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Absiract

This paper reporis the design, fabrication and characterization of high performance
miniaturized micrm direct methanol fisel cells (mEcroDMPC) fanctioning at room temiperature
under & forced low inpiet fuel Aow mee (< 10 gL min—') fabicated using silicon microsystems
technigues. A room temperature maximum power oatpat of 12.5 mW cm ™~ has been
measumed 4t a fuel Aow rate of 352 gl min ! for 2 foel cell surface area as small as 0.3 cm®
(oomesponding o 3 fuel use efficioncy of 1400 at 2000E). At a lower Bow rate of 138 gl
min "', the fuel use efficiency rises i 20,17% althouph the power density falls o 4.3 mW cm .
The stisdy revealed thal improved room temperaiere cell perfommances in terms of power
dinsity can be achieved at low flow rates (< 10 gL min-") by {i} redecing the fuef cell area and
(ii} raducing the microchanne] cross-section. The study also revealad that higher foel use
efficiencies are obizined =i lower fuel fiow rates. Fuel {methanaed) for the anode and an oxidant
{zir) for the cathode are supplisd via & compact serpentne network of micron-siee microduidic
and pas mictochanneds; by using silicon micresystems techniques we also render the foel cell
compatible with other silicon lechoologies such as microebectoronics and micro- and

nanoelectromechamical systems (MEMS /NEMS].

L. Introduction

Micro fisel cells [1] have potentially numerous applications
ranging Irom powering all manners of small lighoweiphi
consumer  pordable elecironic  equipment [1] to being
idegrited on-chip enerpy sources for the currenl frends
in autonomess micto- and nanoelectromechanical systems
(MEMS/NEMS), and the compatibility of these systems with
silicon microelectronics which could be useful for 3 whole
hiost of sensors and sctustors.  Micro direct methanol fss]
cells (micrmDMFC) {3, 4] are cumently under investigation
due to their podentizlly hkizh energy density (4332 Wh L)
compared boocument galvanic batteries (lithium ion battery
-~ 00 W b kg~ and liquid fisel storage advaniages compared

T Amihor jo whom any comespondence shoakd be addressed.

to, for example, the hydrogen fuel cell. Inorder toachieve high
performance minafumized micmoDMECs, several problems
masl be solved; these inclode methanod crossover [5. 6],
water fiooding in the cathode channels [7], carbon dipxide
bubhble formation & the anods [5. O], mass ransport [10, 11]
and fued comcentration | 12] 1ssues. In order to address ihe
above issmes, microfluidic techmologies [13] can be applied
for the miniarization of feel cells [14-16] via the use of
microsystems lechnofogies | 1 7-300. In 2000, Kelley ef gl [17]
was the first group Lo apply silicon microsystems technigues
to miaroDMEFC, producing o gystem functioning st a high
fisel fow rate of 2000 pl. min-". This can be contrasied
with Wozmiak ef al [20], who, using a network of sificon
microchannels having a 100 um depth for a 0.25 om” surface
fisel cell, reduced the flow rate 10016 gl min~* resulting in
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& power outpat of ~0.3 mW cm™>. Yen e af [ 18] achizved
472 mW cm—* for a dry-stched sificon microchannel (750 em
wiitth by 400 pm depth) operating &t &0 °C, but this fell o
12 mW cm— at room femperatare for a4 fuel flow e of
283 pl. min—'. However, rotable recent results zre Wone 27 ai
[26] who demonstratad a power ootpat of 34 mW om— for a
1 cm?® serpentine sificon microchannel-based sysiem at a fel
flow rate of 300 uL min—" and Zhang «f al [28] who, wsing
silicon microchannels in a novel microblock array, achioved a
room temperature power density of 3.08 mW om -2 at a fisel
flow rate of 600 gl min .

Here, we asses the room emperaiure periormance of
mingaturized microMEFCs (active fuoel cell area A = 0.4 an®)
ol controlled forced fuel flow males less than 10 ul min~’
fabricated wsing silicon microsysems fechnologies in the
context of achieving 3 mimiatorized high enerzy density fsel
cell with a high fuel ase efficiency for use as an on-chip
imegraied fusl cell compatible with =ilicon microsystems and
microelecironics lechnigues.

