Microfluid Nanofluid
DOI 10.1007/s10404-011-0916-0

RESEARCH PAPER

Integrated micro fuel cell with on-demand hydrogen production
and passive control MEMS
Vikhram V. Swaminathan • Likun Zhu •
Bogdan Gurau • Richard I. Masel • Mark A. Shannon

Received: 18 September 2011 / Accepted: 13 November 2011
Ó Springer-Verlag 2011

Abstract An ever increasing demand for packaging more
energy on-board to meet the needs of power hungry
microsystems is driving the miniaturization of power
generators. We report a fully integrated Power MEMS, in
the 10-lL size, designed to deliver high energy and power
densities. On-board hydrogen production and an efficient
control scheme that facilitates integration with a fuel cell
membrane electrode assembly are key elements for micro
energy conversion. A millimeter-scale reactor produces
hydrogen by hydrolysis of CaH2 and LiAlH4, to yield
energy densities of the order of 200 Whr/L. A passive
microfluidic control scheme, incorporating surface tension
to pump water in a microchannel for hydrolysis and
microvalve control using hydrogen backpressure, facilitates delivery and regulation and eliminates bulky auxiliaries that consume parasitic power. We tested the ability
of this control scheme to improve uniformity of power
delivery during long periods of lower demand, with fast
switching to mass transport regime on the order of seconds,
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and realized peak power density of up to 391.85 W/L.
Prototypes have been tested for duty periods from 2–48 h,
with multiple switching of power demand in order to
establish performance across multiple regimes. Critical to
the realization of the integrated power MEMS, and its
energy and power density, are effects of water transport
and byproduct hydrate swelling on hydrogen production in
the microreactor. While CaH2 showed superior hydrogen
release kinetics that enhances power density, LiAlH4 provided greater energy density due to reduced byproduct
expansion that permitted increased hydrogen production.
Keywords Micro fuel cell  Microvalve  Micro hydrogen
generator  Hydride  MEMS

1 Introduction
We are experiencing an increasing need for the development of microscale power sources. Ongoing developments
in micro electromechanical systems of smaller sizes yet
increasingly sophisticated capabilities have meant that the
energy requirements of these systems have also increased
with complexity. Moreover, they are also having to pack to
greater densities to take advantage of size reduction. In
order to power up and automate fully functional wireless
sensors, bio-MEMS, micro-robots, RFID tags etc., it is
essential for their on-board power sources to miniaturize to
their size scale too. A micro power source must have the
capability to cater to a wide gamut of systems with operating lifetimes varying from hours-to-days, and also meet
peak demands (1 mW) in short bursts.
Towards meeting this goal, several micro power generation methods have been explored, including microbatteries (Kang and Ceder 2009; Notten et al. 2007), micro
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fuel cells (Morse 2007; Kundu et al. 2007; Jayashree et al.
2005; Gurau et al. 2008), ultracapacitors and energy harvesting devices. Given the inability of ultracapacitors to
scale up for bulk energy density and micro energy harvesting devices to concentrate into higher power densities,
the microbatteries and micro fuel cells have been favored.
New electrode materials are being engineered for fast
charging and discharging in batteries (Kang and Ceder
2009; Notten et al. 2007) as the microbattery is increasingly strained to scale down in a manner that would
simultaneously meet both energy and power demands at
the microscale. The micro fuel cell emerges as a strong
contender for power generation at these dimensions.
Miniaturization efforts on fuel cells have been successful at portable scale power generation (Prosini and
Gislon 2006) in the 1–10 W regime, with the development
of membranes and the use of liquid fuels and reforming
techniques (Pattekar and Kothare 2004), but with little
emphasis on system integration. Although membrane
electrode assemblies (MEAs) in the mm2 sizes have been
widely reported (Yu et al. 2003; Modroukas et al. 2005;
Pichonat and Gauthier-manuel 2006; Xiao et al. 2006; Chu
et al. 2006), we need efficient scaling of auxiliary systems
for water/thermal management. From the system perspective, the thrust is to simplify these auxiliaries and design
them to deliver fuel and control the device, with minimal
power consumption, so that we can increase on-board fuel
storage to maximize energy density. We have previously
reported efforts on miniaturization and integration to limited energy/power densities and some control (Zhu et al.
2008b, 2009, 2011; Moghaddam et al. 2008a, b, 2010;
Swaminathan et al. 2009). In this paper, we miniaturize a
proton exchange membrane (PEM) fuel cell and integrate
with it an on-board hydrogen generator and MEMS control
mechanisms that exploit surface phenomena at these scales
to accomplish efficient transport and control. While we
present experimental results from prototypes that provide
high energy and power density at the standard room temperature and humidity, we also identify issues that are
critical to integration and their effects on the performance
of the micro fuel cells.
A high-capacity hydrogen source is essential to maintain
power generation, and supply at rates that match varying
power demands on the fuel cell from external load. Storing
hydrogen in pressurized or liquefied form may appear as an
attractive option for maximizing fuel cell efficiency; however,
it is infeasible as hydrogen can diffuse through most structural
materials leading to losses, embrittlement and fire-hazard. We
need to incorporate it alternatively in a fuel and release it
efficiently through chemical reactions. Various chemicals
proposed as candidate fuels include inorganic and metal
hydrides (Aiello et al. 1998; Sakintuna et al. 2007; Muthukumar et al. 2005), organic hydrocarbons and low molecular
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weight alcohols, and sorption media such as carbon nanotubes
(Darkrim et al. 2002; Liu et al. 1999; Dillon et al. 1997) and
metal organic frameworks (MOFs) (Rosi et al. 2003). Most
inorganic hydrides release hydrogen via controlled water or
acid hydrolysis reactions, whereas organic chemicals do so
through reforming reactions (Pattekar and Kothare 2004; Ni
et al. 2007; Varady et al. 2007). Whereas liquid fuels such as
methanol and formic acid have large theoretical energy content and offer ease of storage and supply, they have often
needed dilution due to thermodynamic limitations and catalyst
poisoning (Yeom et al. 2005; Kim et al. 2009). The operating
efficiency of such fuel cells is significantly reduced, and the
need for bulky auxiliaries decreases the energy density of the
system. MOFs naturally absorb hydrogen and desorb, but at
elevated temperatures that we could be beset with large heat
losses in the microscale. While it is desired that the chemical
has large volumetric hydrogen capacity, the kinetics of
hydrogen release ultimately determines power density limits
for operating the MEA.
On the basis of the recent experimental characterizations
(Kong et al. 1999, 2003; Tessier et al. 2004; Pitcher and
Kavarnos 1997; Kojima et al. 2004), metal hydrides
emerge as attractive hydrogen sources for their spontaneous hydrolysis reactions at room temperatures. Among
them, our choice of fuel is limited by (a) the extent to
which hydrolysis reaction proceeds toward completion,
(b) the reaction kinetic, which is in-turn influenced by the
watervapor partial pressure, and (c) solubility and porosity
of the solid fuel, both of which depend on the volume
expansion of byproduct hydroxide/hydrate. From the point
of view of miniaturization and volumetric yields, Calcium
Hydride (CaH2) and Lithium Aluminum Hydride (LiAlH4)
are chosen as fuels for our hydrogen generator. Calcium
Hydride has superior reaction kinetics owing to porosity of
hydrolysis byproducts and LiAlH4 has nearly double the
volumetric capacity due to its minimal volumetric expansion (Zhu et al. 2008a).

