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Recombination of electrolysis gases (oxidation of hydrogen and reduction of oxygen) is an important
factor in operation efficiency of devices employing electrolysis such as actuators and also unitized regen-
erative fuel cells. Several methods of improving recombination speed and repeatability were developed
for application to electrolysis microactuators with Nafion®-coated catalytic electrodes. Decreasing the
electrolysis chamber volume increased the speed, consistency, and repeatability of the gas recombina-
tion rate. To further improve recombination performance, methods to increase the catalyst surface area,
hydrophobicity, and availability were developed and evaluated. Of these, including in the electrolyte
pyrolyzed-Nafion®-coated Pt segments contained in the actuator chamber accelerated recombination
by increasing the catalyst surface area and decreasing the gas transport diffusion path. This approach
also reduced variability in recombination encountered under varying actuator orientation (resulting in
differing catalyst/gas bubble proximity) and increased the rate of recombination by 2.3 times across all
actuator orientations. Repeatability of complete recombination for different generated gas volumes was
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studied through cycling.
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1. Introduction

Water electrolysis is possibly the oldest known example of
direct conversion of electrical energy to pressure/volume changes
[1,2]. In 1839, William Grove discovered that operating electrol-
ysis in reverse can produce water and electricity by combining
hydrogen and oxygen. Since then, electrolysis and recombination
have been extensively studied and widely employed in actuators
and fuel cells. Electrolysis has been used in a variety of applica-
tions (e.g. electrometallurgy, anodization, oxygen and hydrogen
production, etc.) and even miniaturized in electrochemical actu-
ators suitable for a variety of interesting biological, chemical, and
medical applications [3]. Advances in bio-microelectromechanical
(MEMS) techniques and polymer micromachining have produced
innovative electrolysis-based actuators and a renewed interest
for implantable pump applications with unique packaging and
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performance [4]. Electrochemically driven microactuators feature
low power consumption, low heat dissipation, large displacement
(hundreds of microns), and smooth continuous flow, making them
an attractive choice over other methods [5-8]. These characteris-
tics enable precision pumping [9-11], which have been leveraged
for ocular drug delivery [3,12], gene delivery in cancer treatment
[13], and experimental drug delivery paradigms for small animals
[14,15].

A key factor in the operation efficiency of both electrolysis actu-
ators and fuel cells is the speed and efficiency of the recombination
of generated gases. For unitized regenerative fuel cells, this reaction
directly affects the efficiency of electric power generation. In elec-
trolysis actuators, speed of recombination determines how quickly
the generated gases can be reset to an all-liquid state. The recombi-
nation reaction is limited by the requisite high overpotentials and
activation energy [16]. In typical devices, electrolysis and recombi-
nation occur in the same chamber, and therefore catalysts suitable
for precipitating both forward and reverse reactions are the pre-
ferred material of choice for electrodes [17]. Platinum (Pt) has this
capability and is thus commonly selected as the catalytic electrode
material. In larger devices, due to the high cost of Pt, the electrodes
are replaced with carbon-based material. However, a significant
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drawback of this replacement is that the carbon-based electrodes
are corroded under oxygen evolution during electrolysis [18]. The
challenge in choosing the appropriate catalyst lies in the competing
requirements for electrolysis and recombination. During electrol-
ysis, a hydrophilic catalytic surface is required. However, during
recombination, hydrophilicity causes flooding of the electrocatalyst
and the gases are repelled [17,19]. Therefore, during the recombi-
nation phase, a more hydrophobic catalytic surface is desired to
encourage the gases to contact the catalytic surface and recombine
into water.

Solid polymer electrolytes, such as Nafion®, in addition
to or instead of water, can be used to achieve balanced
hydrophilic/hydrophobic properties that could aid in recombina-
tion without having detrimental effects on electrolysis [19-21].
Alternatively, the Pt catalyst composition can be modified with the
addition iridium or carbon [21,22]. The separation of gases during
electrolysis and their controlled release during the recombination
phase has also been explored [9,23].

