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bstract

When surface-supported chemical reactions are performed in microsystems, high production rate cannot be obtained due to the intrinsically low
urface area. Increasing the active surface area of silicon microsystems is a challenge that is addressed in this paper using two original approaches:
i) modifying the structure of silicon by creating nanostructures (black silicon) using conventional etching processes of silicon micromachining
r (ii) depositing a layer of porous �-alumina by washcoating a colloidal suspension of boehmite onto the silicon surface. The catalytic oxidation
f carbon monoxide on platinum was chosen as a first test reaction in the domain of heterogeneous catalysis. In order to perform this reaction,
latinum was either deposited by sputtering on silicon devices with black silicon nanostructuration, or impregnated inside the porosity of an
lumina layer previously deposited on a silicon device. For specific biological applications, such as proteins analysis, some biological reactions
ould be advantageously achieved in microsystems using surface-supported species. As an example, an enzymatic reaction was carried out using
ilicon devices modified with black silicon nanostructuration and further functionalized with trypsin as a model enzyme. The catalytic activity was
ompared between silicon devices with the same two types of catalysts, comprising or not an enhancement of the surface activity. A minimum 10-

old increase in catalytic activity was estimated from kinetic measurements and represents the augmentation of the active surface really available
or reactions. It was also shown how these catalytic materials were integrated in a microreactor increasing its catalytic active surface without
odifying its global size.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Performing chemical or biological reactions in microsys-
ems, or microreactors, provides well-known advantages such
s enhancing the surface to volume ratio [1] leading to fast
ass and heat transfer [2], running dangerous reactions under

afe conditions [3] or reliably controlling the temperature
4]. Surface-supported catalytic reactions where the catalyst is
mmobilized inside a reactor are of particular interest in chem-
cal industry because no additional step is needed to separate
he catalyst from the chemical products. In chemical research,
icroreactors designed for running heterogeneous catalysis
eaction would be useful for catalyst screening or fine chemical
roduction [5]. For these applications, grafting of catalysts on the

∗ Corresponding author. Tel.: +33 4 3878 2343; fax: +33 4 3878 5787.
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icroreactor surface is required. The specific surface formed in
his way is called an active or a functionalized surface. Its surface
rea is inherently limited to the surface area of the microreactor
alls and can often be too low to ensure a satisfying conver-

ion rate. In order to take full advantage of using microreactors
or surface-supported catalytic reactions, surface modifications
ave already been developed to increase the active surface area
ithout changing the overall size of the microsystem. For het-

rogeneous catalysis in chemistry, porous materials are usually
ncorporated inside the microreactor in order to increase the
ctive surface. Main approaches are based on porous pellets
f metal oxide [6,7], or porous layer obtained from a colloidal
olution of alumina [8,9] or zeolite [10]. Some of these porous
aterials have an intrinsic catalytic activity, but they can also be
mpregnated with an active catalytic phase such as metals (e.g.
latinum, palladium, nickel). In another scientific area, microre-
ctors with enzymes (natural catalysts involved in most of the
iological reactions) grafted on their surface would be essential

mailto:cyril.delattre@cea.fr
dx.doi.org/10.1016/j.cej.2007.07.053
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ools to perform biological reactions, such as proteins diges-
ion [11–13] without loosing the enzyme in the experimental

edium or having a reaction of enzyme auto-digestion. Enzy-
atic reactions have already been performed in microreactor
ith enzymes grafted on porous silicon matrixes to enhance

he surface activity [14]. However, fabricating porous silicon
nvolves a combination of electrochemical and wet chemical
rocesses in fluorohydric acid bath, which can be quite difficult
nd dangerous. Following the same processes used for metal-
ic heterogeneous catalysis, enzymes have been immobilized
n a porous layer of metal oxide (silicalite) in microchannels
15]. For both enzymatic and metallic heterogeneous catalysis,
hen creation of porosity is needed, working at micrometric

ize raises new challenges, such as coating channels with micro-
etric dimensions (less than 10 �m wide), control of deposit

omogeneity or compatibility of the deposition processes with
he final packaging of the microreactor.

In order to address these issues, we present in this paper
wo original means of increasing the active surface area
f a microsystem: (i) modification of a silicon (Si) device
nto nanostructured silicon (black silicon) using purely sil-
con microfabrication processes, followed by platinum (Pt)
eposition by sputtering or trypsin grafting; (ii) washcoating
orous alumina (Al2O3) on a silicon device and impregna-
ion with Pt, using classical methods from the heterogeneous
atalysis area. Both of these enhanced active surfaces were
abricated on planar silicon devices and in microsystems
ontaining channels. Two catalytic model reactions (carbon
onoxide (CO) oxidation catalyzed by Pt and hydrolysis

f �-N-benzoyl-l-arginine ethyl ester hydrochloride (BAEE)
atalyzed by trypsin) were performed on devices with and
ithout these surface modifications. A catalytic activity for

ach device was extracted from the kinetic rates. This activ-
ty was compared between modified and un-modified devices,
eading to an estimation of the enhancement of active surface
rea.