2 Operation methodology
2.1 Device structure
Our miniaturized power generator consists of three distinct
assemblies: a fuel storage-cum-hydride reactor, a passive
MEMS control layer, and the miniaturized fuel cell MEA.
A schematic of the device, depicting the passive microfluidic pump and valve control scheme in operation, is
shown in Fig. 1. Hydride fuels (CaH2/LiAlH4) and water
reactants are packed in side-by-side chambers. The hydride
chamber, loaded partially with due allowance for byproduct volume expansion, also serves as the microreactor to
produce hydrogen gas when water is delivered from the
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Fig. 1 Schematic of the micro fuel cell power generator

reservoir by the MEMS control layer. A microfluidic regulation approach has been adopted, combining a gas/liquid
diaphragm microvalve and a channel pump. A shallow
silicon microchannel, with hydrophilic surface treatment,
delivers water to the reactor due to surface tension. The
polyimide (PI) membrane valve controls the fluidic connection between the water reservoir and the reactor through
feedback from backpressure of accumulated hydrogen. An
impermeable Au spot on the PI membrane is aligned to
cover the water chamber port, along with two other via
ports for water delivery and hydrogen release facing the
hydride reactors. Hydrogen generated by this scheme is
utilized at the anode of the MEA at a rate determined by
electrical load. A spacer present between the MEA and the
valve side of the control layer adds sufficient dead volume
to provide a reserve of hydrogen for switching loads. One
advantage of designing the valve out of PI membrane is
that its ability to absorb water ensures humidity around the
MEA, preventing conductivity loss from dryout of Nafion
pores due to dessication by the hydride. The sizing of the
device is such that it has a footprint of 0.96 mm2 and
volume of ca. 12.7 lL. The hydrogen generator occupies
ca. 67% of the device volume, and the control layer and
MEA-spacer assemblies are as thin as 300 and 100 lm,
respectively. Figure 2 depicts a size comparison against US
one cent coin for a fully integrated device, sealed with fuel
prior to water injection and operation.
2.2 Microfluidic self-regulation
Control of the micro fuel cell is based on variation of the
internal hydrogen pressure at the anode throughout device
operation. On one hand, the microchannel can continuously
pump water for hydrolysis; on the other hand, the valve
controls fluidic connection and is driven by this hydrogen
backpressure. The amount of hydrogen that accumulates

