfully installed onto
micro-channels, the obstacles of introducing the catalyst to
micro-columns have been overcome, and the performance of
the micro-reformers has been enhanced by utilizing thick-film
photolithography. The use of thick-film photoresist enables
the process of catalyst loading before the Pyrex glass and
silicon bonding. In the micro-fabrication/micro-reactor field,
this can be applied to all other bonding processes that require
a clean surface on both sides when attempting to load a large
amount of substance uniformly onto the silicon substrate.

4. Conclusions

In this study, silicon etching, anodic bonding, micro-columns,
and a new coating method (thick-film photolithography) were
applied to enhance the performance of micro-reformers. An
average 25 pm thickness of catalyst layer was achieved after
repetitive loading of a catalyst solution.
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Moreover, the existence of a micro-column structure, the
original design of which is to enhance the exposure surface
of the catalyst, might stop the slurry and lead to a non-uni-
form distribution of the catalyst and poor performance of the
micro-reformers.

Through thick-film photolithography, we can overcome the
clogging problem, increase the catalyst loading amount, and
thus enhance the micro-reformer performance. We improved
the micro-reactor performance and reached a 95% methanol
conversion rate, 90% hydrogen selectivity, and 1.6 x 107>
(mol min~!) hydrogen yield at 225 °C.
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