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We present the design, fabrication and testing of a microfabricated planar reactor for the hydrogen evolu-
tion reaction (HER) using thin film Pt electrodes and polydimethylsiloxane (PDMS) fluidic chamber. The
reactor is designed to separate gases by flow dynamics and reactor flow is analyzed by three-dimensional
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finite element analysis. The planar geometry is scalable, compact and stackable. Using KOH 28 wt% elec-
trolyte, we have achieved a hydrogen generation density of 0.23 kg h−1 m−3 and an efficiency of 48% with
a flow rate of 10 ml min−1 and cell voltage of 3 V.

Published by Elsevier B.V.
lectrolysis

. Introduction

Hydrogen is an important contender for replacing fossil fuels as
clean energy source as well as an important gas used in research
nd industrial chemical processing. Currently, approximately 95%
f the hydrogen is produced by using fossil fuel sources [1]. Using
on-renewable energy resources as the primary energy source for
roducing hydrogen is based on economics and the widespread
vailability of natural gas and fuel. For hydrogen production, fos-
il fuel is at present simply cheaper and more abundant than any
ther alternative. Nonetheless, considering the limitation and envi-
onmental impact of fossil fuel, we must develop other means of
enerating hydrogen, especially if hydrogen is to become a sig-
ificant share of the energy market. If our goal is to reduce CO2
mission, then it is not possible to produce hydrogen on a large
cale using traditional steam reforming of natural gas [2]. Electric-
ty, at present, is only a secondary energy source used to produce
ydrogen. Improving the efficiency of solar photovoltaic (PV) cells
s an electrical energy source and techniques for producing hydro-
en from electricity can reduce the reliance on fossil fuels and
reenhouse gas emissions. The purpose of our paper is to demon-
trate a microfabricated planar reactor for hydrogen generation. Our

evice can provide a source of hydrogen fuel and oxygen which can
otentially be integrated with and powered directly by a series of
hotovoltaic cells [3]. Ideally, the planar electrolyzer should sat-

sfy the following requirements: (1) the geometry is scalable and

∗ Corresponding author. Tel.: +1 5206263908; fax: +1 5206214358.
E-mail address: spau@optics.arizona.edu (S. Pau).
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stackable and can be fabricated by low cost techniques with mini-
mal catalyst loading, (2) the reactor should separate the hydrogen
and oxygen without intermixing, (3) the device design is durable
and reliable and (4) the efficiency of converting electrical power to
chemical potential energy is high.

The concept of splitting water using sunlight is quite old and
was suggested by J. Verne in 1874 [4]. Solar water splitting can pro-
vide a clean and renewable source of hydrogen fuel. Extensive work
on generating hydrogen has been done based on direct [5], indi-
rect thermochemical [6], biological [7] and photoelectrochemical
mechanisms [8,9]. While multiple approaches to the problem of
hydrogen generation exist, each approach has unique advantages
and specific limitations. For the biological photosynthetic process,
the conversion efficiency is typically low, generally much less than
10% [10]. In thermal hydrogen production, heat is used to convert
water into hydrogen and oxygen. The process often requires high
temperature (>900 K), which leads to thermal decomposition and
hydrolysis of the catalysis [6]. In photo-electrochemical conversion,
a semiconductor, such as n-TiO2, is used as a photosensitizer, for the
electrolysis of water to hydrogen and oxygen [11]. In this paper, we
concentrate on the direct electrochemical production of hydrogen
and oxygen by water electrolysis.

Commercial electrolyzers operate primarily on two technolo-
gies. One utilizes an aqueous solution of alkaline electrolytes such
as potassium hydroxide. Another utilizes a solid ion-conducting

electrolyte membrane. Both technologies require precious metal
catalysts such as platinum (Pt). Reduction of catalyst loading and
increasing cell durability are important driving parameters in
reducing cost of hydrogen generation. Decomposition of water by
electrolysis consists of two chemical reactions at two electrodes,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:spau@optics.arizona.edu
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Fig. 1. Schematic diagrams of electrod

hich are usually separated by a conducting electrolyte. Appli-
ation of voltage across the electrodes generates hydrogen at the
egative electrode (cathode) and oxygen at the positive electrode
anode). The flow of ions across the electrolyte completes the
xchange of charge. A diaphragm is used to separate the cathode and
node in order to isolate the hydrogen from the oxygen. Conversion
fficiency can be improved by increasing the operating pressure and
emperature [12,13]. Industrial electrolyzers have electricity con-
umption between 4.5 and 6.0 kW h N−1 m−3 of hydrogen and an
fficiency range of 65–80% [14]. Aside from conversion efficiency,
n important specification for an electrolyzer is the susceptibil-
ty to fluctuations in the electrical power source [15,16]. This can
e a factor if solar PV cells are the source of power under varying

llumination conditions.
In this paper, we design, fabricate and test a planar elec-

rolyzer for hydrogen generation. In Section 2, we present a
hree-dimensional finite element analysis of the fluid flow inside

he planar electrolyzer chamber and show that our geometry can
irect generated hydrogen and oxygen to separate outlets by differ-
nt flow streams without intermixing. In Section 3, we present the
abrication process of the device. We have experimented with sev-
ral fabrication processes and the motivations of each are discussed.

