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a b s t r a c t

A Cu/Mn/ZnO catalyst slurry was modified with polyvinyl alcohol (PVA) as a dispersant and

organic binder. The slurry, which forms a crack-free coating, was injected directly into an

open microchannel before anodic bonding with Pyrex glass. To improve adherence, porous

silicon (pore size <1 mm) was fabricated in the microchannel. Ultrasonic vibration test

(180 W, 20 min) showed good adhesion with only 6 wt.% loss. The thicker catalyst layer,

with lower thermal diffusivity (0.98 mm2/s), reduced heat loss during reaction on cratered

design and performed better than two other geometric designs (blank, straight). The

microchannel with cratered design can be deposited with a catalyst up to 24.4 mg, and has

a hydrogen production rate of 0.85 mmol h�1 and 86%methanol conversion at 200 �C under

a feed rate of 2SCCM.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Low-temperature, proton-exchange membrane fuel cells

(PEMFCs) have been competitive candidates as power sources

for portable devices, such as laptops and mobile phones.

However, safely supplying and handling hydrogen are key

issues for fuel cells. Among all the methods of hydrogen

storage, hydrogen supplied from liquid fuels offers solutions

to the problems of hydrogen storage and transportation.

Methanol’s lower reforming temperature is suitable for

portable devices [1]. Technology for converting methanol into

a hydrogen-rich supply for fuel cells is mainly based on steam

reforming (SRM), partial oxidation (POM), or oxidative stream

reforming (OSRM). While SRM is a familiar conversion

pathway in most studies [2e4], it is limited by endothermic

reaction. Heat needs to be supplied to sustain the reaction, but

slow heat transfer in the catalytic bed results in slow response

at start-up. Although OSRM reaction, the combination of POM

and SRM, can be adjusted in a mild exothermic condition, it is

more complicated to apply in a system. Among all the re-

actions, POM is one of the most promising for hydrogen pro-

duction due to its low reforming temperature, energy savings,

fast start-up and quick response of the whole system.
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Conventional packed-bed reactor has disadvantages, such

as hot spots, delays in start-up, and mass and heat transfer

limitations. For micro-scale reactor, the pressure drop is

somewhat higher due to space constraints of channels being

blocked with catalysts. A micro-pump used in portable ap-

plications may not be capable of overcoming a high pressure

drop. On the other hand, microchannel reactor offers advan-

tages, such as fast heating and cooling, large surface-area-to-

volume ratios, and less energy input [5]. Some research has

shown that wall-coated reactor performs better than packed-

bed reactor for SRM reaction [6,7]. However, POM micro-

reformer has never been reported in the literature.

The most common way to deposit catalysts within the

microchannel is the wash-coating (slurry) technique. The

advantage of wash-coating method is that it is a well-

optimized catalyst that can be used directly. However, cata-

lyst immobilization into microchannel has been a challenge,

influenced by a low interaction between substrate surfaces

and catalyst. Most research studies use inorganic binder to

improve adherence. For commercial CuO/ZnO/Al2O3 catalyst,

alumina sol was often used as a binder [8,9]. Some researchers

[10,11] also used ZrO2 sol as binder to immobilize the catalyst

onto a stainless steel microchannel. Nevertheless, using

inorganic binder has some disadvantages. Chen et al. [12] re-

ported that catalytic activity was significantly affected by the

acidic sol because the catalysts were partially dissolved in the

acidic slurry. Karim et al. [6] alsomentioned that the low pH of

the catalyst slurry caused catalyst dissolving. Lin et al. [13]

also reported that catalyst activity decreases as the ratio of

CeO2 sol increases in the catalyst slurry. Thus, inorganic

binder is not recommended because the catalyst’s active re-

gions may be covered by the inorganic sol [9,14,15].

In the present work, water was chosen as solvent because

it is eco-friendly and cost less compared to organic-based

slurry. However, the catalyst powder can easily agglomerate

in water, which makes it impossible to form a crack-free

catalyst coating. Some researchers [16e18] used hydrox-

yethyl cellulose to improve catalyst dispersion. Tadd et al. [19]

used PVA and a ceriaezirconia binder to prepare the catalyst

washcoat which then was ball-milled with zirconia grinding

media for 48 h. Hwang et al. [9] used polyvinyl alcohol (PVA) as

a drying, control chemical additive for pre-coated alumina

adhesive layer. Peela et al. [20] used PVA and colloidal alumina

for wash-coating g-alumina on stainless steel microchannels.