In order to incorporate strategies to accelerate recombination
in microactuators, several design factors including size, materials,
fabrication methods, and complexity need be considered as they
may have a significant effect on the reliability and repeatability of
operation. For this work, the end goal is to develop microactua-
tors for medical applications, hence biocompatibility concerns and
size restrictions limit the selection of materials for the actuator and
electrocatalyst.

Electrolysis-based microactuators have the potential to be use-
ful in applications requiring controlled site-specific drug delivery
[24-26]. Recombination characterization of uncoated and Nafion®-
coated Pt microactuator electrodes in a 3 mL testing chamber on
the basis of displaced electrolyte volume was previously reported
in[25]. The recombination volume was observed to increase mono-
tonically with gas volume generated by electrolysis. The higher
solubility of gases in Nafion® facilitated diffusion of gases to the
electrode surface and may have produced a concentration gradi-
ent that further drived diffusion; therefore, recombination rate was
higher in Nafion®-coated compared to uncoated electrodes. Here,
in order to add the reliability and repeatability of microactuator
operation which are critical in controlling drug delivery, different
approaches to accelerate recombination including the limitation of
chamber size (by including a Parylene bellows), increase in catalytic
surface area, and altering the hydrophobicity of the catalytic sur-
face were investigated. Recombination rate was also examined for
changes in device orientation, to replicate conditions that may be
found in implantable drug pumps relying on electrolysis for actu-
ation. Lastly, repeatability of complete recombination was studied
through cycling (actuation followed by recombination).

2. Theoretical considerations
2.1. Electrolysis and recombination

Electrolysis is initiated when a sufficient potential or current is
applied to a pair of electrodes in contact with an electrolyte (water).
The reaction induces water dissociation into oxygen and hydrogen
gas An important factor in electrolysis efficiency (defined as the
ratio of experimentally generated gas volume the theoretically cal-
culated gas volume) is availability of water at the catalyst surface,
thus, a hydrophilic catalyst surface is preferred for electrolysis [27].

After the driving voltage or current used to induce electrolysis
is removed, generated gases begin to recombine into liquid water.
At the anode, hydrogen is oxidized, while at the cathode, oxygen is
reduced. As a result, the overall reaction is the oxidation of hydro-
gen by oxygen to form water [28]. This reaction requires the strong
double bond of molecular oxygen to be broken first, and as a result,

itis limited by high overpotentials and activation energy (~400 mV)
[29]. Recombination rate is subject to the slow diffusion of O, and
H, through the electrolyte to the surface of the Pt catalyst. The dif-
fusion distance is affected by the ratio of gas to liquid inside the
electrolysis chamber [23] and the orientation and volume of the
chamber in which the reaction is conducted. At the surface of the
catalyst, the presence of water could cause flooding, preventing
gas contact with the catalyst, which is detrimental to recombina-
tion efficiency. Thus, a hydrophobic catalyst surface is preferred for
recombination [27].

2.2. Nafion®

Nafion® is an ionomer developed by Dr. Walther Grot at DuPont
in the late 1960s [30]. The polymer has a perfluorinated backbone
and short pendant chains terminated by a sulfonic head group.
The sulfonic acid groups cluster to form a hydrophilic microphase
surrounded by a hydrophobic tetrafluoroethylene backbone. It has
been shown that Nafion® undergoes molecular rearrangement at
the polymer-fluid/gas interface to minimize surface energy. When
the ionomer is exposed to liquid water, the hydrophilic sulfonic
acid groups are drawn to the surface, and surface energy is mini-
mized by presenting the hydrophobic backbone to a gas interface
[31]. Nafion® also possesses high gas solubility (solubility of O, and
H, is 1.8 times higher in Nafion® compared to water; O, solubil-
ity is 7.2 x 106 mol cm~3 in hydrated Nafion® [35] and 0.26 x 10-6
molcm—3 [36] in water and H; solubility is 1.4 x 10-6 molcm~3 in
hydrated Nafion® and 0.78 x 10-6 molcm—3 in water [34]). Faster
gas diffusion can aid in recombination by facilitating transport
of gases to the catalyst surface. It is important to note however,
that alkali metals (particularly sodium) can attack Nafion® directly
under normal conditions of temperature and pressure, therefore
when used as a solid polymer electrolyte, it is best to hydrate it
with water rather than saline [30].