Fig. 2 Photograph of the fully integrated micro fuel cell, compared
with US one cent coin

around the anode is determined by the difference in rates of
its evolution from hydrolysis and its subsequent consumption by the MEA. The consumption itself closely
tracks the power demand on the output side—when power
demand is high all of the hydrogen is consumed, but a fall
in consumption upon drop in power demand leads to
accumulation and pressure build-up. Excess hydrogen
accumulation, which could lead to loss of fuel by diffusion
through the walls or device failure if it exceeds burst
pressure, warrants that the control layer stops water supply
to the microreactor and hence suspends the device. During
high power demand, the valve remains open and allows
continuous pumping of water in the microchannel for more
hydrolysis. The control layer is so designed that meniscus
pumping pressure is an order of magnitude greater than the
operating pressure of the microvalve, hence hydrogen
backpressure actuates the valve before it can displace the
water meniscus to affect the working of the surface tension
pump. While we do not explicitly control the pressure or
flow rate of hydrogen, the device self-regulates these based
on external load on the MEA. The entire water management scheme is passive—by not drawing parasitic power
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toward control, both the operating efficiency and energy
density are maximized.

3 Design considerations
3.1 Membrane deflection theory: a linear elastic model
The microfluidic valve is modeled as a thin circular membrane (thickness, t  a, the outer radius) and, when subject
to uniform pressure, it behaves similar to a uniformly loaded
plate of finite thickness (Timoshenko and WoinowskyKrieger 1959; Saif et al. 1999). The normal deflection is
axisymmetric and follows parabolic variation in the radial
direction as shown in Fig. 3. This deflection, within small
strain limits, can be modeled using linear elasticity
assumptions. The deflection, for an infinitesimally narrow
circular element as a function of the radius is given by

2
r2
wðrÞ ¼ wo 1  2
ð1Þ
a
where, w represents the normal deflection, and r is the
radius of the element, so that


dw
4rwo
r2
¼ 2 1 2 :
ð2Þ
dr
a
a
The shape of the differential element can be approximated
as shown in Fig. 3b, and its length, s, estimated (using
further simplification) to the form
"
  #
1 dw 2
ds  1 þ
dr
ð3Þ
2 dr
so that the differential strain er ; over the ring element is
given by
 
ds  dr 1 dw 2

er ¼
:
ð4Þ
dr
2 dr

Substituting Eq. 2 in 4 and maximizing, we have the
maximum strain (er;max ; corresponding to the location
r ¼ paﬃﬃ3)
 
32 w2o
er;max ¼
¼ 0:0475%:
ð5Þ
27 a2
An estimate of mean membrane strain, ea ; is also
obtained by integrating the deformation and averaging it
over the radius
RS
ds  a
ð6Þ
ea ¼ 0
a
and, it follows from Eq. 3 that
ea ¼

64w2o
¼ 0:0256%:
105a2

For a membrane of diameter 1,000 lm, and 10 lm center
deflection, both the maximum and mean strain estimates
from Eqs. 5 and 7 fall within limits of linear elasticity and
validate the plate theory model. Based on the analytical
solution using this model (Timoshenko and WoinowskyKrieger 1959), the pressure–deflection relationship for the
membrane valve (including an empirical correction (Selby
et al. 2001) is given by
DP ¼

8
Et
4ro t
w3o þ 2 wo
4
2
3 a ð1  m Þ
a

ð8Þ

where, E is the Young’s modulus, m is the Poisson ratio,
and ro is the residual stress. For a polyimide (PI) membrane valve, with measured thickness of 2.3 lm, the valve
closing pressure is estimated as DP ¼ 3:68kPa:
3.2 Surface tension pumping: surface energy
minimization
Surface tension scales down favorably, and attains significance over body forces, at micron dimensions. Capillary

Fig. 3 Schematic of the passive microfluidic valve, showing PI membrane and Si die, in operation

123

ð7Þ

Microfluid Nanofluid

action is ubiquitous in biological species, notably for
upward water transport in plants, and it has been demonstrated as a passive pumping agent for manipulating sublL volumes in microfluidic systems (Walker and Beebe
2002). We have incorporated this principle in order to
transport water from the reservoir to the reactor by means
of a hydrophilic channel of suitable geometry in the control
layer. Since the work of pumping arises from a surface
force, it makes the micro fuel cell orientation independent.
Consider a rectangular microchannel, with hydrophilic
walls, as shown in Fig. 4a. Water is naturally drawn into
the channel and the meniscus assumes a concave shape,
h
w
with radii of curvature r1 ¼ 2cos/
and r2 ¼ 2cos/
as determined by channel height, h, width, w, and contact angle, /,
under equilibrium. For the elemental meniscus surface area
dA = ds1ds2 shown in Fig. 4b (where, ds1 = r1dh1 and
ds2 = r2dh2), the total surface energy Ur of the meniscus is
determined as
U¼

Z

rdA ¼

p2/
Z
Z p2/

r
0

A

Ur ¼ r

h
w
dh1 dh2
2cos/ 2cos/

ð9Þ

0

wh
ðp  2/Þ2 :
4cos2 /

ð10Þ

If the channel width is set to parametrically vary with
channel length, then under this condition we can derive the
r
pumping force Fx ¼ oU
ox such that