In this study, the catalyst surface wasmodified by adding PVA

as dispersant to avoid the aggregation of particles and as

binder for coating catalysts on the silicon microchannel.

Another strategy to enhance the adhesive strength is to use

a pretreatment technique on substrate. Chemical treatment,

such as solegel technique, is the most common method

[21,22]. Kawamura et al. [18] deposited a thin Al2O3 layer on

the microchannel with a dip-coating method before catalyst

loading. The other commonly used technique is surface

modification on substrate. Anodic etching method is most-

often used in a substrate containing aluminum to obtain a

porous alumina layer at the surface [23,24]. Compared to

traditional catalyst support, such as porous ceramic material,

coating a silicon substrate with a catalyst faces more chal-

lenges. Nevertheless, since silicon micro-reactors are light in

weight and especially suitable for portable devices, an

effective method for surface modification of silicon is

required. In this study, we used porous silicon to increase the

adhesive strength between the catalyst layer and the micro-

channel. Pore size could be controlled by varying the param-

eters used for the formation of porous silicon, which is an

efficient method to obtain spongy layers of silicon.

Additionally, different designs of microchannel reactor

(straight, cratered, blank) have also been investigated to

evaluate the effect of the geometries of microchannels on the

catalytic performance. The possibility of using an open-

channel coating method was demonstrated and compared to

other coating methods, as well.

Experimental

Catalyst preparation

The Cu/Mn/ZnO catalysts were prepared by co-precipitation

method. Copper, zinc, and manganese nitrates were added

to deionized water, which was preheated to 70 �C, and then

the nitrate precursors were stirred until they completely dis-

solved. The precipitating agent Na2CO3 (2 M) was added while

stirring the mixture until the solution reached a pH value of 8.

The resulting precipitate was filtered by deionized water to

remove the nitrate. The precipitate was dried at 105 �C over-

night, and calcined at 400 �C for 4 h.

Catalyst slurry preparation

PVA (87e90% hydrolyzed, average mol wt 30,000e70,000,

SIGMA-ALDRICH) was added to deionized water first, and

stirred at 70 �C until totally dissolved, then cooled at room

temperature. As-synthesized, high-performance Cu/Mn/ZnO

catalyst (10 wt.% catalyst) was added into the PVA solution

(0.5 wt.%, 1 wt.%, 2 wt.% PVA) as-prepared. The catalyst slurry

was kept in the ultrasonic bath for 1 h and then stirred at

ambient temperature for 6 h.

Porous silicon formation

The morphologies of porous silicon are modulated by several

parameters including the doping and the resistivity of wafer,

HF concentration, current density and etching time. In this

research, the silicon wafers used for electrochemical etching

were p-type with resistivity of 0.008e0.02 U-cm. The wafer

was sliced into 2 cm � 2 cm pieces. Current densities varying

from 1 mA/cm2 to 40 mA/cm2 (Electrochemical Analyzer, CH

Instruments, model CHI730B) were applied on the wafers and

microchannels. Etching solution was composed of HF (49%)

and EtOH (99.7%) in different ratios and denoted by the con-

centration of HF. An etching time of between 10 min and

20 min was selected. Length of time determines the penetra-

tion depth of the pores in the substrate; i.e., deeper pores form

with longer times. Since the pores obtained by electro-

chemical etching have an inverse cone shape, the pore

diameter increases with the depth. Therefore, after the pore

formation, the porous silicon was etched by NaOH solutions

for 10e30 s in order to expose the rough and uneven pores.
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Characterization

Themorphologies and thickness of catalyst and porous silicon

were examined using both tungsten filament and field emis-

sion scanning electron microscope (FESEM). Rheology prop-

erty was measured using a programmable rheometer

(Brookfield MODEL DV-III). The pyrolysis temperature of PVA

was measured by thermal analyzers (Setaram Labsys-TGDSC,

DSC131). Thermal diffusivity of catalyst layer was measured

by laser flash apparatus (LFA 447 NanoFlash�).