2.3. Accelerating recombination

Recombination rate is a function of three factors: transport of
gas through the electrolyte to the surface of the catalyst, ratio of
gas to liquid inside the reaction chamber (e.g. volume of gas gener-
ated during the actuation period), and the size of the chamber. Gas
recombination occurs in two phases. The rate is diffusion limited
while bubbles are diffusing through electrolyte to the surface of the
catalyst but once a sufficient volume of gas bubbles are available
at the surface of the catalyst, the recombination becomes reaction
limited [37]. Hydrophilicity at the surface of the catalyst causes
flooding of the electrocatalyst and the gases are repelled [17,19],
leading to slower recombination.

As such, the rate of recombination can be increased by
decreasing the diffusion path through the electrolyte to the sur-
face of the catalyst or increasing the rate of gas transport through
the electrolyte, increasing the available catalyst surface area, and
increasing the hydrophobicity of the catalyst surface.

3. Design and fabrication

Interdigitated Pt electrodes (100 pm wide elements separated
by 100 wm gaps, 8 mm diameter footprint) were fabricated on
Borofloat® 33 glass wafers (University Wafer, Boston, MA) by a
liftoff method similar to the process described in [26]. Briefly, a
dual-layer photoresist process was used to create an undercut side-
wall profile to facilitate metal liftoff. First, AZ1518 photoresist (AZ
Electronic Materials, Branchburg, NJ) was spun at 4 krpm followed
by global exposure (~thickness 1.8 um). Then, AZ4400 photoresist
(AZ Electronic Materials, Branchburg, NJ) was applied at 4 krpm
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Fig. 1. Operation concept for electrolysis microactuator developed as part of a
micropump system for controlled site-specific drug delivery.

and patterned (~thickness 4 wm). Following a short descum in oxy-
gen plasma, a Ti/Pt film (300 A/2000 A) was e-beam evaporated and
then liftoff was performed. Finally, individual dies were separated
using resin blade dicing saw (Disco DAD-2H/6, Giorgio Technolo-
gies, Mesa, AZ).

Prior to Nafion® coating, electrodes were potentiostatically
cleaned at +0.5V (Gamry Reference 600 Potentiostat, Warmin-
ster, PA) in 1x phosphate buffered saline (PBS) and then rinsed
with double distilled (DD) water. Nafion® (Dupont DE521 Solution,
Ion Power, INC, New Castle, DE) was applied to the electrodes by
dip coating twice. Each coating layer was cured at 60°C for 5 min.
Kynar™ silver plated copper wires (30 AWG, Jameco Electronics,
Belmont, CA) were soldered to contact pads on the electrodes. The
joint was strengthened and insulated with nonconductive marine
epoxy (Loctite, Westlake, OH).

The microactuator consists of an electrolyte-filled chamber
formed by a Parylene bellows and rigid substrate supporting a pair
of electrodes. For pumping applications such as drug delivery, the
bellows is contained within a fluid reservoir. A bellows membrane
was chosen to limit the size of the electrolysis chamber, contain
the electrolysis gases, and prevent electrochemical interaction with
the drug solution during actuation [15]. The bellows shape allows
for greater achievable deflections at lower applied pressures com-
pared to a corrugated or flat diaphragm [3]. Volume expansion as a
result of water electrolysis inflates the bellows, which in turn acts
on the fluid column above it, leading to fluid displacement from
a drug reservoir through a catheter to the target delivery site. For
this system, recombination is an important factor for reliable and
repeatable delivery, as it determines how fast the system is reset
(return of bellows to starting position in the unactuated state) fol-
lowing delivery, as well as the number of doses that can be safely
delivered without damaging the bellows structure, prior to reset-
ting (Fig. 1).