. Experimental

.1. Materials
All reagents used were reagent grade. MilliQ water
18.2 M�) was used to prepare aqueous solutions. PBS solution
as prepared by dissolving a pellet of PBS (Sigma–Aldrich

m
u
a

ig. 1. Schematic diagram of planar devices microfabrication (in transverse section
lack silicon formation (see text for details and typical values).
g Journal 135S (2008) S317–S326

1000-3) in 1 L of water. Sodium hydroxide (Sigma–Aldrich
480878), sodium chloride (Sigma–Aldrich #S9888),
ydrochloric acid 1N (SDS Solvants #3150015), ethanol (Carlo
rba #414587), toluene (Carlo Erba #488551), 65% nitric acid

Carlo Erba), acetone VLSI (Rockwood Electronic Materials),
odium periodate (Sigma–Aldrich #210048), triethylamine
Sigma–Aldrich #543969), 5,6-epoxyhexyltriethoxysilane
Roth-Sochiel #SIE4675.0), boehmite powder (Disperal, from
ASOL Chemie), platinum acetylacetonate (Strem Chem-

cal #78-1400), sodium cyanoborohydride (Sigma–Aldrich
156159), phosphate buffer (Sigma–Aldrich #P5244), Tween 20
Sigma–Aldrich #P7949), sodium bicarbonate (Sigma–Aldrich
A6141), trypsin (type I extracted from bovine pancreas,
igma–Aldrich #T8003), biotinylated trypsin (Sigma–Aldrich
T6640), streptavidin carrying Cy3 fluorochrome functions
Sigma–Aldrich #S6402) and �-N-benzoyl-l-arginine ethyl
ster hydrochloride (Sigma–Aldrich #4500) were used as
eceived.

.2. Fabrication of silicon devices

Planar and structured devices were fabricated from single
rystal silicon wafer (100 mm diameter, 500 �m thickness) with
tandard processes of silicon microfabrication. First, some pla-
ar devices were fabricated by growing a 100 nm silicon oxide
SiO2) layer (Fig. 1a). SiO2 was obtained by wet oxidation in a
urnace with a steam flow at 1050 ◦C. This process is completely
sotropic and SiO2 gets deposited on the whole surface of the
afers.
Secondly, structured devices were fabricated using an initial

�m thick spin coated photoresist on which a step of pho-
olithography was performed in order to define the pattern of

icrochannels (Fig. 2a). Using this photoresist layer as an etch-
ng mask, deep reactive ion etching (DRIE) was used to etch a
00 �m deep channel in the silicon (Fig. 2b). The DRIE process,
lso known as Bosch process [16,17], was performed on a STS
ultiplex machine. This process modifies one side of the wafers

nly.
The photoresist was then removed in a fuming nitric bath

Fig. 2c) and a 100 nm SiO2 layer was grown (Fig. 2d).

It was finally possible to bond a Pyrex wafer (Pyrex is trade-

ark from Corning Glass Works Inc.) on top of some wafers
sing anodic bonding [18,19], thus creating a microreactor with
n inlet, an outlet and a reaction area (Fig. 3).

): (a and e) SiO2 growth; (b) Al2O3 washcoating; (c and f) Pt deposition; (d)
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Fig. 2. Schematic diagram of structured devices microfabrication (in transverse section): (a) Photoresist patterning on silicon wafer; (b) DRIE of channels; (c)
photoresist removal; (d) SiO2 growth; (e and h) Pt deposition; (f and I) Pt patterning by photoresist lift-off; (g) black silicon formation; (j) Al2O3 washcoating; (k)
Al2O3 washcoating in bonded oxidized wafer (see text for details and typical values).

F ing el
t

2

2

h
c
v
i
U
c
p
t

c
g
f
g
o
c
T
a

ig. 3. Schematic presentation of the structured devices (a) and top view scann
he reaction channels (b).

.3. Active surface enhancement

.3.1. Silicon nanostructuration using black silicon
The DRIE of silicon is now a classical technology to create

igh aspect ratio structures in silicon microsystems. This pro-
ess was initially developed to produce structures with very high
ertical aspect ratio (up to 20). It consists in alternating etch-
ng and passivation steps with known duration and frequency.