Adhesion test

The silicon wafer was pre-treated before processing the

adhesion test. First, the wafer was washed with 1:3 mixtures

of the hydrogen peroxide and sulfuric acid for 10 min at 80 �C.
The wafer surface was then washed with a 1:1:5 mixture of

hydrogen peroxide, ammonia and deionized water for 10 min

at 80 �C. Finally, the wafer was washed with 1:1:6 mixtures of

the hydrogen peroxide, hydrochloric acid and deionizedwater

for 10 min at 80 �C and then rinsed with the deionized water

and dried at 80 �C. The wafer was treated by O2 plasma for 60 s

to increase the hydrophilicity before the catalyst slurry was

deposited. After finishing the silicon wafer surface treatment,

20 ml of catalyst slurrywas dropped onto thewafer surface and

dried at ambient temperature. Then the catalyst-coated wafer

was calcined at 400 �C for 4 h. The adhesive strength of cata-

lyst slurry on silicon wafer was estimated by ultrasonic vi-

bration test. The wafer was kept in an ultrasonic bath (Rocker

Ultrasonic cleaner Model: SONER 206H (180 W)) for 20 min.

Weight loss was measured by balance (METTLER TOLEDO,

XP105).

Design of microchannel reactor

Various designs of themicrochannel (straight, cratered, blank)

were used to investigate the effect of the geometries in

microchannel on catalytic performance. The schematic im-

ages of microchannels are shown in Fig. 1. The straight design

with 144 channels offers the largest inner surface area for

catalyst deposition. The cratered microchannel with longer

channel length was designed to increase residence time for

reactant gas and induce chaotic flow. Lastly, a blank design

without any structure was used as reference. It has the

smallest inner surface area. All of the microchannels were

350 mm in depth. Their dimensions are summarized in Table 1.

Microchannel reactor fabrication

A microchannel reactor was fabricated by deep reactive ion

etching (DRIE) process. A thick photoresist (AZ 9260) was first

spin-coated onto a silicon wafer (Fig. 2(a)). Next, by using a

photolithography process and deep reactive ion etching

(DRIE), desired shapes and depths on the silicon wafer were

obtained (b). Then the thick photoresist was used as mask for

porous silicon formation (c). The remaining photoresist was

removed with piranha solution and O2 plasma treatment was

used to increase hydrophilicity, as well (d). Catalyst slurry was

injected into themicrochannel and dried as described later (e).

Finally, anodic bonding technique was performed to bind the

Pyrex glass and silicon together (f).

Coating methods

In this study, flow-coating and open-channel injection

methods were used for catalyst coating in microchannel. In

the case of the flow-coating, or gas-displacement method

[7,9], the microchannel was filled with the catalyst slurry,

followed by the removal of excessive slurry by air and then

dried at 120 �C for 10 min before the next loading. The coating

process was repeated until reaching a desired amount of

catalyst loading. In the open-channel injection technique,

catalyst slurry was directly injected into open channel by a

pipette. The catalyst-coated microchannels were dried at

ambient temperature overnight, followed by drying at 120 �C
for 1 h, then calcined at 400 �C for 4 h.

Catalytic activity

Catalysis activity of packed-bed
Freshly calcined Cu/Mn/ZnO catalystswere grounded into fine

powders, pressure-molded into granules, crushed and sieved

from 60 to 80 mesh. The catalytic reactions were tested in a

Fig. 1 e Various microchannel geometries; (a) blank design, (b) straight design, (c) cratered design.

Table 1 e Dimensions of microchannel reactor.

Geometry of
microchannel

Blank Straight Cratered

Surface area 276.5 mm2 1048.8 mm2 457.8 mm2

Volume 47.1 mm3 32.3 mm3 48.4 mm3

Channel width 10 mm 30 mm 400 mm

Channel length 12 mm 8.5 mm 37 mm (average)

No. of channels 1 144 5
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fixed-bed reactor (4 mm in id). Liquid methanol was fed into

the pre-heater at a rate of 0.02 ml/min using liquid pump. The

oxygen and argon flows were adjusted using mass flow con-

trollers (Brooks). The reactant gases were methanol (12.2%)

and oxygen (6.1%). Nitrogen (81.7%) was used as a carrier gas.