4. Experimental methods

4.1. Limiting chamber size

In order to contain the electrolysis and recombination reaction
and limit the size of the chamber, Parylene bellows were fabricated
as described in [32] and combined with Nafion®-coated electrodes
to create bellows actuators [25]. The bellows allow for large (up
to 180 L) volume displacement without undergoing plastic defor-
mation compared to flat or corrugated diaphragms. Recombination
of 145 pL (80% of maximum allowable volume chosen as a safety
margin to prevent irreversible plastic deformation to the bellows

during electrolysis actuation) of electrolysis generated gas was
observed for 1h and compared to results obtained for a similar
volume of gas generated and recombined in the 3 mL acrylic test
fixture.

4.2. Improving recombination efficiency

Several methods were explored to improve the recombination
rate in a bellows actuator (Table 1). In each case, the prepared
actuator was clamped in a 3 mL acrylic test fixture and filled with
DD water. The outlet of the test fixture was attached to a 100 L
micropipette. Generated gas volume and recombination was indi-
rectly measured by observing the fluid front movement in the
micropipette. 2 mA current was applied to the actuator until 4 mm
of movement was observed in the micropipette (5.33 L of gas
generated). The current was turned off and recombination was
measured based on the fluid back flow in the micropipette. The fluid
meniscus position was recorded periodically for 60 min or until the
entire bolus had recombined, whichever came first.

4.2.1. Pt-coated bellows

The inside surfaces of the Parylene bellows were coated with
1800 A layer of Pt using e-beam evaporation. Three samples were
prepared. Two of these were then further coated in a thin layer of
Nafion®, one of which was cured at 60 °C (1) and the other at room
temperature (2). The bellows were each filled with DD water and
then combined with a Nafion®-coated electrode to form actuators
(one device was fabricated from each of the samples).

4.2.2. Pyrolyzing Nafion® on electrodes

As previously mentioned, Nafion® has a perfluorinated back-
bone and short pendant chains terminated by sulfonic head group.
If the polymer is heated to between 280 and 320 °C, a small portion
of the Nafion® pyrolyzes to lose the sulfonic acid groups. These
portions are hydrophobic and repel water, however they allow the
passage of gases. Zhang et al. explored this phenomena to increase
the efficiency of their proton exchange membrane (PEM) fuel cell
in [22]. The group found that at temperatures below 300 °C, pyrol-
ysis was insufficient; however, at temperatures above 340°C, the
hydrophobicity inversely affected electrolysis efficiency. Based on
this information, the Nafion®-coated electrolysis electrodes were
heat treated at 320°C under N, backflow for an hour, then slowly
cooled to room temperature. To further improve the adhesion
between the pyrolyzed Nafion® and the Pt electrode, a thin layer of
Nafion® was applied to the surface and cured at room temperature.
The electrode was then combined with a water filled bellows (two
devices were fabricated).

4.2.3. Pt wire segments

An alternate placement for the Pt catalyst is within the elec-
trolyte solution itself. To accomplish this, two 3 mm segments of
99.9% Pt wire (@ 0.5 mm) (California Fine Wire, Grover Beach, CA)
were selected. The edges of the wire were smoothed using 220 grit
silicon carbide sandpaper. The segments were suspended in the DD
water filled bellows, before the bellows were affixed to electrodes
(two devices were fabricated).

4.2.4. Pyrolyzed Nafion® coating on Pt wire segments

Another two 3mm segments of 99.9% Pt wire (@ 0.5mm)
(California Fine Wire, Grover Beach, CA) were selected. The edges
of the wire were smoothed using 220 grit silicon carbide sand-
paper. The segments were then coated with Nafion® and heat
treated at 320 °C under N, backflow for an hour, then slowly cooled
to room temperature. The pyrolyzed-Nafion®-coated segments
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Table 1

Visual depiction of different modification techniques employed to accelerate recombination and their acceleration concept.