ig. 2. 3D finite element analysis of flow in the device. (a) Simulation mesh of 5483 elem
elocity field (10 ml min−1, 400 �m thickness).
chamber layers of the planar device.

In the final section, we present both electrical and flow measure-
ments of the fabricated electrolyzer. We conclude our paper with a
discussion of the device efficiency.

2. Design and simulation

Key to the planar electrolyzer is the design of the reactor geom-
etry to efficiently separate generated hydrogen at the cathode and
generated oxygen at the anode. The cathode and anode can in prin-
ciple be separated far apart spatially to simplify gas removal at
the expense of increased cell resistance and decreased electrolyzer
efficiency. There are two degrees of freedom in the design of the
planar electrolyzer: the shape of the electrodes and the shape of
the reaction chamber. Schematic diagrams of both the electrodes
and the chamber of the planar device are shown in Fig. 1. For a
fixed device size, the surface area of the electrodes should be max-
imized to have large current density. A large current density will

lead to high hydrogen generation for a fixed applied voltage. The
configuration of the reaction chamber should be designed to pro-
vide steady flow of electrolyte and to allow separation of the gases.
Our design is different from previous work which does not con-
tain a fluidic chamber [17]. One advantage of our design is the

ents, (b) simulated velocity field (4 ml min−1, 400 �m thickness), and (c) simulated
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bsence of electrolyte membrane, which reduces the cost of the
lectrolyzer.

100 mm (4 in.) diameter silicon wafers were used to make our
evices. In order to get four devices from each wafer, we limit the
ize of each device to an area of 36 mm × 36 mm. The reaction cham-
er is chosen to have one inlet for the electrolyte and two outlets,
ne for the hydrogen with excess electrolyte and one for oxygen
ith excess electrolyte. The shape of the chamber is designed such

hat the electrolyte flow is directed into two streams under a large
ange of inlet flow rates. In general, the flow pattern inside the
hamber is a nonlinear function of the flow rate. We utilize FEMLAB
o perform three-dimensional finite element analysis of the flow
nside the reaction chamber. As shown in Fig. 2(a), a total of 5411
lements are used for the grid of the 3D electrolyzer flow chamber
hich has a thickness of 400 �m. The volume of the chamber is

pproximately 200 mm3. The properties of working fluid, 28 wt%
OH solution, are approximated using water properties. Flow is

orced into the chamber at the inlet at a given flow rate, and exits
rom both outlets with a boundary condition of ambient pressure.

no-slip boundary condition is applied at chamber walls. In a flow
ate range of 1–10 ml min−1, corresponding to an entrance veloc-
ty range of 0.0108–0.236 m s−1, the flow is laminar. The fluid flows
hrough the chamber following two paths of streams, as shown in
ig. 2(b) and (c). The fluid crossing the anode surface heads towards
he “anode exit” while that crossing the cathode surface heads
owards the “cathode exit” without interaction. Assuming that the
as bubbles generated from anode and cathode are carried by the
uid flow, oxygen and hydrogen could be collected separately from
heir designated exits. Vortex flow is expected at higher flow rates,
hich would cause undesired mixing of the two gases within the

hamber.
The two electrodes inside the chamber are designed and placed

t the regions where there is a distinct flow stream directed to an
utlet. Hydrogen bubble generated at the cathode is carried to one
utput by one flow stream and oxygen bubble generated at the
node is carried to the second output by another flow stream. The
rocess of gas generation at the cathode can be described as follows
18]. Similar process occurs at the anode. External current provides
he energy for electrochemical reaction to form molecular hydro-
en which dissolves in the electrolyte. Small bubbles are nucleated
nd formed from supersaturation sites on or near the electrode.
mages of the entire device and 10–50 �m bubbles on top of an
lectrode are shown in Fig. 3. Growth of bubble is achieved by dif-
usion of dissolved gas. The bubble is maintained on the electrode
y a combination of forces such as buoyancy, superficial tension,

ow pressure, inertia and electrostatic forces. When the force on
he bubble becomes greater than the adhesion force on the elec-
rode, the bubble is detached from the electrode and moved with
he flow stream to the outlet. It is well known that the growth and
etachment of the bubble lead to potential increase and jump in

Fig. 3. Photo of a planar electrolyzer and a microscope image of bubbles generated on
urces 188 (2009) 256–260

the voltage response. In fact, the bubble average radius and mean
detachment rate can be calculated from the noise properties of the
fluctuating voltage potential [19]. In a typical electrolyzer, the gas
bubble is extracted by buoyancy. In our planar electrolyzer, the gas
bubble is extracted primarily by laminar flow. In general, the bub-
ble generation efficiency and rate can be increased by increasing the
available surface area of the electrode and by increasing the flow
rate of the electrolyte. Bubbles should be extracted rapidly so that
nucleation site becomes available for more hydrogen generation.