Total flow was 100 ml/min. Under these conditions, the O2/

CH3OH molar ratios in the feed were maintained at 0.5. The

performance of the reactions over the catalysts wasmeasured

while raising the temperature from room temperature.

Reaction products were analyzed by a TCD-GC equipped

with columns of Porapak Q (MeOH, CO2 and H2O) and Molec-

ular Sieve 5A (CO, O2 and H2). Major products found in the

performed reactions were H2, CO2, CO, and H2O. CH3OH con-

version (CMeOH), H2 selectivity (SH2), and CO selectivity (SCO)

are generally defined as:

CMeOH ¼ �
nMeOH;in � nMeOH;out

��
nMeOH;in � 100%: (1)

SH2
¼ nH2

��
nH2O þ nH2

�� 100% (2)

SCO ¼ nCO

��
nCO2

þ nCO

�� 100% (3)

Catalysis activity of microchannel reactor
The experimental set-up is the same as the one in fixed-bed

except the tubular reactor was replaced by a microreator

and total flow rate of reactant gases was set at 2SCCM (SCCM

denotes cubic centimeter per minute at STP) with a mass flow

controllers (Brooks). The thermocouple reads the temperature

at the center of the reactor’s glass surface. Details of the

microreactor housing assembly and the experimental set-up

are shown in Fig. 3.

Results and discussion

Slurry characterization

Catalysts with various loading of Mn on CuZn-based catalysts

were tested in a packed-bed reactor. As shown in Fig. 4(I),

Cu30Mn20Zn catalyst shows optimum catalytic activity. Some

researchers [25,26] ascribe to the view that the electronic

charge transfer between copper and manganese cations

within the copper-manganese spinel lattice could enhance

catalytic activity. The TPR profiles of Cu30MnxZnO catalysts

(Fig. 4(II) (b) and (c)) also exhibit shoulders at a lower tem-

perature range between 150 and 200 �C, which indicates that

reducibility of catalysts could be improved by adding man-

ganese promoter. Thus, Cu30Mn20ZnO catalysts were chosen

in the following experiments.

PVA, as dispersant and binder, was used in this study for

catalyst coating. The catalyst slurry was prepared simply from

a mixture of catalyst powder and PVA in deionized water.

Since the composition of catalyst slurry has a significant in-

fluence on coating properties, some fundamental character-

izations of the catalyst slurry are presented. The stability of

catalyst particles suspended in slurry was evaluated using

optical images (Fig. 5(a) and (b)). Catalyst slurry (10 wt.%)

without any additives was prepared for comparison. It was

first put into ultrasonic bath for 1 h and then stirred for 48 h. In

Fig. 5(a), agglomeration and sedimentation of catalyst parti-

cles in the slurry without PVA could be observed after stand-

ing for 4 h. Moreover, after being coated on silicon wafer, the

catalyst layer cracked and could be peeled off easily, and parts

of the silicon substrate were exposed (shown in Fig. 5(c)). On

the contrary, as Fig. 5(b) shows, a well-dispersed suspension

was obtained in a short time (1 h ultrasonic bath and 6 h

magnetic stirring) in catalyst slurry with PVA. Moreover, a

crack-free catalyst layer could be obtained when catalysts

were coated on the silicon wafer, as shown in Fig. 5(d). The

rheological properties of catalyst slurry are shown in Fig. 5(e).