Schematic diagram Modified actuator

Acceleration concept

Unmodified (with bellows)

Pt-coated bellows

Pyrolyzing Nafion® on electrodes

Pt wire segments

Pyrolyzed Nafion® coating on Pt wire segments

Decreased diffusion path through electrolyte to
surface of catalyst

Increased available catalyst surface area/decreased
diffusion path through electrolyte to surface of
catalyst

Increased hydrophobicity of electrocatalyst surface

Increased available catalyst surface area/decreased
diffusion path through electrolyte to surface of
catalyst

Increased available catalyst surface area/decreased
diffusion path through electrolyte to surface of
catalyst +increased hydrophobicity of
electrocatalyst surface

were suspended in the DD water filled bellows, before the bellows up on the benchtop such that the generated gases rose up away

were affixed to electrodes (three devices were fabricated). from the electrode. However, for some applications, it is desired
and sometimes inevitable for the actuator, and therefore electrodes,

4.3. Orientation dependency to assume other orientations. For instance, the electrolysis actuator
may be used in an implanted pump which may be placed at a differ-

For the above experiments, gas recombination was character-  ent orientation or change in position within the subject. Therefore,

ized with the electrode clamped in the test fixture and placed facing  recombination dependence on actuator orientation was also tested
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Fig. 2. The angle of an actuator clamped in a test fixture was varied for each volume

(0°, actuator facing up on the benchtop, 90°, actuator perpendicular to benchtop,
and 180°, actuator facing down on the benchtop).

with unmodified actuators with Nafion®-coated electrode catalyst
(henceforth referred to as unmodified), as well as actuators with
additional pyrolyzed Nafion® coating on suspended Pt wire seg-
ments. Several current and time combinations were applied to the
actuator to achieve different generated gas volumes of 0.277, 1.11,
5.33, 10, 25.33, and 50 p.L. The angle of an actuator clamped in a
test fixture was varied for each volume (Fig. 2; 0°, actuator facing
up on the benchtop, 90°, actuator perpendicular to benchtop, and
180°, actuator facing down on the benchtop). Recombination was
monitored until the entire delivered volume was recombined or for
an hour, whichever came first.

4.4. Repeated cycling

For a microactuator, speed of recombination determines how
quickly the generated gases can be reset to an all-liquid state. As
such, repeatable and reliable microactuator operation is dependent
on repeatable complete recombination. Incomplete recombination
could lead to lower and inconsistent delivery actuation flow rates
as the bellows structures approaches maximum deflection. Further
inflation as a result of electrolysis could result in permanent defor-
mation of the bellows via plastic deformation [33]. For instance,
Fig. 3 demonstrates an example where three 10 pL gas boluses are
generated and allowed to recombine for 30 min between each bolus
generation. Then, following a waiting period for further recombi-
nation to partially reset the bellows, four 50 wL gas boluses are
generated and allowed to recombine for 60 min between each bolus
generation (data based on electrolysis and recombination observed
for an unmodified actuator). If the wait time between the first set of
boluses and the initiation of the second set is not sufficient for full
recombination, the fourth 50 L gas bolus generated would cause
the bellows to exceed maximum deflection (>180 L delivered).
The wait time is dependent on the speed of recombination, as well
asrepeatability of recombination for a specific bolus volume. There-
fore, it is important to study the repeatability of recombination
of generated gas volumes through repeated cycling for applica-
tions such as implantable pumps in which reliable and accurate
performance of the actuator driving drug dosing is critical.

An actuator was assembled having unmodified Nafion®-coated
electrodes and suspended Pt wire segments with pyrolyzed

200 - |—— Fully Recombined . i
—— Partially Recombined Bellows Maximum Inflation
=, 160+
Q
E v
2 1201 | Wait |
> 10 pL boluses Time
2 once every 30 min | |
T 80
2 | |
3 40 I I
38 d
< | | 50 pL boluses
0 1 once every 60 min
0 100 200 300 400 500
Time [min]

Fig. 3. Hypothetical example: if the wait time (denoted with dashed vertical lines)
between the first and second set of generated gas boluses (10 and 50 L, respec-
tively) is not sufficient for complete recombination, the bellows structure will
exceed maximum inflation when the fourth 50 pL bolus is generated).

Nafion® coating and then clamped in a 3 mL acrylic test fixture.
The reservoir was filled with DD water and a 100 L micropipette
was attached to the outlet of the test fixture. Generated gas vol-
ume and recombination were indirectly measured by observing
the movement of the fluid meniscus along the micropipette. 2 mA
current was applied to the actuator until 7.5 mm of movement
was observed in the micropipette (corresponding to 10 pL of gas
generated). The current was turned off halting electrolysis and
recombination was measured based on the fluid back flow in the
micropipette. The fluid meniscus position was recorded periodi-
cally until the entire bolus had recombined, at which time another
10 L of gas generated and the recombination monitored. After
24h, three 5 pL, followed by three 10 L boluses of gas were gen-
erated. Full recombination of each generated bolus was monitored
and recorded.