We take advantage of this phenomenon to supply water
from the reservoir to the hydride reactor for the hydrolysis
reaction without the need for drawing power from the fuel
cell toward pumping work.
The excess pressure due to surface tension, of a concave
meniscus formed inside a hydrophilic channel (Fig. 4a), is
given by the Young–Laplace equation under equilibrium


1
1
DP ¼ rr  n^ ¼ r
þ
ð12Þ
r1 r2
For a channel of width 150 lm, etched to a depth of 6.3 lm,
with hydrophilic surface treatment, excess pumping pressure estimated from Eq. 12 due to surface tension is 24 kPa.
In comparison, this far exceeds the pressure required to
close the valve as shown in Eq. 8. This ensures that during
build-up of unconsumed hydrogen, when load on the MEA
drops, the valve closes well before excess hydrogen accumulation can move the meniscus. As a result, regulation
over water transport to the reactor is controlled primarily by
the valve. Further, the pumping pressure due to surface
tension in the water reservoir is 200 Pa. In comparison with
these pumping pressures, the hydrostatic pressure in the
water reservoir (\10Pa) and its weight (20 lN) when fully
filled are negligible so that microfluidic pumping is maintained regardless of device orientation.

4 Experimental

2

Fx ¼ r

ðp  2/Þ
hw0 ðxÞ
4cos2 /

ð11Þ

Hence, for a hydrophilic channel of progressively
decreasing geometry w0 ðxÞ\0; surface tension acts to
pump water and maintain the channel in an always filled
condition so that meniscus surface energy is minimized.

4.1 Membrane electrode assembly
The miniaturized MEA (Fig. 5) was made by sandwiching
Nafionr 112 polymer electrolyte membrane (PEM)
between two 25 lm thick stainless steel (SS) sheets, each
having a laser-cut square window of 1 or 4 mm2. The

Fig. 4 Schematic of surface tension pumping in a channel showing meniscus formation
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extracted for the MEAs. The adhesive-bonded MEA
developed an open cell voltage of 0.99 V and supplied peak
power density of over 200 W/cm2 (Fig. 6a). In comparison,
the Nafion-bonded MEA (Fig. 6b) showed two-thirds
improvement and achieved 342 mW/cm2. Once past the
activation regime, at 0.7 V, the current density nearly
doubled from ca. 100 to 200 mA/cm2. At 0.2 V, under mass
transfer limit, the current density increased by over 50% to
exceed 1,200 mA/cm2. However, it must be noted that
bond strength in the latter, due to weak van-der-Waal’s
forces, was poorer than the adhesive transfer method and
was found to delaminate upon prolonged exposure to
extremely humid conditions.
4.2 Fabrication of the valve
Fig. 5 Schematic of the MEA, showing a assembly, and finished
b top and c side views

layers were stacked and bonded via an epoxy adhesive
transfer process (Flachsbart et al. 2006). Catalyst ink (a
suspension of Pt-black and Nafion in isopropyl alcohol)
was painted directly onto the PEM square windows on
either side, adequately contacting the SS sheet in order to
create electrodes. Alternatively, the MEA was also prepared by low-temperature bonding. The PEM and SS
sheets were stacked in a similar manner, but bonded using
liquid Nafion (instead of adhesive transfer) under pressure
at 80°C on a hotplate. The goal behind using low-temperature process was to maintain water retention in the
PEM so that proton transport pathways do not collapse
under high temperature. The miniature-scale MEAs
(4 mm2 active area) were tested at room temperature for
performance, using dry hydrogen at the anode supplied
from a tank and quiescent air breathing cathode. Figure 6
shows polarization and power density characteristics

Figure 7 shows a flow sheet for the fabrication process of
the MEMS control layer. The microfluidic valve-chambercum-channels and via ports were patterned on a 300-lm Si
wafer by conventional double-sided lithography in steps
(a)–(d). The silicon die comprised three holes—one connecting the water chamber to the valve inlet, another at the
exit of the microchannel delivering water vapor to the
hydride reactor, and a third for the exit of produced
hydrogen to the MEA at the gas side of the PI membrane.
The via holes and shallow channel features (5-lm nominal
depth) were dry etched using BoschTM process in a
PlasmathermTM ICP-DRIE system to a measured depth of
6.3 lm. Following this, the Si dies were treated with SC-1
cleaning procedure for 30 min in order to make the surfaces of the channel walls extremely hydrophilic (/ B 5°)
(Eom et al. 2004).
The PI membrane was prepared through a spin-curerelease procedure as outlined in steps (e) and (f) (Su et al.
2007; Kook and Kim 2000). HD MicrosystemsTM PI 2545
precursor was spun (for nominal 2-lm thickness) on a