Catalyst slurry without PVA shows shear thinning behavior,

whereas the rheological behavior of catalyst slurrywith PVA is

more like Newtonian fluid. The viscosity of catalyst slurry

dispersed by PVA decreased two times compared to slurry

without PVA. Since PVA could absorb onto catalyst particle

surfaces, the long polymeric chains provided a steric stabili-

zation to disperse particles and prevented agglomeration of

catalyst particles. Thus, more stable suspension and smaller

particles could be obtained, which also gave feedback to a

lower viscosity behavior of catalyst slurry with PVA. The

Fig. 2 e Schematic of microreactor fabrication process.
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relatively low viscosity of catalyst slurry also has the advan-

tage of easily flowing throughmicrochannel by capillary force,

whereas non-dispersed slurry with high viscosity might block

up the microchannel. Compared to using inorganic binder to

prepare the catalyst slurry, this method is relatively simple

and timesaving. The slurry with catalyst and PVA in the ratio

of 5:1 shows good stability without flocculation for a few days

and was used for the rest of the experiment.

According to the thermogravimetric analysis, PVA could be

burned off completely below 400 �C. The performance of

calcined Cu30Mn20Zn catalyst slurry (10 wt.% cat., 2 wt.% PVA)

in Fig. 4(I) shows that the intrinsic activity of catalyst can be

preserved after burning off PVA. The activity of catalyst slurry

(10 wt.% cat., 2 wt.% PVA) was also tested in microchannel.

Catalyst (3 mg) was loaded into the cratered design micro-

channel by flow-coating method and dried in an oven over-

night. In Fig. 6, obviously, without removing PVA, the catalytic

performance was dramatically low. This was because the

active region was covered by PVA. Nevertheless, after loading

catalyst slurry and the microchannel was calcined at 400 �C
for 4 h to burn off PVA, the catalytic activity improved

significantly. However, some catalyst layers easily peeled off

under ultrasonic vibration test. To resolve this problem, sur-

face modification on silicon wafer for increasing the adhesion

of catalysts should be done.

Porous silicon formation

Porous silicon was used to increase the porosity and surface

roughness in microchannel. For making porous silicon, the

doping and the resistivity of the wafer significantly affects

pore formation. It has been mentioned that p-type wafer with

low resistivity often leads to micropores and n-type wafer will

have macropores for the same resistivity ranges [27]. In

addition, for n-type wafer, an illumination is necessary to

promote the transfer of charge carriers between the solution

and the substrate, which may cause the distribution of non-

uniform pores. Therefore, p-type wafer with resistivity of

0.008e0.02 U-cm was selected for all the experiments in this

study.

Fig. 3 e Experimental set-up for microchannel catalytic activity test.

Fig. 4 e (I) (a) Methanol conversion, (b) hydrogen selectivity,

and (c) carbon monoxide selectivity plotted vs. reaction

temperature during POM reaction in packed-bed reactor for

(6) Cu30Zn, (7) Cu30Mn10Zn, (,) Cu30Mn20Zn, (B) calcined

Cu30Mn20Zn catalyst slurry (10 wt.% cat., 2 wt.% PVA). (II)

The H2-TPR profiles of freshly Cu30MnxZn catalysts (a)

Cu30Zn (b) Cu30Mn10Zn (c) Cu30Mn20Zn.
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First, bare silicon wafer was used for testing. Different HF

concentration and current density were applied to modulate

the pores andmorphology in silicon and the results are shown

in Fig. 7. Camara et al. [28] had used dry plasma etching to

expose more pores and increase surface roughness in porous

silicon. In this study, NaOH solution was used for the same

purpose, as shown in the upper right corner of Fig. 7(a).

Fig. 7(b) shows the porous silicon with pore diameter between

100 and 400 nm, which was obtained under the condition of

20% HF, 10 mA/cm2 current density for 600 s followed by 1 M

Fig. 5 e Optical images of catalyst slurry; (a) 10 wt.% catalyst, (b) 10 wt.% catalyst, 2 wt.% PVA after standing for 4 h. SEM

image of catalyst slurry coated on silicon substrate; (c) 10 wt.% catalyst, (d) 10 wt.% catalyst, 2 wt.% PVA. (e) Viscosityeshear

rate curves of catalyst slurry with different concentration.
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NaOH etching for 20 s. After NaOH etching, the thickness of

porous silicon was less than 1 mm. The pore size increased

with the current density as shown in Fig. 7(b) and (c). However,

a high current density can cause an electropolishing of the

substrate. Under 20% HF, as the current density increased to

40 mA/cm2, a non-uniform pore distribution resulted and

some areas showed no pore formation. For fabricating porous

silicon in microchannel, a longer time (900 s) is required to

obtain uniform etching (shown in Fig. 7 (d) and (e)).