sing a different set of experimental parameters, this process

an also generate large area of nanostructured peaks when the
assivation gas is in excess during the etching step [20]. This par-
icular silicon nanostructuration is called black silicon, as it will

p
m
P
h

Fig. 4. SEM pictures of black silicon before (A) an
ectron microscopy (SEM) pictures of the inlet and the pillared structure inside

ompletely inhibit light reflection. It has already been used to
enerate extremely hydrophobic surfaces [21] or to absorb light
or photovoltaic applications [22]. Experimental conditions to
et black silicon using a DRIE process have been reported by
ther research groups [20,23]. Basically, this nanostructured sili-
on surface consists of silicon peaks spaced at random (Fig. 4A).
he geometrical characteristics of the peaks (height, width and
ngle) largely depend on the experimental conditions. In this

aper (Fig. 4B), black silicon was fabricated with the same STS
achine used for the DRIE process and these peaks coated with
t can be represented by sharp and conical features of 1.5 �m
eight and 0.2 �m width at half-height. The external surface area

d after sputtering of a 200 nm layer of Pt (B).
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or a single cone with these geometrical features is 1.95 �m2,
hen the planar surface area occupied by the same peak is
.12 �m2.

The ratio between these two surfaces is equal to 15 and rep-
esents the theoretical increase of surface area. If heterogeneous
eactions occur on this solid surface and no mass transfer phe-
omena are involved, the apparent reaction kinetics is directly
roportional to the area of active surface and would then be
ncreased by this ratio. Black silicon was fabricated on planar
evices starting from blank silicon wafer (Fig. 1d). A 100 nm
iO2 layer was further grown on some of these devices (Fig. 1e)
sing the process of Fig. 1a. On structured devices, black silicon
as obtained right after DRIE of microchannels (Fig. 2g).

.3.2. Alumina washcoating
�-Al2O3 is a porous support widely used in catalysis to dis-

erse a nanosized metallic catalyst and thus increase its active
urface. Pt supported on Al2O3 (Pt/Al2O3) is a very classic cat-
lyst, which was synthesized in situ as a thin layer on the silicon
evices. The deposition process requires several steps, described
n details in a previous work [24] and summarized in this paper.
n initial surface activation to create silanol chemical groups on

he SiO2 layer has to be done to ensure that the Al2O3 layer sticks
o the surface. Two processes were tested and compared by plac-
ng devices either in an oxygen plasma reactor (Machine Plassys

DS 150, power 600 W, oxygen flow rate 25 cm3 min−1, dura-
ion 60 s) or in a Brown solution (1 g sodium hydroxide, 3 mL
ater and 4 mL ethanol) for 2 h at room temperature. The choice
etween these activation processes depends on the final packag-
ng of the microsystem, e.g. if the Al2O3 washcoating has to be
erformed on non-bonded structured devices, the treatment by
xygen plasma will be chosen. On the contrary, the treatment
ith a basic solution was preferentially used with microreactor

bonded structured devices). A colloidal boehmite suspension
Al2O3 precursor) was then prepared by dispersing a boehmite
owder at a concentration of 20 g L−1 in a nitric acid solution,
eading to an aqueous solution with a resulting pH around 3.
ext, the devices were washcoated with the suspension either
y dip coating (Figs. 1b and 2j), or by circulating the suspension
n the microreactor (Fig. 2k). The devices were subsequently
alcinated at 600 ◦C under air to obtain the �-crystalline form
f Al2O3.

.4. Devices functionalization

Starting from the devices with enhanced active surface,
hemical functions were added on the surface to provide hetero-
eneous catalytic activity (metallic or enzymatic): (i) platinum
eposition, (ii) platinum impregnation in alumina washcoating,
nd (iii) trypsin grafting.

.4.1. Platinum deposition

A process of cathodic sputtering was carried out for Pt depo-

ition on one side of the wafers only. On planar devices, a 200 nm
t layer was deposited either on blank silicon wafers (Fig. 1c),
r on silicon wafers with black silicon (Fig. 1f), creating func-

5
a
u
a

g Journal 135S (2008) S317–S326

ionalized planar devices called, respectively, P-Pt and P-bSi-Pt.
n a first type of structured devices, a 200 nm Pt layer was
eposited after DRIE the process (Fig. 2e). The photoresist was
hen removed in a fuming nitric bath (Fig. 2f), localizing the
t layer only in the channels by lift-off (devices S-Pt). On a
econd type of structured devices, a cleaning step for 10 min
n buffered oxide etch solution (BOE) was done after black
ilicon formation to remove any fluoro-polymers deposited dur-
ng this last process. A 200 nm Pt layer was then deposited
Fig. 2h). Finally, the photoresist was removed in a fuming
itric bath (Fig. 2i) to localize the Pt layer by lift-off (devices
-bSi-Pt).

.4.2. Platinum impregnation on alumina washcoating
Starting from the planar and structured devices washcoated

ith an Al2O3 layer (Figs. 1b and 2j and k), Pt was impregnated
nto this porous layer with a solution of platinum acetylacetonate
n toluene (either by dip-coating or circulating the solution).
hese devices were finally calcinated at 400 ◦C under air. They
ill further be called P-Al-Pt for planar devices, S-Al-Pt for

tructured devices and S-Al-Pt-bonded for microreactor.