3. Fabrication

Platinum was utilized as the electrode material because it is an
excellent catalyst with a large rate of production per unit area [20],
is mechanically and chemically stable and is suitable for large area
coating. The platinum is deposited as thin film on a silicon oxide
on silicon substrate to reduce catalyst loading, i.e. mass of pre-
cious metal. One important issue is adhesion to the oxide surface,
because platinum, by itself, does not stick to oxide and can be easily
delaminated. One solution is an adhesion layer. Both titanium and
chromium metal have been used as an intermediate sticking layer
to attach platinum to silicon oxide. We look at the Pourbaix dia-
grams for titanium and chromium which describes the tendency
of a metal electrode to corrode in the presence of a solution of a
given pH. Titanium was chosen for our final device because it is a
more stable material than chromium in a high pH electrolyte. In
our experiments, we have fabricated devices using both chromium
and titanium. Although we have not performed extensively long-
term studies on the corrosion of the electrode, we find titanium
to be more durable as long as it is covered by platinum and is not
extensively exposed to the electrolyte.

A schematic of the fabrication steps is shown in Fig. 4. The device
is made of two layers: the electrode layer and the fluidic chamber
layer. Polydimethylsiloxane (PDMS) has the advantage of low cost,
high flexibility, inertness and optical transparency. The bonding of
PDMS on silicon has been shown to withstand a pressure of 435 kPa
[21]. Although PDMS is semi-permeable to hydrogen, with a mea-
sured permeability coefficient of 950 Barrer [22], it is water proof
and sturdy enough for our prototype development of the planar
electrolyzer.

The electrode layer is patterned on silicon oxide wafer using
positive photoresist (Shipley) and standard photolithography tech-
niques. Silicon oxide layer is used to electrically isolate the
electrodes from the silicon substrate. In a two-step process, 20 nm
of titanium metal are deposited, followed by 200 nm of platinum

by electron-beam evaporation under 10−6 Torr vacuum. The final
electrodes are obtained after a lift-off in acetone.

The fabrication of the PDMS fluidic chamber starts with con-
struction of a mold using SU-8 2100, an epoxy-based negative
photoresist, on a silicon wafer. SU-8 2100 (MicroChem Corp.) is

top of a Pt electrode. Note that there is no bubble formed on top of bared oxide.
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Fig. 6. Effect of flow rate on current for a voltage of 3 V. Dashed line is a least square
linear fit to data. Separate axis shows the hydrogen generation. In calculation of the
volume, we use the device dimensions of 36 mm × 36 mm × 3 mm. Error bars show
the fluctuation in the measured current during the experiment.

make the approximation that all the current above the hydrogen
Fig. 4. Process flow for fabrication of the planar electrolyzer.

pin-coated on the wafer using a two-layer technique to form a
hickness of 400 �m. The SU-8 is patterned and developed to real-
ze the chamber structure. The process is complete after a hard
ake process at 100 ◦C for 20 min, and a treatment of Omnicoat
MicroChem Corp.) for easy release of the replicas.

PDMS base and curing agent (Dow Corning) are mixed at a
atio of 10:1. The mixture is poured onto the mold and cured for
ore than 48 h at room temperature. PDMS fluid chamber layer is

btained after peeling the PDMS replica from the mold, and punc-
uring fluid inlet/outlet holes. Both the fluid chamber surface and
he electrode surface are treated using O2 plasma, and are imme-
iately brought into contact with alignment to form the bonding
f the two layers. Finally, the adapters are bonded at the inlet and
utlets of the fluidic chamber for connection with the external fluid
andling system using tubing. The nominal thickness of the wafer is
25 �m and the total thickness of the device is approximately 3 mm.
he volume of the chamber is estimated to be about 200 mm3.

. Experiment

The experimental setup is shown in Fig. 5. A syringe pump (Har-
ard PHD-2000) is used to drive the KOH solution at a constant flow
ate into the chamber. At room temperature, the greatest KOH/H2O
onductivity is achieved at 28 wt%, with a conductivity of 0.6 S cm−1

23]. A power supply is connected to the anode and cathode provid-
ng input voltage to the electrolyzer, while a multimeter measures

he current output.