2. Design

The foel cell design implemeniod here i composed of
(i} an anode microchannel, {ii) an sanode diffusion layer,
(ifi} an anode elecrode; {iv) a proton exchange membrane
(PEM], (v) a cathode electrode. (vi) a cathode diffusion layer
and {viid a cathode microchannel In lerms of the anods, &
single serpenting microchanned [26] was defined as shown in
fipure 1ok The microchanne] height & was equal 10 50 and
10} e, the channel width w equal to 50 pan and the channe|
kength L egual to & cm garea A = 018 om®), 9 om (4 =
03 em® and 12 cm (A = 0.30 cm?), respectively. We define A
here by taking inte account the whole surface (the product AR
indicated in figure 1(2)) inchuding ihe microchanne] spacing.
Thru-thendas are incleded in each paitemn for the introdection of
fuel and air and to provide electrical contacts fo characterize
the fuel cell. In terms-of the cathode, foar paralled serpenting
channels were amanged in paraflz] as shown in Ggure 1b).
The chanmel beight b, channel width w and channed length L
were 150 pm, 200 gm and £.67 cm. respectrvely.

2L Micrmfluidic conviderations af the desiga

The anode sificon wafers copined microchannels having a
hydrophilic silicon dicxsde surface {contact angle 2 of the
3 M methanol solistion < 10°) sumounded by 3 feorocarbon
hydrophobic surface deposited on the wafer surface (8, >
100F1, When the waler surface 5 in contact with the porous
diffugion layer (7, of the 3 M methanof solution measared o
be 1347 and 107" after maulti-use). the capillary filing between
the two hydrophobic surfaces. i fued leaks, §s not favoarable
as oosdl = (r the pressore drop AP is piven by the Yoone—
Laplace eguation (AP = 2yoos &./81 If we mke ithe surface
enerzy of the fuel ¥ to be ~66 m) m—= and the space hetween
the wafer and the diffission layer § o be 01 gm. AP =
0.2 MPa. For a microchanmel having 3 leogth of 12 ce,
A width of 5 pm snd a height of 100 pm, the flow mie
would nead to exceed ~70 gl min-! to achieve this prassure.
I is important o predict the hydrodynamic pressre in the
syslem which can lead to leaks (see above) and mcrofloidic
connection problems. We know' from the Hagen-Poiseaille
equation for a rectanealar microchanme] that the volums fow
mate (s given by @ = whD AP 3200, Dy = Twhw +h],
where i is the dynamic viscosity of the fuel, n ~ 0,54 mPa s.
If we consider a microchanmel having the smallest oross-
section (50 pm = 50 pm) and the longest kength (12 cmi,
then the pressore drop is <0.1 MPa { <1 bar) for a flow ke
of W pl. min-*; this pressare is within the specifications of
the microfiuidic connections and is also lower than the leak
pressure [imit calculabed abowve.

Im termes of the cathode microcharenels, we must consider
water Aooding. As the cathode diffusion layer is hydrophobic,
waler droplets are likely o be formed m the cathodsz
microchannels. For a water droplet in the microchannel air
flow. we have 1o consider (1) droplet motion and (if) droplet
evaporation. ‘The former can be caloulatsd by using a foroe
balance of the Siokes force (low Beynolds nomberi and the
dropdot sticking force doe o contact angle hysteresis [31]. IF
wir assume 3 near spherical dropled (large contsct angle), Ggv =
¥ End doos & — cos 8,0 can be shoom o have droplet motion,
where n is the dynamic viscosity of air, vis the go Bow
velocity in the microchannel, 3 is the sorface lension of the



Tabsle |. Foel cell paramesters nsed for the modelfing.

Parameter Vil e

T, call temperatune 00K

I, diffusion coefficient of methanal in the amode diffusion layer 404 < 10 * s’
3y, Effusion coefficient of methanol in the cathods diffusion layer 24w 107" e 5!
s, thickness of the anode diffuson layer 135 um

i, thickmess of the cathode diffusion leyer A0 g

i, methano] fuel concentration iM

7, viscomity of foel 04 « 1-*Pas
I, diffusing cosfficient of methanol in PEM 216 % 10 ¥ am® 5~
. ackness of PEM 175 pmu

o, elactro-psmotic drug coefficien 2

Wy, wiith of the anode microchanme] 50 pm

&, height of the anode microchanmel 5 and 10O gm
Les, lemgth af the ancds microchannel 6, 12 cm {1 macrachannel]
W, width of the cathods mirochmmnel K]

kg, bemight af the cathode microchanmed 130

L. length of the cathode microchanme]
A, fuel cell ases

i, anode inpat Bow mbes runge

(., cathode input fow rate mnge

4.467 cm {4 mocrochannelsy
(1%, 0.3 and .38 on®
1.38-£28 pl min!