.4.3. Trypsin grafting
Starting from planar devices with a SiO2 layer grown on a

lank wafer or on a black silicon surface (Fig. 1a and e), grafting
f trypsin enzyme on the devices was achieved in four steps: (i)
iO2 hydratation, (ii) silanization, (iii) modification of a chemi-
al group of the silane molecule and (iv) trypsin immobilization.
i) Hydratation of SiO2 surface was obtained by incubation of
he devices during 2 h at room temperature in Brown solution
n order to generate silanol groups on the surface. The devices
ere then washed with water and dried under nitrogen flow.

ii) The silane 5,6-epoxyhexyltriethoxysilane was grafted on
he surface using a mixture of toluene, triethylamine and silane
20 mL/100 �L/50 �L) at room temperature during 24 h. The
evices were successively rinsed with ethanol and water, and
ried under nitrogen flow. They were finally baked during 3 h at
10 ◦C. (iii) The terminal epoxide group on the silane was mod-
fied to create a diol chemical group by treating the devices in
n aqueous solution of hydrochloric acid at 0.2 mol L−1 during
h at room temperature. The devices were abundantly washed
ith water and dried under nitrogen flow. Oxidation of the diol

unction to obtain an aldehyde function was performed in an
queous solution of sodium periodate and water (220 mg/10 mL)
uring 1 h at room temperature. The devices were finally washed
ith water and dried under nitrogen flow. (iv) Immobilization of

rypsin was obtained by covalently linking some amines groups
lysine) of the enzyme to the aldehyde group of the silane. The
evices were immersed in a mixture formed by 4.5 mL of water,
.25 mL of phosphate buffer at 0.1 mol L−1, 2.25 mL of an aque-
us solution of sodium cyanoborohydride at 0.05 mol L−1 and
1 mg of trypsin, during 20 h at 4 ◦C. A first rinsing step was
erformed using a mixture formed by 450 mL of PBS solution,

0 mL of an aqueous solution of sodium chloride at 0.5 mol L−1

nd 250 �L of Tween 20. A second rinsing step was achieved
sing the PBS solution only. The devices were finally stored
t 4 ◦C in the PBS solution. Devices without and with black
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Table 1
Silicon devices and materials at their surface

Planar substrates Structured substrates

References Material References Material

P-Pt Pt S-Pt Pt
P-bSi-Pt Black silicon and Pt S-bSi-Pt Black silicon and Pt
P-Al-Pt Al2O3 and Pt S-Al-Pt Al2O3 and Pt
P-Tryp Trypsin S-Al-Pt-bonded Al2O3 and Pt
P

s
P

d
c
i

3

t
s
s
a

3

c
s
s
t
p
S
o
c
o
r
s
T
t
s

m
m
m
n
6
lars by SEM after this sintering step. These experiments clearly

F
t
p

-bSi-Tryp Black silicon and
trypsin

ilicon nanostructuration were respectively named P-Tryp and
-bSi-Tryp.

All the wafers previously described (bonded or not) were
iced at various dimensions for future testing. For a purpose of
larity, all the devices and the materials at their surface are listed
n Table 1.

. Characterization of functionalized devices

Multiple characterization means were used to obtain data on
he following items: black silicon formation and platinum depo-

ition inside microchannels (particularly on the walls), effect of
urface activation and solution aging on alumina washcoating,
lumina washcoating inside microchannels and trypsin grafting.

r
t
t

ig. 5. SEM pictures of a silicon pillar covered with a 200 nm sputtered Pt layer. (1) D
op view; (c) pillar bottom view; (d and e) enlargements of the bottom view. (2) Devi
illar top view and bottom view; (d) enlargement of the channel bottom view.
g Journal 135S (2008) S317–S326 S321

.1. Black silicon and platinum deposition

On planar devices P-bSi-Pt, the SEM pictures in Fig. 4 gives
lear evidence of black silicon formation and efficient Pt depo-
ition. The peaks were rounded because of the Pt layer. For
tructured devices S-Pt and S-bSi-Pt, SEM pictures clearly show
hat nanostructures were obtained on the vertical wall of the
illars during black silicon formation (Fig. 5). For the devices
-Pt without black silicon (Fig. 5, panel 1), the steps and scales
bserved respectively on the top view and on the bottom view
ome from the DRIE process used for fabrication. Black silicon
n devices S-bSi-Pt is characterized on pillar wall by pores of
oughly 0.3 �m diameter and on the channel bottom by peaks
imilar to those obtained on a planar device (Fig. 5, panel 2).
his topography is of particular interest for catalytic applica-

ions because, for a given microsystem surface area, the active
urface of the catalyst will be increased.