To investigate the effect of KOH solution flow rate on output
urrent, an input voltage of 3 V is applied across the electrodes while
he output current is collected at various flow rates. The effect of

Fig. 5. Experime
Fig. 7. Tafel plot of log current as a function of voltage for a flow rate of 4 ml min−1.
Error bars show the fluctuation in the measured current during the experiment.
Efficiency is shown on separate axis.

flow rate on output current is shown in Fig. 6. A linear increase of
current with higher flow rates for a fixed voltage was observed. This
is attributed to increased bubble generation caused by increased
efficiency of bubble removal. The hydrogen generation is estimated
from the measured current and is shown on a separate axis. We
generation threshold goes into the generation of hydrogen. In our
experiment, we find that the amount of gas generated per cell is
small such that we are unable to accurately obtain the gas flow rate
using a flow meter.

ntal setup.
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The relationship of current- voltage characteristic of our device
s measured at a fixed electrolyte flow rate. The results, shown
n Fig. 7, demonstrate a linear relationship in the range of 3–5 V
bove the hydrogen generation threshold. The hydrogen generation
hreshold is estimated to be about 1.9 V. We observe that under
teady conditions, constant temperature and flow rate, there is a
mall fluctuation of the observed current. The variation of the cur-
ent is shown as error bar in the plot. The high overpotential is
ttributed to parasitic resistance of the device and to interfacial
henomenon [24].

. Discussion

The operating voltage, Vcell, to drive an electrolysis cell at a cur-
ent I at standard condition for a closed cell is

cell = −�A0

nF
+ IR +

∑
� (1)

here �A0 = 233.1 kJ mole−1, n is number of electron transferred,
is Faraday’s constant, R is Ohmic resistance of cell and

∑
�

epresents the sum of the cathode, anode and concentration over-
otentials [25]. Unlike an open cell, where the pressure and
emperature are assumed to be constant, for a closed cell such as
ur planar reactor, we have the volume and temperature to be con-
tant. The electrolyzer efficiency is related to the operating voltage
y

EL = 1.47
Vcell

i − iloss

i

�DC

1 + �
(2)

here i is the operating current density (A cm−2), iloss is the internal
urrent and hydrogen loss (A cm−2), �DC is the efficiency of DC/AC
oltage regulator and � is the ratio between parasitic power and net
ower applied to the electrolyzer [14]. The efficiency is inversely
roportional to the cell voltage, which is determined by the current
ensity and the hydrogen production per unit electrode area. In
eneral, higher voltage leads to higher hydrogen production but
ower efficiency. The peak hydrogen production is typically limited
y the corrosion voltage of the electrodes.

We can calculate the efficiency of our device by using (2). Assum-
ng the internal current, hydrogen collection and permeation loss
re low, so that iloss�i, �DC ≈ 1 and � ≈ 1, we calculate the efficiency
s a function of hydrogen generation for our device. This is shown in
separate axis in Fig. 7. We can see that for our planar device (Fig. 6),
e achieve a hydrogen generation density of 0.23 kg h−1 m−3 and

n efficiency of 48% with a flow rate of 10 ml min−1 and cell voltage
f 3 V. Higher efficiency is attained at lower voltages.

Higher efficiency can also be achieved by lowering the overpo-
entials. This reduction can be accomplished by using a different
ype of electrode such as nanostructured catalysis [26] and differ-
nt electrolyte. For example, by utilizing Pt black and H2SO4 32 wt%
lectrolyte, we have reduced the threshold voltage for hydrogen

eneration to about 1.6 V [27,28]. However, we also find that the
trong acidic electrolyte is incompatible with the PDMS, rendering
he PDMS yellowish after immediate exposure.

In conclusion, we have demonstrated a planar electrolyzer with
elatively low catalysis loading and small volume. Our device

[

[
[

[

urces 188 (2009) 256–260

requires a continuous pumping of electrolyte and separates the gen-
erated hydrogen and oxygen to different outlets. Although we have
emphasized mainly on hydrogen generation, our device can also be
applied to oxygen generation, for example in space flight applica-
tions. The planar geometry facilitates stacking of multiple reactors
in a high-density compact form and integration with planar pho-
tovoltaic cells. The planar electrolyzer can be powered directly by
photovoltaic cell. A direct PV cell to electrolyzer connection is inher-
ently efficient since it does not require conversion to AC power to
connect to the grid and then back to DC to power the electrolyzer.
Each conversion step results in approximately 3–5% loss, leading to
a saving of 6–10% in efficiency. A local distributed hydrogen gener-
ator bypasses the problem of long distance hydrogen transport and
provides a fuel source direct to small-scale applications.
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