130 scem

droplet, &, is the comact angle of watar on the microchanne|
surace, and 6, and &, are the receding and advancing conlsci
angles; mierestingly, the inegualiy is mdepemdent of the
dropled size. Dropler evaporation in a pas [low has been
described by (6 = m® — 81 [32], whem s the initial
droplet radius and § is the evaporation coefficient (m® 5%
at & given pas fAow velocity v, Ower the measured flow rales
(5-30 scom) and wsing four paralizl cathode microchanneis
having dimensions 150 pm « 200 pm = 4467 om, the
above reasoning pradicts that droplat evaporation should be
dominani. Droplel evaporation ocours in bess than | s, wsing
the coefficients given in [33], for a water droplet having a
radios of a few tens of micromeires, whereas droplet motion
only oceurs if the condact anple hystereis is very bow, Le. <17;
droplet motion coukd poour f higher air fow or larger contact
angle, 12, a superhydrophobic microchannel surface.

2.2, Cell performance

In order to peedict the performances of the foel cell we
have implemended a muiti-parametar 210 analytical modal [13]
which wses Fick's law and the Tafel equation. The miode]
is hasad on reclangelar microfluidic microchanneks having a
widih w, a haight & and a length L (subscnpls: 9 = anode,
c = cathode, u = mictochannel, d = diffusion layer andd
m = membrane) resting on porous diffusion layers having a
thickness a which in fum rest on 3 PEM having a thickness d_
(zpe figere 21 Taking the example of the anode, we have

dx 2
ﬂ:-lb_"‘ 2)
¥ Dy

where ¢, i5 the methanol concentrabion along (r direction)
the anode microchanpel, ., & the width of the ancde
microchannel, &, (mol m—* 5~} is the methanol fAux from
the anpde microchanne| to the anode diffusion layer, (2, is the

} MeOH (G pl mir )

=R

ME®, ([T, cla)

i a-i--ii [ —i iil iii

e Ll

fuee Eets
} Al (10 scom) ‘

Figure 2. The foel cell set-up used for the experimenis also showing
the mpartunt parammeters uesd i the modalling.

mput fow rate in the anode microchannel, ca s the molar
methanol concentration through (¥ direction) the diffusion
Layer amd [, is the diffiesion consiant of methanol in the
anode diffusion layer. In terms of the elecinical perfomances,
wit have

A
by =ﬁ1"¢" (Y]
where
de ot
S, W3 4
d D P + i

where & (imol m~= 5~} is the methanol crossover Aax,
L, is the diffusion coefficient of methansd in the PEM,
Cm i5 the methanol concentration across tbe PEM, @ is the
electro-ramotic drag coeffickent of methanol, J_ is the cumem
density and F is the Faraday comstant (0648533 C mel™ ')
Analviical solstions [34-37] permit ope io calculate ihe
concentrations of methanol and oxyzen present in the anode
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Figmre 3. Caloglnted varation of the methanal concentration = the ampode catalyst byyer as 2 fonction of the microchemme| length w1 differem

walfues of apods

inf at a constant fuel Bow rate of L3R pbomin " (@b A = 0.3% cm® and (b} A = (.18 an’. Calculated foel cell

power outprat perfcomanoces for (ch fisd Bow veniation at comstunt wir forwe (30 soom ), A = (39 om?, and (d) fosl Bow variation at comstent Fir

Aow (30 scom), A = 058 o

and cathode microchamnels and at the anode and cathode
catalyst layers, from this the fuel cell’s elecirical performances
can be predicted for a given sef of fuel cell parameters. The
parametars used in this sndy are listed in fabie 1. The mode]
makes several assumptions incheding that the pressure drop
is nod i=ken indo account, more detzils can be found in [33).
W initially verified the model by wsing the parameters given
in [33], The model doos nod take inlo consideration carbon
disxkibe generation, bal despite this, the model domonstrates
three important pradictions: {a) al the foef Aow rates msed. the
oabpat is a strong vanation of the input fuel flow rags, (bl a
Fow Fuel Mow rate (e.z. 1.38 ul min~') resufls in a low power
outpal {e.g. -2 mW cm—) af 3 cell area of 039 cm® even
when carthon dioxide is ot aken Mo account and (C) there

is & power owtput saburation effecd as a function of the input
fuel mte. The analviical modelling allows one to verfy lhe
microchannel dimensions chosen based on the microfluidic
considerations.