From these SEM pictures, the Pt layer cannot be seen in the
icrochannels. Other analytical means were used such as an ele-
entary analysis using an energy dispersive X-ray probe. This
ethod gave confirmation that Pt was deposited on the chan-

el bottom. Furthermore, a structured device was calcinated at
00 ◦C and Pt crystallites were observed on the top of the pil-
evealed qualitatively that more Pt is deposited on the pillar top
han on the pillar bottom. In conclusion, all these results show
hat Pt was deposited both on pillar wall and on channel bot-

evices S-Pt (without black silicon): (a) pillar top view; (b) enlargement of the
ces S-bSi-Pt (with black silicon): (a) pillar view; (b and c) enlargements of the
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Table 2
Evolution of pH and viscosity of the boehmite solution (viscosity measurements
were performed with a capillary viscosimeter)

pH Viscosity (mPa s)

I
S
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ig. 6. Influence of the activation time with Brown solution on the contact angle
f the boehmite suspension on a planar device with a SiO2 layer.

om, thanks to the sputtering process that is a non-directional
hysical deposition process, leading to a good surface coverage.
owever, the lack of uniformity of the Pt coverage is due to the
igh aspect ratio of the pillar limiting the deposition on pillar
ottom.

.2. Alumina washcoating on planar devices

The influence of the surface activation process was studied
n terms of surface wettability, by measuring the wetting con-
act angle that represents the capability of a liquid to spread on

surface. Contact angle measurements between the boehmite
olution and a planar device with a SiO2 layer (Fig. 1a) were
chieved using a Digidrop system (GBX, France). Without
pplying any surface activation processes, the contact angle is
lose to 44◦. The oxygen plasma process leads to the com-
lete spreading of the droplet on the surface with a contact
ngle below 10◦. On the contrary, when the Brown solu-
ion is used for activation, the wetting angle decreases very
uickly with the duration of activation to reach 20◦ after
0 min and stabilizes at this value (Fig. 6). Complete spread-
ng was never observed. Two samples were measured using the
ame procedure and the results show a very good reproduci-
ility.

To conclude, the oxygen plasma treatment is the most effi-

ient method to create a highly wettable SiO2 surface for the
oehmite solution. However, this process cannot be used for
onded structured devices. In this case, the activation by a Brown
olution leads to a sufficiently low contact angle to ensure an effi-

c
n
T
c

ig. 7. AFM pictures of an Al2O3 layer deposited on device S-Al-Pt initially activate
nitial suspension 2.5 1.1
uspension after 2 years 6 2.5

ient washcoating process, which was demonstrated by running
uccessfully catalytic tests on these devices.

.2.1. Thickness and topography of the alumina layer
An Al2O3 layer was obtained on planar devices following the

xperimental procedure previously described, using in particular
n oxygen plasma for surface activation and a dip coating pro-
ess for suspension deposition. Different devices were produced
sing two boehmite suspensions: a freshly prepared mixture,
amed initial suspension, and a suspension prepared 2 years
efore. pH value and dynamic viscosity were measured for both
uspensions (Table 2).

The suspension (sol) behaves initially as a Newtonian fluid.
hen, by a slow phenomenon over time, it becomes a gel with
n increasing viscosity and a decreasing pH. As the thickness
nd the topography of the Al2O3 layer will depend on the vis-
osity of the suspension, atomic force microscopy (multimode
canning probe/digital instruments) was used in contact mode in
rder to characterize these two parameters. The AFM data were
ecorded on different places of the sample surface and each time
n a 2500 �m2 area. A step between the silicon device and the
l2O3 layer was created using a scotch tape during washcoating

Fig. 7a).
The thickness of the layer was then easily measured and a

alue around 0.5 �m was obtained for the device washcoated
ith the aged suspension (2 years). When the initial suspen-

ion was used for washcoating, the thickness was an order
f magnitude lower, clearly showing an effect of the suspen-
ion viscosity. Fore both suspensions, the surface topography
ppears homogeneous showing no apparent cracks or local lack
f Al2O3 (Fig. 7b), with localized asperities around 100 nm
igh. These characterizations were performed on planar sili-

on devices because it is difficult or impossible to characterize a
anometric layer inside the microchannels of a structured device.
he boehmite suspension and, later, the Pt solution were cir-
ulated inside the microchannels of bonded structured devices

d by oxygen plasma: (a) Al2O3 step on oxidized silicon and (b) Al2O3 layer.
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ig. 8. SEM pictures of an Al2O3 washcoat in structured devices: (a) without a
iO2 layer with activation.

S-Al-Pt-bonded). The presence of catalyst was ultimately ver-
fied by running the catalytic tests.