Fig. 6 Polarization and power density curves for the miniature MEA before integration
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2006). A thermal epoxy resin was transferred onto the Si die
by PDMS contact lithography [step (h)]. Using Si shadow
mask, adhesive covering the channel and valve regions was
etched away in a JupiterTM Oxygen Plasma RIE. After
patterning the adhesive, the Si die and PI membrane were
brought in contact, with alignment of the Cr/Au covering
the water chamber port under a microscope, and thermally
bonded on a hotplate at 140°C under pressure [step (i)]. PI
outside of the Si die, and the region covering the hydrogen
exit port, was etched using Oxygen Plasma with shadow
masking [step (j)]. Bonded PI membranes were finally
released from the coverglass substrate by soaking in a
deionized water bath on a 120°C hotplate overnight. The
released control layer dies (ca. 3 lL) were cleaned and
dried, for eventual integration [step (k)]. Figure 8 shows
pictures of the microfabricated control layers.
4.3 Microreactor fabrication and integration
The hydrogen generator, with rectangular water and
hydride pockets, was electrical discharge machined (EDM)
out of stainless steel (SS). A hole was provided at the
bottom of the water chamber, whereas the hydride chamber
bottom was left open with an additional flange on the top to
increase bonding surface. SS machining was preferred over
Si microfabrication to minimize wall thickness (100 lm)
and economize material usage—to improve volumetric
energy density by increased fuel loading. During integration, a 25-lm thick PTFE hydrophobic membrane was
attached to cover the ports on the hydride side of the valve.
The three layers—hydride reactor, control layer and
MEA—were stacked, along with a 50-lm SS spacer
between the control layer and MEA, and bonded using twopart epoxy resin. Finally, the device was loaded with
powdered CaH2 or LiAlH4 (Aldrich Chemical Co., St.
Louis, MO, USA) and capped with a SS cover using
Loctite Super GlueTM, in a Nitrogen Glovebox.

5 Experimental results and discussion
Fig. 7 Fabrication sequence of the MEMS polyimide valve

cleaned 25-mm square coverglass handle substrate. Imidization to 2.3 lm final measured thickness was achieved, by
vacuum annealing in a nitrogen atmosphere at 350°C for 3
h. A 200-nm thick Au film [step (g)] on 5-nm Cr adhesion
layer was sputtered onto the PI surface. Micromachined Si
shadow masks, with patterns of alignment marks and the Cr/
Au spot for covering the water hole, were used for this
process. Bonding between PI and Si was accomplished by
an in-house adhesive transfer process (Flachsbart et al.

Prototype integrated devices, loaded with both CaH2 and
LiAlH4 fuels, were tested using a Solartron 1287TM
Potentiostat (Solartron Analytical, UK). Polarization
curves were generated by continuous ramping of cell
potential between open circuit and short circuit conditions
and the available current was measured. While performing
lifetime tests and switching, the potentiostatic mode was
chosen and chronoamperograms were drawn. Throughout
the tests, the cathode was run at ambient humidity and
quiescent air. Experiments on the MEA, prior to integration, were performed by supplying dry hydrogen from a
tank to the anode using an appropriate package.
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Fig. 8 Microscopic images of the control layer

5.1 Polarization and power density
A comparison of polarization and corresponding power
density plots of integrated devices for both CaH2 and LiAlH4
fuels, with an unintegrated MEA fed with H2 gas from a tank,
is shown in Fig. 9. The performance shows distinct effects
arising out of integrating an MEA with an on-board hydrogen
source of finite capacity and delivery. Since the fuel cells are
exposed to ambient air at the cathode, the performance now
depends directly on the availability of hydrogen and its
catalysis at the anode. The polarization curve of the MEA
itself (unintegrated) shows an activation region from open
circuit down to 0.8 V, followed by ohmic behavior with peak
power density occurring at ca. 0.4 V as it transitions towards
short circuit. In contrast, regardless of the type of fuel
loading, both integrated devices show significantly diminished performance.
First, activation behavior extends down to 0.75 V, with
ca. 50% drop in current density. We attribute this to differences in availability of hydrogen at the anode, between
integrated devices and the packaged MEA. Whereas
hydrogen is fed from a tank directly through a package for
the MEA to sustain greater-than-stoichiometric ratios at all
times, the hydrogen partial pressure in integrated devices is
controlled by the closing pressure of the microvalve. Once
hydrogen accumulates to the valve closing pressure, water
pumping through the microchannel is shut and this prevents any further increase in hydrogen pressure. Performance drop in the activation regime thus follows as a
design consequence.
Second, ohmic drop is steep with nearly 80% decrease
in comparison with the unintegrated MEA. In this regime,
the MEA operates in a way that hydrogen demand is a
combination of both pressure and flow rate. While this can
be satisfied by supplying hydrogen gas from a tank, the
integrated device has a limited rate of hydrogen production. We observe that mass transport limitations set in
much earlier in the integrated device and explain this by
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comparing the timescales of two separate processes
occurring in it. One of them, the timescale of hydrogen
catalysis and proton transport in the MEA, is a fast process.
The other, the timescale associated with the rate of water
pumping and diffusing through a porous packed bed to
react and evolve hydrogen, is much slower. The latter
phenomena particularly dominate the integrated device as
limiting agents, and the reactor is unable to deliver
hydrogen at the partial pressure required by the MEA at
these rates. Instead, the MEA shifts to a mass transport
limited mode, losing efficiency with less-than-stoichiometric hydrogen pressures at the same flow rates. This regime
extends to the point of peak power density of ca. 80 mW/cm2,
observed at about 0.4–0.5 V after which the current density
reverses.
Third, the integrated devices are fully mass transport
limited when operated below 0.4 V. In this region, iontransport rates are so high that any hydrogen molecule that
comes in the vicinity of the anode is almost instantaneously
oxidized and the protons are conducted through the PEM.
The MEA is able to deliver high current density when
flooded with hydrogen from the tank. However, the micro
hydrogen generator is unable to meet the demand even
when supplying hydrogen at its performance limit, with the
valve fully open and microchannel continuously pumping
water for hydrolysis. Hence, a sudden drop in performance
occurs as the device operates further away from equilibrium. In this regime, the available power density decreases
by an order of magnitude.
As a consequence of mass transport limitations, the
skewed shape of this curve represents an anomaly with
multiple solutions to the voltage at the same current
density (for example, in Fig. 9d, the device may operate
at either 0.6 or 0.3 V at 100 mA/cm2). We can understand
this better and resolve the anomaly by performing the
polarization test in both the forward and reverse directions. Figure 9d shows the polarization curve for the same
LiAlH4-loaded device, but in this case the test was