Figuras a) and (F} show the calculated vanabon of
the methanol concentrabion st the anode catalyst layer as a
function of the microchanns! fength = different values of anode
pverpotzntial at 4 constant foel Aow rate of 5.28 pl min—! for
twor different foed cells. The mode] predicts that the methanod
concentration decreases with length and also decreases as the
anode overpolential increases.  Also for a larser area fuel
cell, the fue] cell needs will not be met for A certain bength of
microchanne] under certain opersting conditions {flow ke and
ancde overpatentialh. Fipares Sich and () show the modetled
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Figare 4. Microfabricstion steps nsad for the fabrication aof the
ands =nd cathode silicon-hemad microchanmels.

fuel cell power density a5 a fnction of inpat fuel Aow vanason
il constant air Bow (30 scom ) for tewo differend fuel cell areas;
A =030 cm”znd 018 cm*.

3. Microfsbrication

High resistivity (4500 £ cm) silicon sobsirates (Silironix,
Framce} having a 3 inch diameder and a thickness of 350 pm
were used 1o prepare the microfuidic and gas microchannels
fior the anode and the cathode. The critical steps of the process

(el Ri Fabairsis

fa] &)
Figure 5. (g} Meastrement set-up, and (b} microfln@c, pas md
elecirical cimcuns nsed for the experiments.

Pl

are illusimated in Agere 4. A PECYD silecon dioxde film was
deposided oMo one wafer surface (o protect il doring plasma
giching of the rear side of ihe wafer. A first photoresst ("R
layer { AX4562) calibrated to have a thickness of 16 pm was
spin-coated to make thre-holes in the 5i waber (see figome d4aih,
The 5i wafer was etched using 3 successive etch/passivation
DEIE comprizing S5F; etch cvcles and CyFy passivation cycles
|38, 39] in 3 plasma etcher (Surface Techmolopy Sysbems,
UKD in order 1o hkave highly vertical sidewalls. Just prior io
thru-hole formaton {500 min comespomnding o an elch rate of
7.2 um min~"), the wafer was removed and fized onto an
additicnal silicen suppont wafer in order to prevent the kakage
of hezliom coolant gas spon timu-hole completon zfler etching
the final 20 pm of silicon. Mazma ebching was maintzined
kil all thre-holes penetrated the waber {see figare 4063 The
first PR layer was then removed using successive washes
of acetome, 2-propanel and de-ionized water followed by
i HRSOCH:D (volovol 50500 soluton cleaning step. A
weoond PR (AZA542) laver was then spin-coated in onder 1o
fabricate the foel and pas microchannels fsee fGigee Sickh
These microchannels were also fabricated using the successive
gich/passivation DRIE process (see fizure 44} The second
PR Iaver was removed in the same manner as ihe fist PR
lzyer following plasma eiching. The sificon surface was then
covered by 3 native oxide Layer following the HaS0uH-0:
sodution cleaming step (igure 4420). A third PR layer was then
prepared inoorder i cover the anode chanmel areas. A -1 pm
thick hydrophobic Aoorocarbon laver was then deposited onlo
the wafer surface wsing a C,Fg-based plasma which is usually
wsed for passivation mode in 2 successive eich, passivation
DRIE process (Agure 4fi—g . The same process was wsed for
the air-side wafer except that no masking was wsed o profact
the cathode microchannels which we mendered hydrophobic.