.3. Alumina washcoating in structured devices

The Al2O3 washcoat was deposited by dip coating on
tructured devices under various experimental conditions and
ocalization of alumina was obtained from SEM pictures (Fig. 8).
irst of all, a specific device without SiO2 layer (Fig. 2c) was
ctivated using the oxygen plasma process. The Al2O3 crys-
allites have fallen down to the channel bottom and were not
eposited on the microchannel walls (Fig. 8a). In the second
ase, a device with SiO2 layer (Fig. 2d) was used without prior
urface activation. The Al2O3 layer is again observed on the
ottom of the channel (Fig. 8b). Finally, an identical device was
ctivated using an oxygen plasma process. In this case, the Al2O3
ayer seems to be homogeneously deposited on the pillars inside
he microchannel (Fig. 8c). In conclusion, both a SiO2 layer and
ts activation are two essential conditions for the Al2O3 layer to
dhere on the surface of the pillars.

Noticeably, using this washcoating method, an Al2O3 layer
s also deposited on every elevated surface of the device. How-
ver, when capped microchannels are needed, a very low surface
oughness is necessary for direct anodic bonding with a Pyrex
over (generally ∼1.5 nm). A polishing step would thus be
ecessary, but involves some clogging risks for the microchan-
els. For this reason, Al2O3 washcoating was performed on
onded structured devices by circulating the boehmite suspen-
ion through the microchannels. Further characterization for
hese particular devices was previously described [24].

.4. Trypsin immobilization

Biotinylated trypsin was grafted on the SiO2 surface of a pla-
ar device following the procedure described previously. The
nly change occurred during the immobilization step, in which
he trypsin solution was selectively deposited on the surface as

droplet. Following the second rinsing step, the device was
ncubated in a solution prepared by dissolving 2 �L of strepta-
idin protein carrying Cy3 fluorochrome functions in 80 �L of
buffer solution (based on PBS solution at pH 7.4, Tween 20 at
.05% and NaCl at 1 M) for 15 min at room temperature with no

xternal light. Biotin and streptavidin are widely used in molec-
lar recognition mechanisms because of their complementary
inding sites. Consequently, wherever the biotinylated trypsin
s immobilized, the streptavidin will be linked specifically. The

o
a
p
p

layer with activation, (b) with a SiO2 layer without activation, and (c) with a

urface was first rinsed for 5 min with the buffer solution and
nally for 5 min with PBS solution only. The device was subse-
uently dried under nitrogen flow and a fluorescence microscope
as used to obtain a fluorescence image. A bright spot within
black area was observed. This spot coincides with the foot-

rint of the droplet of trypsin solution, showing that trypsin was
uccessfully and selectively immobilized on the surface. How-
ver, the catalytic activity of the immobilized trypsin can only
e characterized by running biological reactions.

. Catalytic tests and discussion

.1. Platinum-catalyzed reaction on planar devices

CO oxidation was chosen as a model reaction to compare the
ctivity of three Pt-based catalysts (P-Pt, P-bSi-Pt, and P-Al-Pt).
his reaction is well-documented and relatively easy to carry out.
atalysts were prepared as described on planar devices, which
ere diced into small pieces (1 mm2) to fit the dimensions of a

atalytic fixed bed reactor. This reactor was composed of a quartz
ube (0.8 cm internal diameter and 24.5 cm length) placed in a
ubular oven. The calaytic pieces (2 g) were placed in the middle
f the tube on a sintered quartz support, creating a packed bed
.5 cm high. A mixture of CO at 300 ppm in air was injected at
he inlet with a flow rate of 3 L/h controlled with a mass flow

eter. An infrared analyzer (URAS 10) was installed at the outlet
iving continuously access to the composition of the gas phase,
y analyzing carbon monoxide and carbon dioxide (CO2). The
urnace temperature and data from the IR analyzer were recorded
ith a homemade software build with the LABVIEW® software.
he CO conversion was calculated from the measurements of
O and CO2 concentrations and its evolution was plotted as the

emperature is increased starting from room temperature (Fig. 9).
he CO oxidation is a very exothermic reaction and a well-
nown light-off phenomenon was observed, showing a sharp
ncrease of CO conversion up to almost total conversion for

given temperature, called ignition temperature. For a given
eactor, the value of the ignition temperature is inversely related
o the quantity of active catalyst or its intrinsic activity.

In this paper, the ignition temperature was determined at
0% conversion and was used to compare the catalysts activ-
ty (Table 3). Pt was also deposited with a thickness of 20 nm

n planar devices P-Pt. These catalysts were also tested and no
pparent effect of the Pt layer thickness on the ignition tem-
erature was observed. This shows that CO oxidation occurs
referentially at the surface of the Pt layer and not in the bulk.
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ig. 9. CO conversion vs. temperature curve for planar silicon devices with
00 nm of platinum.

herefore, the active surface can be represented by the geometric
urface of the Pt layer.