Adhesion test

Catalyst adherence is an important issue, especially in

microchannel system. A detached catalyst may clog the

microchannel, which can greatly increase the pressure drop

and damage the whole power system. Ultrasonic vibration

test is the most-used technique to evaluate the adhesion. The

catalyst slurry (cat. 10 wt.%, PVA 2 wt.%) was first dropped

onto the porous siliconwafer. After calcination, the wafer was

kept in an ultrasonic bath (180 W) for 20 min to test catalyst

adherence. Fig. 8(a) and (b) shows the SEM images of catalyst

coat on porous silicon wafer after ultrasonic testing. A 9 mm-

thick catalyst layer remained on the porous structure wafer

with average pore size around 100 nm, as shown in Fig. 8(b),

and the weight loss was only 6 wt.%. For comparison, the

same catalyst slurry was dropped on the bare wafer and about

78 wt.% calcined catalyst was lost during the ultrasonic test.

This indicates that porous silicon can improve the adherence

significantly. Fig. 8(c) shows the top surface of the catalyst

layer. Average catalyst particle size is below 100 nm which is

smaller than porous silicon pores. Thus, particles can fill the

pores and an anchoring site is created by nano-sized pores

that can interlock with the catalyst particles. Catalyst slurry

without PVA was also dropped on the porous silicon. Without

PVA, the catalyst might aggregate and form larger particle

sizes which might influence the adhesion onto the substrate

[11,29,30]. As expected after ultrasonic testing, almost 85 wt.%

catalyst was lost.

The catalytic performance in microchannel with different
geometries

Three different microchannels (straight, cratered, blank) were

fabricated, and the scales are shown in Table 1. The straight

design provides the maximum number of channels (144) and

surface area (1048.8 mm2), and was expected to have the best

catalytic performance originally. The cratered microchannel

provides the longer channel length (37 mm), and the blank

design with no structure (276.5 mm2 and 12 mm) was used as

reference. All three designs were loaded repeatedly until

reaching the same expected amount (w 9 mg) of catalyst by

flow-coating method. The results of catalytic performance

during POM reaction in these three different microchannels

are shown in Fig. 9(I). All three designs can achieve over 95%

methanol conversion at T > 225 �C. It can be seen that the

surface area of 276.5 mm2 and 12 mm channel length in blank

design is sufficient for full methanol conversion under the

feed rate of 2SCCM. However, even though the straight design

has the highest surface area (1048.8 mm2), the CMeOH dropped

to 38% at 200 �C for both of straight and blank design, but it

could be kept to 63% at 200 �C for the cratered design. As

shown in Fig. 9(II), the catalyst layer in cratered design was

concentrated on one side of themicrochannel due to the force

of air by flow-coating and had an average thickness of 19 mm

on the wall and over 70 mm at the corner. The straight design

was coated with 4e6 mm thick catalyst on the wall and the

blank design was coated with 16e30 mm thick on the bottom.

Tang et al. [31] mention that catalyst can act as a temporary

thermal storage for autothermal reaction in packed-bed

reactor. When it comes to microchannel reactor, a thicker

catalyst layer can prevent heat loss, as well. In this study, the

thermal diffusivity of catalyst layer and silicon wafer, as

measured by flashmethod, were 0.98mm2/s and 31.44mm2/s,

respectively. Since thermal diffusivity represents the rate of

heat flow through matter, the low thermal diffusivity of the

catalyst means it is a good material for preserving heat. For

microchannel with a thin catalyst layer, heat generated from

the POM reaction can be transferred easily to the surround-

ings, and results in a smaller temperature gradient in micro-

channel. Since catalytic performance is very sensitive to

temperature, it could decrease significantly in straight design

microchannel at lower temperature. Compared to the other

two designs, the cratered microchannel design may have the

highest temperature at the center of the reaction zone

because it has the thickest catalyst layer at the corner of

microchannel, which results in the highest catalytic perfor-

mance at lower reaction temperature.