4. Results and discussiens

Figure 5 shows the microflukdic/elecmical test set-up that
was developed fir the characterization of the foel cells
The microfluidic fgas inputs; oepuets were omplemented using
Mancport™ connections {Upchorch Scientific, USA). Mass
Ao comtroliers were employved (o comtro the fuel fow and the
air flow. The silicon wafers, diffusion lgyers, electrodes and
Mafion® 1 | 7-based PEM were stacked a shown in fgume Sia)
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and held together by tworigid acrylic glass plates (thickness =
05 cm} contaiming thro-holes o enable alignment via the
passage of the Manopor™ connectors. Polydimethyisiloxane
(PDMS) sheets (0.5 mam) were emploved bedtween the scrvlic
glas plates and silicon wafers (o prevend the silicon wafers
from cleaving. & 235 pm thick GDL-24 BC supplied by (506G
Carbom, Germany b was msed as the anode diffosion Loper. For
the air diffusion layer, & commercial gas diffusion layer L=
1400 {E-TEK, USA) was employed; this had a thickness of
400 gpm.  Commercial gold mesh sheets (Goodfeliow, LK)
were employed as the coflector eloctmdes for both anode and
cathode; the wire diameter was 6 pm and the average space
was 250 pm. Figogre 505} shows the combined elecirical,
microfiuidic and gas ciromis. The edecirical cirowit employed
a cument sogree (0500 mA), 3441 A digial maukh-meters
{Agilent, USA) The micreffuidic and zas supply employed
plastic mehing (0D = [587 gm; 1D = 762 pm} supplied from
Cluzean {France) which was connecled to the Manopont™
on the foel- and air-sides of the stlicen wafers. In terms of
mass fow control. the force fed fuel Bow rate was controlled
by am 14 high-precision muolii-charme] dispenser penstalic
pamp {lsmatec, Switrerand) having 3 fow mie range of
0-3% pul. min~' whilst an STEC SEC-T300 mass fow
controlier (Horiba, Japan) was employed for the air having
a mass fow ranee of 2-530scon. Measurements were taken m
the following sequence: (1) foel Gow vanation at constant
air flow for different cell ameas, (i} #r Aow vamaton at
constant fuel fow for different cell areas and (§id) fuel Aow
variation at constant air fow for different microchannel cross-
sections. All measumements were (aken 3l room lEmperatior.
The oulpol power density as a function of curment density
data was evaluated from the measured cimmenl (mA) versus
voliage {mV) charactenstics; measurements were repealed
several fimes by (i) repealed -V mossumoments and i) by
demantling and reassembling the microfluidic set-up toensure
repeatabifity of the electrical results. Statisbcal error bars are

mof incleded but we estimate the ermor in the output power
density io be approximataly £+ (.2 mW on—2.

Figure & shows the output power density of fueel cells
having a surface area equal to 0,39 cm® and 018 cm® when
varying the fuel flow rate from 138 glmin- to& 28 plomin-t
whilst keeping the air flow rale ai a constant 30 soom; the air
flow Tate was intiially held ai 30 scom to ensure no mass fow
probfems at the cathode. Fipure 7 shows the outpit power
density of fuel cells having a surface area aqual o 039 cm®
and .18 cm® when varying the air flow rate from 5 scom o
30 soom whilst keeping ibe fuel Aow mie at 3 constsni
276 L min . Figure & shows the effect on the outpat power
density when reducing the microchannel beight for a fuel cell
having a surface area egual to 0.3 cm? when varying the fuel
flow rate from 138 to 5.52 pL min~' at o constant air fow
rate of 10 scom.

Onerresalis shoukd be analysed and compared toeach other
amd 1o those obtzined using silicon-based microechnology in
the Hierature [17-30]. To do this. we calculate a figure of
merit termad the fuel use efficiency [40] Fom the curment
density imW cm~¥) at maximum power density, the active cell
surface (cm?} and the fuel flow mate (mod 5~ ') Table 2 shows a
surmanary of resalis and a caloulation of the foel e efficiencies
for the resulis presemted here and those calcolsed from
results published in the Btemture; noto that vaises are only
shown where numbers could be extracted. Ther are several
imporiant observations to be made from late 2. Fisd, bt os
consider our resulis; if we compare cutput power dersities
and fisel use efficiencies. then 1 smaller cell (018 cm®
resulis in 3 higher output power densily over the fuel fow
range {with the exception of 1.38 gL min~'). However. a
larger cell (0.3% cm®) results in improved fuel use efficiency
(15%:) at a bower foel Aow ratie (138 gl min-"L In both
fusel cell surfaces {h., = 0 pm), the fuel wse efficiency
dacreases with increasing fisel Aow rate.  Using an anode
microchanne| height of 50 pm, oar best power density result
of 12.5 mW om 2 at a fuel fiow rate of 5.52 pL min~' (3 M)
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Tnble 1. Summuory of resalis snd compansan with these published
in the literatune.