For the particular case in Fig. 9, the ignition temperature
ecreases when nanostructured devices were used. As the thick-
ess of the Pt layer has no effect on the catalyst activity and
he chemical nature of the support is identical (e.g. silicon),
he only changing parameter between the devices is the sur-
ace nanostructuration. Black silicon structuration increases the
ctive surface area and thus the quantity of active catalyst
vailable for the reaction, without changing the overall quan-
ity of silicon device. The increase of the active surface area
ue to the black silicon structuration was estimated from igni-
ion temperature values, using the following argument. Using a
angmuir–Hinshelwood mechanism, the CO oxidation kinetic

ate can be written as

= kT CO2CCO

(1 + KT CCO)2 (1)

here kT is a kinetic constant linearly linked to both the intrin-
ic kinetic constant and the global active surface area of catalyst
nside the reactor Sa, and KT is the equilibrium constant for CO
dsorption [25]. Variation of these two constants with the reac-
or temperature can be described by an Arrhenius function, such
s k = A e−E/RT, where A is a pre-exponential factor and E is
espectively the activation energy (Ea) for kT and the adsorp-
ion enthalpy (�Hads) for KT. At low conversion (less than
0%) and in absence of mass transfer bias, the conversion is

irectly proportional to the kinetic rate. As total CO conversion
s always reached when the temperature is increased, it can be
ssumed that no mass transfer limitations occur in our system
26]. Two catalysts with different surface activity placed in the

able 3
gnition temperature for different catalysts

atalysts Tignition (◦C) Activity

-Pt (200 nm) 147
-bSi-Pt (200 nm) 102
-bSi-Pt (20 nm) 100
-Al-Pt 25

e
a

4
d

(
p
t
a
d
o
a
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ame reactor would lead to an identical CO conversion (e.g. an
dentical kinetic rate) but for different temperatures. In this case,
he following equation can then be derived from equation (1):

kT1

(1 + KT1CCO)2 = kT2

(1 + KT2CCO)2 (2)

onsidering the two extreme cases KTCCO � 1 or KTCCO � 1,
he ratio between two active surfaces can then be estimated
ithin an interval using

(Ea/R)(1/T1−1/T2) ≤ Sa1

Sa2
≤ e((Ea−2�Hads)/R)(1/T1−1/T2) (3)

ith the assumption that the active sites of Pt stay unchanged
hen it is deposited on black silicon, the active surface being

he only varying parameter. With average values of 80 kJ mol−1

or Ea and −3.127 kJ mol−1 for �Hads [25,27], this ratio is then
estricted to

0 ≤ Sa P–bSi–Pt (102 ◦C)

Sa P–Pt (147 ◦C)
≤ 20 (4)

his ratio is in very good agreement with the theoretical value
reviously estimated from a geometrical point of view.

A major gap of 80 ◦C in the ignition temperatures was
bserved between devices with sputtered Pt and those with Pt
mpregnated in Al2O3, showing that P-Al-Pt catalysts were far

ore active than P-bSi-Pt. Pt content on both devices was mea-
ured by ICP analysis after complete dissolution of the devices.
en times more Pt is present on the device with Al2O3 than on

he black silicon device. However, this difference in quantity of
etallic Pt is not sufficiently large to explain the gap between

he values of ignition temperature. An additional difference in
atalyst activity could arise during the catalyst fabrication pro-
ess as sputtered Pt is deposited as a continuous thin film on the
evice surface, whereas for the P-Al-Pt catalyst, well-dispersed
rystallites of Pt are created inside Al2O3 porosity, leading to
higher activity for CO oxidation. From an industrial per-

pective, silicon microsystems with Pt impregnated in porous
l2O3 will lead to a high production rate for a small overall vol-
me. However, deposition of the catalyst inside a microstructure
nvolves several fabrication steps (surface activation, wash-
oating, drying, calcinations, impregnation). On the opposite,
rocesses for black silicon formation and Pt sputtering are fairly
asy to integrate in a microreactor fabrication process and the
nhancement of surface activity could be sufficient for some
pplications.

.2. Platinum-catalyzed reaction in bonded structured
evices

The CO oxidation was tested with devices S-Al-Pt-bonded
Al2O3 washcoating and Pt impregnation) and an ignition tem-
erature of 30 ◦C was observed (Fig. 10). This result is close
o the ignition temperature obtained during the previous tests

chieved in macroreactor with the same catalyst on planar
evices. At low conversion, the activation energy can readily be
btained by plotting the conversion versus the inverse of temper-
ture. A value of 78 kJ mol−1 was calculated, in good agreement
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Fig. 11. Absorbance of BA produced from BAEE digestion by trypsin grafted
on planar devices.

Table 4
Kinetic parameters of Michaelis–Menten equation for planar devices with and
without nanostructuration (planar devices)

Devices Km (mM) Vmax (×10−3 mM/min)

Initial reaction rates method
P-Tryp 0.17 0.95

Numerical method
P-Tryp 0.21 1.1

t
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ig. 10. CO conversion vs. temperature curve for a device S-Al-Pt-bonded with
washcoated Al2O3 layer impregnated with Pt.

ith published values obtained for a packed-bed microreactor
ith 1 wt.% Pt/Al2O3 catalysts (83.6 kJ mol−1) [25]. All these

esults show that the Al2O3 washcoating and the Pt impregnation
ere successfully realized in closed microchannels, retaining a

omplete catalytic activity.