Microfluid Nanofluid

Fig. 9 Polarization and power density plots of integrated micro fuel cells

performed in a complete loop beginning from open circuit
to short circuit and back to open circuit. We observed that
the polarization curve follows a different path in the
reverse direction. At the same voltages, the power density
developed in the reverse direction is much less than in the
forward direction. We attribute this to build-up of
hydrogen in the space around the MEA. When operating
in the forward direction starting from open circuit (low
current), some hydrogen can generate and accumulate in
the anode chamber from residue water in the anode
chamber and the water vapor diffusing in through MEA
from ambient air (Zhu et al. 2009). This is advantageous
while switching to higher power regime. However, it will
go back to the mass transport limit when the accumulated
hydrogen is consumed at higher current. Beginning in the
reverse direction from short circuit, we observe that the
current density directly starts from mass transport limit
and goes to ohmic region. Hydrogen demand at the anode

is so high that there is no accumulation. As we ramp up
in voltage, the fuel cell will shift to ohmic region and
then the activation region.
We can conclude that the voltage loss before the clear
transition point (Fig. 9) is due to activation loss and ohmic
loss, but after the transition point it is concentration loss
due to mass transport. When operating the micro fuel cell,
the presence of spacer volume at the anode is advantageous
for switching to short bursts of high power albeit, as a side
effect, the device gradually recovers its operating efficiency while reverting back to the extended periods of low
power density operation.
5.2 Lifetime performance tests
On the basis of polarization behavior observed upon
integration, the prototypes were operated in multiple
regimes, with switching, to extract lifetime performance
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gradually decreasing current that is consistent with the
mass transport effects in hydrolysis.
5.3 Switching of load and power regimes

Fig. 10 Chronoamperograms at 0.9 and 0.6 V (inset shows CaH2
polarization plot from Fig. 9)

characteristics. We chose to run the devices for extended
periods of low power demand close to the activation region
(0.8–0.9 V), with switching down (0.3–0.4 V) intermittently to simulate peak power demand. The device was also
operated in purely ohmic mode (0.6 V) to observe effects
on uniformity of delivery. A comparison of lifetime performance of the integrated micro fuel cell when operating
at different voltages is shown in Fig. 10. Two separate
devices loaded with CaH2 fuel were operated entirely in the
activation (0.9 V) and ohmic (0.6 V) regimes respectively,
based on the inset polarization plot. In the former case, the
current drawn from the MEA being small under low power
demand, the reactor was expected to meet the stoichiometric requirement for hydrogen at the anode with the MEA
reaction rate being the limiting factor. Consistent with this
mode, the micro fuel cell maintained a uniform current
density of ca. 10 mA/cm2 and operated for over 10 h. The
latter case where the power demand on the fuel cell was
much greater, closer to the peak power density, the device
struggled to keep up uniformity in power delivery. In this
mode, the reactor could not deliver hydrogen at the rate and
partial pressure required at the anode thus making the
device hydrogen limited. Further, the current density progressively decreased over time, indicative of mass transport
effects. This correlates with diffusion limitation over time,
along with volume expansion, of watervapor through
byproduct hydroxide/hydrate in the reactor before hydrolysing fresh CaH2 to release hydrogen. In essence, the
gradual drop in current density while operated in ohmic
regime follows the increasing diffusion length for watervapor inside the reactor for effecting hydrolysis once it has
been pumped through the microchannel. In this intermediate regime, the device operated for 2 h and could deliver
152 Wh/L. Operating the integrated micro fuel cell close to
equilibrium is able to ensure uniform power delivery over
extended periods, whereas the transition region where the
fuel cell gets increasingly mass transport limited shows