5. Experimental results and discussion
5.1. Limiting chamber size

When the Parylene bellows were combined with Nafion®-
coated electrodes, recombination followed a predictable non-linear
diffusion dependent pattern and 99.08% recombination was
achieved within 1 h of delivery (data not shown). This is consider-
ably larger than the fraction of gas recovered in the larger volume
using the same electrodes in the same time period. As previously
mentioned, slow diffusion of gas bubbles through the electrolyte
was a determining factor in the rate of recombination. By limiting
the chamber volume, the diffusion path was limited, leading to
faster recombination.

5.2. Improving recombination efficiency

The recombination performance over time for the different
methods explored are presented in Fig. 4 and detailed in Table 2.
The lowest rate of recombination was observed for unmodified
actuators with Nafion®-coated electrodes, while the highest rate
was observed for actuators with pyrolyzed Nafion®-coated elec-
trodes. Recombination rate was seen to increase for bellows coated
internally with thin films of Pt and Nafion®-coated Pt. It is impor-
tant to note that the recombination rate was faster for the actuator
with Nafion®-coated Pt-coated bellows (1), for which the Nafion®
coating was cured at 60°C compared to the other cured at room
temperature (2). This is likely due to the slight increase in surface
hydrophobicity as a result of heat application to the Nafion®. Sus-
pended Pt wire segments (coated and uncoated) produced faster
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Recombined Volume [uL]

Volume of Electrolysis-generated Gas

—us— Unmodified (n=6)

—e— Pyrolyzed Nafion® electrode (n=3)
—e— Pt coated bellows (n=8)

—e— Pt coated bellows w/ Nafion®-1 (n=5)
—x— Pt coated bellows w/ Nafion®-2 (n=5)
—o— Uncoated suspended Pt (n=5)

0 10 20 30

Time [min]

—a— Pyrolyzed suspended Pt (n=12)

40 50 60

Fig. 4. Recombination time course for a 5.33 L bolus delivered with actuators fabricated utilizing different methods to accelerate recombination.

Table 2

Recombination time course expressed as % recombined for a 5.33 L bolus was delivered with actuators fabricated utilizing different methods to accelerate recombination.

Time (min) % Recombined
Unmodified Pyrolyzed Pt coated Pt coated Pt coated Uncoated Pyrolyzed
Nafion® bellows bellows bellows suspended Pt suspended Pt
electrode w/Nafion® (1) w/Nafion® (2)

15 37.52 100 85.93 75.04 59.48 62.48 89.63

25 45.86 - 96.93 96.93 81.3 67.54 100

30 50.09 - 100 100 84.43 75.05 -

35 58.35 - - - 93.81 77.49 -

60 62.54 - - - - 95.12 -
rated of recombination than unmodified actuators, but noticeably Unmodified: Pyrolyzed
lower rates than actuators with pyrolyzed Nafion®-coated elec- 1054 (n=3) suspended Pt: (n=3)
trodes. =80 —-0

For Pt-coated bellows, in all cases, the Pt delaminated from the 904 :: ?go I ?go

surface of the Parylene over time likely due to the exposure to 4
the generated bubbles and the stress caused by the inflation of T 751
the bellows structure during actuation. Delamination may have £ 4 _
been facilitated by the presence of exposed metal interfaces that 'E 60 - A
arise as the deposition technique is unable to completely coat 8 1
the convolutions in the bellows. This delamination did not affect ¢ 45- f
electrolysis or recombination during testing. However, given the 2 1
unreliable adhesion between the Parylene and Pt, this method 304 ---== Sz-o___
cannot be used to maintain a constant catalyst surface area. The 1 T ::
electrodes with the pyrolyzed Nafion® coating showed the fastest 15