Py A O Fod me

(mWeom™  fom®l (plomin"y  effcency (%) [40] Refersnce
43 (L] 1.3%8 201 This work®
5 ] 2.Th 17.7 This work?
12.5 s 5352 14.1 Thes work®
2 o1k 138 11.7 Thiz work
58 nig 276 113 This work®
BT 1R 5352 5 This work”
11 014 BIB 59 This work®
245 0¥ 138 15 This weork?
2R nF 76 il This work!?
37 o 552 &3 Thixz work”
5H 0% RIE &5 This work®
1LE (L. 1.3% 7 Mtods] [33]
82 03 138 6 Maodel [33]
£ 03 138 an Madel [11]
12 02s 2000 02 17

143 L6 281 47 [18]
f.28 025 D66 6.5 2]

16 1635 IE3 22 23]

038 161 1000 01 [23]

a7 ] ) 19 [26]

BAE AT A [ [28]

49 1 10 15.5 [29)

Lk = 50 g

® o 100

corresponds (o 14.0% fuel wse efficiency: cor best result in
tzrms of fuel nse efficiency is 201% achieved at a foel fow
rate of 138 pLmin~* resubing in 2 maximum power density of
43mW om . Asdiscussed previously, it should be noted that
reducing b by 2 factor of 2 increased the microchanne] pressure
by ~-3.55 times, ihus increasing the possibifity of foel leaks
and asseciated reduced perfonmances. We can now compare
our results with the modelling (see figure 3). The modelling
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Figure §. Anode microc kinee] height variation: cotput power
density wersus curent density ot A = (.3 cn”. Fuel cell parameters:
[Fosl-sidel W = 50 pm, by, = 50 em, oy, = 235 pm (GDL-24
B (air-side) wpe = 200 pm, by = U5 pm, de = 400 gm
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predicts the comect mends observed bere: a large cell resulting
in & lower output power density (fgumes 3ic) and {(d}) A
calcalation of the fuel wse efficiency from the modelling
aizp predicts the observabons here. Howewer, the modelling
predicts higher power densities, igher current densites and
fuel e efficiencies than thoze ohserved here, possibly due 1o
the fact that carbon dioxide bebble formation and el Jeaks,
for example, are not taken indo account. The model also fails
o predict the importance of the microchannal beight & on ihe
cell performance which we observe her; this is dee o the
fact that the pressure drop along the microchannel is nol aken
into account in the model [33] Hedocing the microchannel
heright lexds to a higher velocity in the microchannel and an



increased pressure and thus A higher mass transfer; indeed
our best performance obiained wsing k = 50 pm and w =
100 wm corresponds to the optimum aspect ratic eporied by
Wong e al [26] using larger microchannels and higher fuel
flow raes.

Compansons must also be made with performances in
the literature although one should note that microlXMEC
chamacterization mvolves many parameters and direct
comparison is not always evident  Despite this, we have
extracted where possible the power density and the fuel wse
efficiency, based on [£0], We can compare oar resulls o
eromps who e fusl Aow raes =100 gl min~' and proops
< 100 oL min—". In the former we have Kelley et al [17] who
achieved & power density of 12 mW om~2 at a rather large
fuel flew Tate of 2000 gl min-1. Yeom of af [23] achieved
038 mW cm " at a foel Aow rate of 1000 gl min~" and
Yen et ai [ 18] achieved 47 2 mW cm— for dry-etched silicon
mictechanneds (750 pm width by 400 pm depth} operating at
&0 =C, but this 211 ko 12 mW om = 2l rom Emperature for
a fuel fiow rate of 282 gl min-! comesponding io a fuel e
efficiency of 4.7%. However, 3 noabiz eoent result is Wong
i al [26] who demonstraied 3 power oatput of 34 mW om—
for a | om® serpentine siticon-microchannet-based system at a
fuel Aow rate of 300 gl min—! (fuel we efficiency = 1.O%);
this group alse showed that a smaller microchanne! height
cowapled with a serpentine microchanne] rather than parallel
channels improves cell performances, but the resulls were
apain geperaed st 2 refutively mgh fuel fow miz of
S00 gl min—'. Zhang e ol [28], using silicon microchanniels
in 4 povel microblock array, achieved 3 room temperature
povwer density of 5.08 mW cm™* at a fisel Aow rate of 600 gl
min—! {fual use efficiency = 0.2% ). In general, the use of a
high fuel flow mite to schieve a high power output resubts i
fower fuel use efficiency. In terms of ow foed Aow rate and
reduced cell area, Wormiack f al [20] wsad a very low flow
rate of 0,06 L. min— o achieve 020 mW cm—2 achieving
4 Fieed wse efficiency of 6.5%, and Esgquivel of af [27)] wsed a
flow rate of 2 gl min~! {estimated from 100 gl over 50 min
wse) to obtain 10 mW om—. In addition, Motokawa 2t @i [21]
demonstrated & cell having & surface of 0015 om® achieving
078 mW om—2 at a low fuel flow rate of 10 gl min—! and Lis
er af [29] also used & foel Mow @tz of 10 gL min~" to obeain
49 mW cm—2,