123

Performance of the integrated micro fuel cell, under
dynamically varying load, is depicted in Fig. 11. As shown
in the voltage–time curve, the operating voltage of the fuel
cell followed a square wave, between 0.8 and 0.3 V with a
10-min timeperiod. The bottom graph shows a current
density snapshot for five consecutive periods. We can
divide the response during each cycle of switching into
three distinct regions. During the bulk of dwell times at
both 0.8 and 0.3 V, the fuel cell response was consistent
with polarization tests, with the device activation limited at
0.8 V and fully mass transport limited at 0.3 V. At the time
of switching to high electrical load, current density
momentarily spiked due to accumulated hydrogen at high
partial pressure at the anode. While this spike lasted for
about 10 s, the time it took for excess hydrogen around the
anode to be consumed, it corresponded to the peak power
density provided by the micro fuel cell. Following this,
hydrogen pressure dropped to levels at which the valve
opened and closed so that water could be pumped in the
microchannel for hydrolysis reaction to set in and cater to
the high hydrogen demand at low voltage. At this instant,
the current density sharply decreased, and then gradually
rose toward the bulk dwell value at a rate that tracked the
hydrogen generation. When load dropped and the device
switched back again from 0.3 V to low power demand at
0.8 V, the current density dropped instantly to zero because
of low hydrogen partial pressure. At this point, the valve
being open allowed more water to pump into the reactor
and continued generating hydrogen. As the consumption
rate at 0.8 V was lower, it allowed accumulation at the
anode, enabling the partial pressure to build up. Once this
rose to levels that matched the MEA’s requirement and
closed the valve, the device had completely switched back
to operating in the activation regime as indicated by
recovery of current density to its bulk dwell value at 0.8 V.
Although we observed due to mass transport effects that
the device could not maintain constant maximum power
over extended times, it could operate at relatively low
power demand for long time due to its high energy density
as well as deliver peak power density of 369.19 W/L for
short periods of up to 10 s.
Figure 12 shows a magnified snapshot of switching of
the micro fuel cell, comparing a device loaded with CaH2
source and its unintegrated MEA supplied with dry
hydrogen from a tank. The test was performed between 0.8
and 0.4 V, with 1-min dwell time at high power demand as
indicated, and we observed the switching action and
accompanying transition effects that occur due to
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Fig. 11 Switching action of integrated device loaded with CaH2 between 0.8 and 0.3 V

Fig. 12 Comparison of switching behavior of an integrated device loaded with CaH2 with an unintegrated MEA fed with H2 directly from tank

integration. The peak power spike that followed while
switching from 0.8 to 0.4 V was pronounced and lasted the
duration of consumption of accumulated hydrogen, the
current density again dropped and rose with time as
the microreactor gradually produced more hydrogen using
the water pumped through the microchannel. We observed
that during this time, the current density showed rapid
fluctuations. These changes followed the rate of opening
and closing of the microvalve, which was in-turn controlled
by the rapid changes in hydrogen pressure acting on it. As
and when water pumped through the channel came in
contact with the fuel and produced hydrogen, the pressure
rapidly rose to close the valve. But this was in-turn

consumed by the MEA in order to meet the power demand,
and hence the pressure dropped with the rise in current
density and opened the valve to pump more water. When
pressure dropped with consumption, the current density
consequently dropped due to lack of hydrogen until more
water was pumped through for hydrolysis. This rapid
cycling of pumping/consumption of hydrogen within the
integrated device determined the current density it developed in this regime. At any point of time, the width of the
peak was related to the amount of accumulated hydrogen
and its amplitude to the partial pressure.
In comparison with the integrated device, the direct
hydrogen fed MEA’s response matched the square wave
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switching pattern. Operating with stoichiometric hydrogen
throughout, the unintegrated MEA was able to settle almost
instantly into either regime during switching. The kinetics
of the cell reaction and proton transport through Nafion
were both sufficiently quick that they were not the rate
limiting factors for miniaturizing the fuel cell. We infer
that the dynamics of hydrogen generation, particularly
based on the mass transport effect associated with the
porosity and volume expansion of byproduct bed, was the
rate limiting factor and this solely determined the switching
capability of the micro fuel cell. Power densities, both at
the bulk dwell times and the spike, for the CaH2-loaded
device were higher than those at 0.4 V for the unintegrated
MEA. This was because at large flow rate, hydrogen from
the tank dried the MEA leading to drop in proton conductivity. Whereas for the integrated device, the anode side
was always kept moist by the PI valve and this helped
maintain proton conductivity and performance.
5.4 Effect of fuel on lifetime performance
Integrated devices, with both CaH2 and LiAlH4 reactors,
were tested for lifetime performance and their chronoamperograms are plotted in Figs. 13 and 14. Both devices
were operated at 0.8 V throughout the tests, with three