Comparison between different coating methods

At first, fill-and-dry method was used for catalyst coating, but

longer times for evaporation of the water through the small

inlet ports and the outlet were needed. Besides, a non-uniform

distribution of catalyst layer formed because the slurry flowed

towards the inlets and the outlet of the microchannel during

the drying step. Thus, flow-coating method which uses

Fig. 6 e (a) Methanol conversion, (b) hydrogen selectivity

plotted vs. reaction temperature during POM reaction in

microchannel reactor; (-) without calcination, (B) after

calcination.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 7 7 5 3e7 7 6 4 7759



Author's personal copy

compressed gas to remove the excess slurry was used in this

study [7]. In addition, better adhesion of catalyst was obtained

especially for the thicker catalyst layer due to the extra force

exerted on the catalyst layer by the flow of compressed gas. By

flow-coating method, the maximum amount of catalyst

(21.0 mg) could be loaded in the microchannel with cratered

design. However, some catalyst slurry was wasted and cata-

lyst blocking at inlets may occur after several loadings.

Open-channel coating was also used in this research. It

wasmore convenient because drying the catalyst slurry in the

open-channel was faster, and a more-uniform catalyst layer

could be obtained. However, if contamination formed on the

top surface of open microchannel during the catalyst coating

process, the anodic bonding process may fail and gas leakage

may occur. Many researchers have reported using a mask or

sacrificial layer for selective open-channel catalyst coating

[18,32,33], and the mask could be removed during the calci-

nation step. Kim et al. [34] mentioned that as the ratio of

thickness to width of the catalyst layer on the sacrificial layer

is more than 0.03, the catalyst layer was not easily removed

after decomposition of sacrificial layer. In this study, the well-

dispersed catalyst slurry could be directly injected into

microchannel without overflowing onto the top surface. This

technique showed no problem in the anodic bonding process

and can be used in microchannel with a depth deeper than

200 mm when using catalyst slurry with solid content up to

20 wt.%. Fig. 10(I) shows the EDX-mapping of catalyst loading

in microchannel with a 200 mm depth. It is evidence that the

catalyst was only coated in microchannel. For cratered

microchannel, 24.4 mg can be loaded by open-channel

coating, but cracking was hard to avoid at the region with a

very thick catalyst layer [29].

Fig. 10(II) shows the catalyst activity in cratered micro-

channel of these two different coating methods. The result

shows no specific difference in performance between the two

coating methods. While, open-channel injection method is

Fig. 7 e SEM image of porous silicon under different conditions; (a) 15% HF, 1 mA/cm2, 600 s, followed by 0.1 M NaOH etched

for 20 s, (b) 20% HF, 10 mA/cm2, 600 s, followed by 1 M NaOH etched for 20 s, (c) 20% HF, 40 mA/cm2, 600 s, followed by 1 M

NaOH etched for 20 s, (d) 20% HF, 10 mA/cm2, 900 s, followed by 1 M NaOH etched for 20 s in microchannel, (e) magnification

of the image shown in (d).
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Fig. 8 e SEM image of (a) catalyst coated silicon substrate after ultrasonic test, (b) magnification of the image shown in (a), (c)

top surface of catalyst layer.

Fig. 9 e (I) (a) Methanol conversion, (b) hydrogen selectivity, and (c) carbon monoxide selectivity plotted vs. reaction

temperature during POM reaction in microchannel reactor; (B) cratered design (9.3 mg), (,) blank design (9.3 mg), (7)

straight design (9.0 mg). (II) SEM image of catalyst layer coated in microchannel reactor; (a) cratered design, (b) blank design,

(c) straight design.
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more efficient and facilitates mass production, flow-coating

method provides better adhesion of catalyst layer in

microchannel.

Comparison between the performance of packed-bed reactor
and microchannel

It is worth mentioning that catalytic performance in micro-

channel is lower than that in packed-bed at lower temperature

even though the catalyst loading is sufficient in microchannel

as shown in Fig. 10(II). Since silicon has excellent thermal

conductivity, the silicon microchannel and the surroundings

can be thought of as a heat sink [35] and can smooth out the

temperature gradient in an exothermicmicrochannel, thereby

causing a decrease in catalytic performance. The micro-

channelwith thicker catalyst coatingmaystill suffer fromheat

loss to theenvironment. Inour calculations, theheatgenerated

from POM reaction per min under the feed rate of 2SCCM can

increase the temperature of the siliconmicrochannel,which is

only 0.35 g up to 4.9 �C under adiabatic conditions. Tadd et al.