High performance micro fuel cells can be realized by
enbiancing the foel use efficiency. 1 the required powsr outpat
can be oblined efficiently with ower fuel supply, a simpler
call could be epvisaged via the elimination of devices such
as pumips; lower enerey consumption coubd be achieved in
the call and an acoordingly higher effectve performance is
realbized. The fiux gy, which is the flux of supplied foel from
the microchannels (o the diffusion laver, is dependent oo the
amiount of fusl which i consumed in reaction and crossover
flux o, feguation {31 The ratio of crossover fisel shown in
equation (4] and consemad fuel in the eaction is near constant
when a maximuom outputis produced from the SMEA at a certaim
fuel concentration. The supplied fuel to te microchannels
can be used more efficiendly if & minimom amoant of fuel
is supplied 0 maintain the fuel concentration. With longer

channels bowever, the foel fux from microchannels o the
diffusion laver pradually decreases along the microchannel,
i.g. the cell suface; @ is thus difficult to maintain & cerizin
feel concentration 2l over the cell surface. Using a larger
microchannel geometry is coenter to miniawnzation of the
cell which requires the cell to be smaller and the channels 1o
be shorter. Constant fuel concentration can then be maintxined
sing a small amount of fuel fow 2l over the cell surface.

5. Conclusions

Silicon microsystems have been swecessfully employed
¥ charactenze the room lEmperabme  performances of
mimiatarized micro direct methanol fsel cells having small
surface areas {<(4 cm®) at low forced inpu fuel How mies
(=10 gL min—'y A state-of-the-ant fuel use efficiency of
H0.19% was observed at a fusl fow e of 138 gl min!
for a fuel cell operating & room lSMEpETaime; COMPAriEon
with the hiterature reveals thal this value is an improvement
on the previogs work,  Foeel and oxidant were ciroilated
Esinp serpentine microchannels eiched in sificon wafers; the
micrachanne|s had dimensions of the order of 50100 gm. A
rgid microfmidic/electnical lest set-up was developed which
combines silicon wafers, diffusion laver, electrodes and a
commercial profon exchangs membrine sct-up which gave
ighly repeatable e=ults. A sate-of-the-an room teniperatire
prwer oupo of 125 mW cm— was measored for a fucl cell
having an active area pqual 1o 03 om® at a foe! flow mie of
552 pl min-" af 200 K alihough in this case the fuel use
efficiency fell to 14.1%. The stody showed that improved
cell perfonmances in terms of power density can be achieved
at Tow flow rates (=10 gl min "} by i) reducing the fuel
cell area and (5} redecing the microchannel cross-sachon,
The study also revealad that higher foel uwse efficiencies can
be obtdined al a lower fuel flow rato. I lerms of oeH
surface, agreement is found bebween the results and the rends
pradicied by an analytical model; however, the model ignores
the pressure gradient along the anode microchannel and thus
fails o predict the enhanced perfommances ohserved here when
the microchannel heighi is redoced. Chr resulis madscate thad
the outpis i more sensitive to foel flow than air fiow over the
lest rangs and that 3 maximum power density was obtained for
a smaller surface and shafllower microchannels.
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