instances of switching to 0.4 V for simulating increased
power demand. The device with CaH2 was switched at
15-min intervals, whereas the LiAlH4 device was switched
every hour. Both devices were able to maintain current
delivery for over 3 h, indicating that they were able to
maintain stoichiometric hydrogen. The difference between
the devices was that the current density provided by the
CaH2 device was, initially for an hour, nearly double that
of the LiAlH4 device. This relates directly to differences in
the performance of the respective MEAs. Further, the
current density for the CaH2 device was relatively flat in
comparison with the LiAlH4 device whose current density
varied like a half-sinusoidal wave. Such a variation corresponds to periodic opening and closing of the microvalve
to pump water into the reactor, its vapor diffusion and
consumption during hydrolysis. During switching, both
devices demonstrated sharp power density peaks and
eventually settled into the dwell period current density as
discussed above. While switching back under low load,
they recovered their respective current densities at 0.8 V.
Both devices supplied most of their energy densities within
their initial 4 h of testing. From lifetime performance of a
number prototypes loaded with both CaH2 and LiAlH4
fuels, with tests spanning multiple regimes including
switching and pulsed operation, the micro-integrated fuel

Fig. 13 Chronoamperogram of integrated device loaded with CaH2 with switching
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Fig. 14 Chronoamperogram of integrated device loaded with LiAlH4 with switching

Table 1 Measured performance characteristics of integrated devices with microfluidic control
No.

Fuel

Cell voltage (V)

Test duration (h)

1
2

CaH2

0.8, 0.3
0.9

1.67
10.5

3

0.6

4

0.8, 0.4

5

Energy density (Wh/L)

Peak power density (W/L)

82.98
85.57

369.19
31.86

2

152.08

159.38

4.25

148.32

302.85

0.8, 0.4

14.1

162.85

186.57

0.8, 0.4

48.5

161.96

151.33

7

0.8, 0.4

8

130.17

168.77

8

0.8, 0.4

26.25

195.97

215.26

9

0.8, 0.4

4.5

87.61

391.85

6

LiAlH4

cell system was able to deliver high energy density at
both lW and mW power demand situations. Table 1
summarizes the energy density and power density metrics
obtained for these devices. In some cases, we observed
significant underutilization of the hydride fuels. The performance is affected by a combination of factors such as
volumetric expansion and agglomeration of byproducts in
the reactor that prevent hydrolysis from reaching completion, escape of some of the generated hydrogen to the
ambient through thin walls and membranes, and ambient
humidity variations that could directly affect the MEA’s

proton conductivity. The micro fuel cell produced nearly
200 Wh/L energy density and also developed peak power
density in the 350–400 W/L range.

6 Conclusions
With a goal of developing a high-capacity microscale
power generator, we have demonstrated a fully integrated
micro fuel cell. Our device generates hydrogen on-board
and produces current by running a miniaturized MEA, with
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duty cycles of several hours at room temperature and
humidity conditions. We have identified metal hydrides as
highly concentrated sources with fast hydrogen release
kinetics through spontaneous water hydrolysis reactions
and built suitable microreactors for the micro fuel cells. A
microfluidic approach, based on completely passive elements such as surface tension pumping and liquid/gas
microvalve that puts to use internal feedback from hydrogen partial pressure, has enabled implementing real-time
self-regulation without any parasitic power consumption.
During miniaturization and integration of the Power
MEMS, we implemented and observed the following:
(a)
(b)

(c)

(d)

(e)

(f)

(g)

An MEA that is ca. 1 lL in volume and capable of
upto 350 mW/cm2 power density.
A control system that occupies \3 lL and, without
consuming any of the generated current, self-regulates the power generator within the order of seconds
during switching of power demand.
A microreactor for on-demand supply of hydrogen
that provides for [35% volumetric packaging of fuel,
pushing the energy density to ca. 200 Wh/L.
The micro power generator is able to achieve nearly
400 W/L power density and sustain this for several
seconds of high demand.
The integrated micro fuel cell is strongly limited by
hydrogen production rates, and its performance
diminishes by nearly an order of magnitude in certain
regimes.
The actual energy density achieved by these devices
compares well against state-of-the-art miniaturized
batteries, with added benefit of high power density.
There is scope for improving fuel utilization by
addressing byproduct expansion in the reactor.

Micro fuel cell power has excellent potential for scaling
down to the lL sizes in order to address the dual problem
of increasing on-board energy and power density needs of
microsystems. Further enhancements envisaged include
reduction of MEA/control system volume so as to incorporate [50% volume fraction of fuel, improved reactor
designs to combat issues of byproduct expansion and
agglomeration for increased fuel utilization, and selfhydration schemes to maximize proton conductivity in the
MEA. Some of these improvements could enable microscale power generation to achieve even higher energy
densities and eventually drive successful miniaturization of
fuel cells from the portable electronics scale into powering
MEMS/NEMS.
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