.3. Trypsin-catalyzed reaction on planar devices

The catalytic activity of grafted trypsin was estimated by fol-
owing the kinetic rate of the hydrolysis reaction of the BAEE
nto �-N-benzoyl-l-arginine (BA) and ethanol. A BAEE solu-
ion concentrated at 0.4 mM was prepared by dissolving BAEE
n a solution of sodium bicarbonate at 25 mM in water. Devices
-Tryp and P-bSi-Tryp were diced in square of 4 cm2 and placed

n 17 mL of this solution under constant stirring and room tem-
erature. Five hundred microliters samplings were analyzed at
xed time and the BA concentration was measured with a UV
pectrometer at 253 nm. Trypsin leaching from the surface or
echanical damage to the active layer could occur over the

xperiments. The BA solution obtained at the end of some
xperiments was analyzed by mass spectrometry. Trypsin was
ever detected indicating that the grafting process is highly effi-
ient. Moreover, the same devices were used four times over
-month period, using the storage conditions as described in
he experimental section. The repeatability of the experimen-
al data was excellent (within an experimental error of less
han 10%, estimated from the ratio between the standard devi-
tion to the average value), showing no loss in the catalytic
ctivity of trypsin. The reaction rate for this reaction can be
ccurately described by the Michaelis–Menten equation [28].
t first, Michaelis–Menten parameters for trypsin grafted on
-Tryp devices were determined using initial reaction rates mea-
urements with different BAEE concentrations (Km ∼ 0.17 mM
nd Vmax ∼ 0.95 �M/min). The Lineweaver–Burk plot was lin-
ar, indicating no apparent mass transfer limitations to the kinetic

easurements. These data are consistent with values from pre-

ious works [29]. The BA concentration was then recorded over
ime until complete depletion of BAEE for both devices P-Tryp
nd P-bSi-Tryp (Fig. 11).

a
w
c

P-bSi-Tryp (fast agitation) 0.21 6.5
P-bSi-Tryp (slow agitation) 0.36 6

Assuming perfect mixing of the solution during reaction,
hese data were fitted with Michaelis–Menten model using a
umerical method and another set of parameters was obtained
Table 4). The values of the kinetic parameters obtained by both
ethods for planar devices without nanostructuration were in

ery good agreement.
It was found that when the mixing efficiency was increased

by increasing the stirring speed) the average kinetic rate for
evice P-bSi-Tryp increased up to a limit. It clearly indicates that
he kinetic data were biased by external diffusional limitations at
ow mixing efficiency. Km increases in this case as it was previ-
usly reported [29]. This phenomenon did not occur for devices
-Tryp because the active surface is not large enough and the cat-
lytic transformation is still the rate-limiting step in the overall
rocess. Considering that only one face of the device has nanos-
ructuration and that the trypsin density at atomic scale on solid
urface is identical between devices with or without nanostruc-
uration, the increase in Vmax is linearly related to the increase
n surface area brought by nanostructuration. This enhancement
an be estimated to 11, a value comparable to that obtained for
he CO oxidation reaction.

. Conclusion
Two original ways of increasing the active surface area of
silicon microsystem without changing its overall dimensions
ere demonstrated. First, nanostructuration (called black sili-

on) of the silicon surface was fabricated on both planar and



S neerin

s
i
a
o
t
b
w
t
b
u
t
c
w
t
a
w
t
i
w
s
t

R

[

[

[

[
[

[

[

[

[

[
[

[

[

[
[

[

[
[27] R.H. Venderbosch, W. Prins, W.P.M. van Swaaij, Chem. Eng. Sci. 53 (1998)
326 M. Roumanie et al. / Chemical Engi

tructured devices comprising microchannels. Catalysts were
mmobilized on the surface: Pt for heterogeneous catalysis
pplications and trypsin for enzymatic reactions. Kinetic data
btained on devices with and without black silicon nanostruc-
uration were compared. Amplification of the surface activity
y a factor of at least 10 was measured. This enhancement
as only estimated from experimental results and represents

he increase of active surface really available for chemical and
iological molecules. Secondly, an alumina layer was deposited
sing a washcoating process, which was characterized in order
o identify the essential parameters such as the activation pro-
ess or the nature of the surface. The catalytic surface activity
as greatly increased in comparison with black silicon struc-

uration. This approach would then be particularly suitable for
pplications demanding a very high catalyst activity and for
hich the active surface provided by the black silicon structura-

ion is not sufficient. However, integration of the alumina layer
nside closed microchannels could be challenging compared
ith the simplicity of black silicon fabrication using standard

ilicon micromachining tools, fully compatible with the rest of
he fabrication process.
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