recombination rate (two devices fabricated). However, despite the
additional overcoat layer of Nafion®, the pyrolyzed layer delam-
inated from the surface of the electrode during electrolysis and
therefore repeatable results (n>4) could not be obtained using
this method. Consistent performance was observed in actuators
with the pyrolyzed Nafion®-coated segments (in the three devices
fabricated). The catalyst segments in the water did not affect elec-
trolysis gas generation. The modification methods were intended to
accelerate recombination by either increasing the catalyst surface
area, increasing the catalyst surface hydrophobicity, or increas-
ing the rate of gas transport. Adding pyrolyzed-Nafion®-coated
Pt segments in the actuator achieves all three functions by pro-
viding more catalyst surface area, utilizing a hydrophobic coating
attractive to gas bubbles, and situating catalyst throughout the elec-
trolysis chamber.

10 20 30 40 50 60
Generated Gas Volume [pL]

Fig.5. % Recombination vs.angular orientation for different delivered generated gas
volumes for unmodified actuators with Nafion®-coated electrode catalyst and actu-
ators with additional pyrolyzed Nafion® coating on suspended Pt wire segments.

5.3. Orientation dependency

Contrary to the results obtained for actuation [26], there is
a clear distinction, between recombination speed and the angle
of the actuation chamber for a given generated gas volume for
unmodified actuators with Nafion®-coated electrode catalyst. Fig. 5
displays fraction of recombined gas for devices with unmodified



920

R. Sheybani, E. Meng / Sensors and Actuators B 221 (2015) 914-922

(a) —e—10 L bolus (day 1) (b)
—u— 5 L bolus (day 2) =i
Day 1 Day 2 —e—10 4L bolus (day2) 10.0 —u—10 pL (n:5, mean + SE)
— 10.04 _:|L —e— 5 uL (n=3, mean + SE)
n =
=
= o
7.54
g 7.5 5
E =
= o
g " om i 5.0
3 %0 g
5 ©
s " 3
E 25 il \ E 25-
o o
k] o
0.0 = \ <
’ . 0.0 J n
T v T —\— T T T T T , T T T T T T T T J
0 25 50 75 0 25 50 75 100 125 150 0 5 10 15 20 25 30 35 40
Time [min]

Time [min]

Fig. 6. (a) Repeated cycling (actuation and recombination) and (b) averaged trends for actuation and recombination of for 10 and 5 L boluses.
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Fig. 7. (a) Actuation and recombination results obtained for different generated gas volumes of 0.277, 1.11, 5.33, 10, 25.33, and 50 pL for an actuator facing up on the

benchtop. (b) Data for smaller bolus volumes.

and suspended pyrolyzed-Nafion®-coated Pt segments at each
tested orientation (0°,90° and 180°). The highest fraction of recom-
bined gas volume was observed for both electrode designs in the
180° orientation. For both actuator designs greater recombination
was observed for 90° than 0° orientations, however the perfor-
mance difference between the two orientations was comparatively
small. The actuator with suspended pyrolyzed-Nafion®-coated Pt
segments produced greater recombination than the unmodified
design, and the variation in performance as a function of orientation
was considerably reduced. On average, the rate of recombination
was measured to be 2.3 times faster across all actuator orientations
(n=3 for each dose volume at each orientation).

These observations can be explained by the behavior of the
electrolyzed gas under the influence of the buoyant force. Gas
bubbles created during electrolysis tend to travel upwards within
the test fixture; after the current application is discontinued, the
bubbles need to reach the surface of the Pt catalyst to recom-
bine; the reaction is limited by the slow diffusion of gases
through water. In the 90° and 180° orientations, the bubbles
are in contact with the catalyst as soon as the current appli-
cation is halted. As a result, recombination rate is increased in
these orientations. By the same reasoning, the 180° orientation
is faster than 90° due a larger catalyst surface area available to
assist recombination. The effects of orientation were reduced for
actuators with additional pyrolyzed-Nafion® coating on Pt wire
segments.

Table 3
Average time required for complete recombination of different generated gas
volumes.