[19] have also shown that the thermal-insulatedmicrochannel

has higher performance than a standard one for autothermal

reforming of isooctane.

However, the excellent heat transfer ability of silicon could

also be an advantage. Local hot spots can be avoided by

removing heat through the silicon microchannel; and thus,

forming less CO by the endothermic r-WGS reaction at lower

temperatures [36]. It can be seen that no CO was detected for

microchannel with 9 mg catalyst loading in the range of

180e225 �C in Fig. 9(I) and the CO selectivity was only 3.7% for

microchannel with 24.4 mg catalyst loading at 225 �C in

Fig. 10(II). On the contrary, the CO selectivity of packed-bed

reactor was almost 10% or higher at all temperatures

measured. Thus, thermal management would play a critical

role in building a high-performance microchannel at low-

temperature.

Conclusion

In this research, we demonstrate the possibility of using PVA

to modify the surface of Cu/Mn/ZnO catalyst. The catalyst

Fig. 10 e (I) EDX-analysis of microchannel with depth of 200 mm. (a) Cu Ka, (b) SEM image of microchannel. (II) (a) Methanol

conversion, (b) hydrogen selectivity, and (c) carbon monoxide selectivity plotted vs. reaction temperature during POM

reaction; (6) close-channel flow-coating method, (B) open-channel injection method in cratered microchannel reactor, (-)

dried catalyst slurry (10 wt.% cat., 2 wt.% PVA) followed by calcination at 400 �C for 4 h in packed-bed reactor.
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slurry in a ratio of 5:1 (Catalyst:PVA) shows excellent disper-

sion and good adhesion to the silicon substrate. No mask or

sacrificial layer on the top surface is required when catalyst

slurry is directly loaded into open microchannel. This could

simplify the fabrication procedure. In addition, the catalyst

preserves its intrinsic activity after calcination. Furthermore,

porous silicon was used to enhance the adherence between

catalyst layer and microchannel. Pore size below 1 mm can be

obtained under the condition of 20% HF, 10 mA/cm2 current

density and etched for 600 s followed by 1 M NaOH etching for

a P-type silicon wafer. The catalyst layer dropped by slurry

with 10 wt.%, catalyst and 2 wt.% PVA shows good adhesion

on porous silicon with only 6 wt.% loss in the ultrasonic vi-

bration test (180 W, 20 min). This may be attributed to the

micropores of porous silicon which can interlock with the

catalyst particles.

In the activity test, partial oxidation of methanol (POM)

reactionwas used in themicrochannel. Among three different

microchannel geometries with the same catalyst loading, the

cratered design shows better catalytic performance over the

other two designs because of its thicker catalyst layer. The

thicker catalyst layerwith low thermal diffusivity (0.98mm2/s)

can reduce heat loss to the surroundings. For microchannel

with cratered design, up to 21 mg and 24.4 mg catalyst loading

can be obtained by flow-coating method and open-channel

injection method, respectively. The microchannel has a

hydrogen production rate of 0.85mmol h�1 and 86%methanol

conversion at 200 �C under the flowing rate of 2SCCM.

Packed-bed reactor with its high thermal resistance prop-

erty can preserve the heat generated from the exothermic

POM reaction in the catalyst and has higher energy efficiency

and performance. However, high CO content in the product

gas and the pressure drop of packed-bed reactor may become

a serious problem for portable fuel cells. Silicon microchannel

with its high thermal conductivity can avoid the problem of

hot spots and thus reduce CO formation at lower temperature

(T < 230 �C). With better heat management, we believe POM

microchannel can be a competitive option as a hydrogen

source for PEMFC. Several adjustments, such as thermal

insulation and redesign of microchannel, should be done to

optimize the performance and improve the energy efficiency

of microchannel in the future.
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