Generated gas volume (L)

Time required for 0.277 1.11 5.33 10 2533 50
complete
recombination (min)

12.75 20 15 36 300 450

5.4. Repeated cycling

Fig. 6 shows the results of repeated cycling (actuation and
recombination) for 10 and 5 pL boluses. Repeatable complete
recombination was achieved for consecutive gas bolus volumes
generated as well as boluses delivered after 24 h idle time. Fig. 7
illustrates actuation and recombination results obtained for dif-
ferent generated gas volumes of 0.277, 1.11, 5.33, 10, 25.33, and
50 wL for an actuator facing up on the benchtop (n=3, obtained
for orientation dependency testing). The average time required
for complete recombination of each of the generated gas volumes
is presented in Table 3. An exponential trend line was fit to the
data for 25.33 and 50 pL volumes to estimate the time required
for complete recombination of the generated gas volumes. As
demonstrated previously in the orientation dependency section,
recombination is slowest when the actuator is placed facing up
on the benchtop. Therefore, these recombination profile results
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obtained for different generated gas volumes can be used to
estimate the rate of recombination and the maximum allotted wait
time required for complete recombination of generated gases. It
is important to note that changing the orientation of the actuator,
as well as generation of large gas boluses (>25 L) leading to
significant inflation of the bellows, could cause the repositioning
of the pyrolyzed-Nafion® coated Pt wire segments, which may
slightly alter the recombination time profile. These variations are
represented by the error bars in Figs. 4 and 7.

6. Conclusion

Electrolysis and recombination have been extensively studied
and utilized in actuators and unitized regenerative fuel cells. Speed
and efficiency of gas recombination is a key factor in the operation
efficiency of both electrolysis actuators and fuel cells. Recombina-
tion rate is a function of three factors: transport of gas through the
electrolyte to the surface of the catalyst, ratio of gas to liquid inside
the reaction chamber (e.g. volume of gas generated during the actu-
ation period), and the size of the chamber. The challenge in choosing
the appropriate catalyst lies in the competing requirements for
electrolysis and recombination. During electrolysis, a hydrophilic
catalytic surface is required. However, during the recombination
phase, a more hydrophobic catalytic surface is desired to encour-
age the gases to contact the catalytic surface and recombine into
water.

Several methods of improving recombination speed and
repeatability were considered. Previous studies had shown that
coating of the electrolysis electrodes in Nafion® resulted in faster
and more consistent recombination [25]. This is attributed to
physical and chemical properties of the polymer, including the
higher solubility of oxygen and hydrogen, as well as, undergo-
ing molecular rearrangement at the polymer-fluid/gas interface to
minimize surface energy, and therefore presenting the appropriate
hydrophilic/hydrophobic surface during actuation/recombination,
respectively. Here, first, the size of the electrolysis chamber was
decreased to limit the diffusion path leading to faster, predictable
non-linear diffusion dependent recombination. Pyrolysis of the
Nafion® coating on the electrolysis electrodes, resulted in the
highest recombination rate as it increased the hydrophobicity of
the catalyst surface. However, the pyrolyzed layer delaminated
from the surface of the electrode during electrolysis and there-
fore repeatable results (n>4) could not be obtained using this
method. The addition of pyrolyzed-Nafion®-coated Pt segments
suspended in the actuator chamber accelerated recombination
by increasing the catalyst surface area and hydrophobicity, as
well as decreasing the gas transport diffusion path. This modi-
fication method also reduced the effects of actuator orientation
(resulting in differing catalyst/gas bubble proximity) on recom-
bination. On average, the rate of recombination was measured
to be 2.3 times faster across all actuator orientations. Repeatable
cycling results were also obtained for this modification method.
These improvements in recombination rates have significant impli-
cations for electrolytic microactuators. Faster, more consistent
recombination leads to reliable and repeatable actuations, as it
determines how fast the system is reset following actuation, as
well as the number of actuations that can be safely carried out prior
to resetting. In particular these demonstrated modifications have
relevance to devices intended for biological implantation, as pre-
serving performance for a variety of orientations is critical for such
applications. It is important to note that while the methods pre-
sented here are applied to a microactuator, they can be similarly
applied to electric power generation in micro-unitized regenera-
tive fuel cells, and other applications of electrolysis in microscale
devices.
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