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MICROROBOTS

High energy density picoliter-scale zinc-air
microbatteries for colloidal robotics
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The recent interest in microscopic autonomous systems, including microrobots, colloidal state machines, and
smart dust, has created a need for microscale energy storage and harvesting. However, macroscopic materials for
energy storage have noted incompatibilities with microfabrication techniques, creating substantial challenges to
realizing microscale energy systems. Here, we photolithographically patterned a microscale zinc/platinum/SU-8
system to generate the highest energy density microbattery at the picoliter (10~'2 liter) scale. The device scav-
enges ambient or solution-dissolved oxygen for a zinc oxidation reaction, achieving an energy density ranging
from 760 to 1070 watt-hours per liter at scales below 100 micrometers lateral and 2 micrometers thickness in size.
The parallel nature of photolithography processes allows 10,000 devices per wafer to be released into solution as
colloids with energy stored on board. Within a volume of only 2 picoliters each, these primary microbatteries can
deliver open circuit voltages of 1.05 + 0.12 volts, with total energies ranging from 5.5 + 0.3 to 7.7 + 1.0 micro-
joules and a maximum power near 2.7 nanowatts. We demonstrated that such systems can reliably power a
micrometer-sized memristor circuit, providing access to nonvolatile memory. We also cycled power to drive the
reversible bending of microscale bimorph actuators at 0.05 hertz for mechanical functions of colloidal robots. Ad-
ditional capabilities, such as powering two distinct nanosensor types and a clock circuit, were also demonstrated.
The high energy density, low volume, and simple configuration promise the mass fabrication and adoption of

such picoliter zinc-air batteries for micrometer-scale, colloidal robotics with autonomous functions.

INTRODUCTION

The past decade has witnessed a surge of interest in scaling down
sensors, robots, and computers to the submillimeter regime. For
example, researchers have managed to shrink the volume of smart
dust by nearly 1000-fold since its first proposal (1, 2), yet the vol-
ume is still on the order of microliters (mm®) (3-6). More recently,
previously unknown materials and fabrication techniques have en-
abled even smaller sensors and machines invisible to the naked eye
(7-12), with their lateral dimensions smaller than 100 pm and
their volumes entering the picoliter (10°° mm®) regime. Such de-
vices have been aerosolized (10), embedded into a polymer matrix
(8), and injected into tissues (8). A notable recent achievement
consists of picoliter robots that can walk using bimorph actuators
as legs (9). However, energy storage has emerged as a limitation at
the micrometer scale, which creates challenges in both material
selection and fabrication (13). Conventional battery materials are
prepared using wet chemistry that is fundamentally incompatible
with the microelectronic fabrication processes used for these mi-
crorobotic advances (14), hence restricting most microbatteries to
millimeters in size in the literature (15-21). Sub-square-millimeter
batteries were only reported very recently, but they were neither
picoliter sized nor colloidal (22-24). In this work, we photolithographi-
cally patterned high energy density microbatteries at the picoliter
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(107" liter) scale, demonstrating the capability to power robotic
devices on the microscale.

A major motivation behind this trend of shrinking the size of
robots is to unlock applications inaccessible to larger devices (8,
11). A smaller size also enhances the mobility of sensors, enabling
colloidal suspension of sensors and robots that can be carried along
by fluid motion. To date, the majority of submillimeter-scale sen-
sors were either powered by solar cells (2-4, 25) or did not have
internal power sources (26-29). However, to enable autonomous
operation of colloidal robots in confined environments, such as
pipelines, underground, in vivo, and on board, high energy density
units are required given that access to ambient energy sources such
as illumination is necessarily limited. Thus, there is a pressing need
for integrating tiny batteries with tiny sensors and robots (14, 30).

Our approach differs fundamentally from those used previously
to create millimeter-sized batteries (17, 31) because of the require-
ment for direct integration with microscopic loads through photo-
lithography, which is challenging to achieve with postfabrication
assembly methods (14, 32). As mentioned above, conventional bat-
tery materials are prepared using wet chemical methods, such as
slurry casting, that are fundamentally incompatible with micro-
electronic fabrication processes (14). This has apparently limited
microbatteries to millimeters in size in the literature (15-20), which
is 1,000,000 times larger in volume than the target load devices for
emerging microrobotics (32-34). Similarly, the use of organic liq-
uid electrolytes is another hurdle for fabrication, release (deploy-
ment), and biomedical applications (35-40). All-solid-state Li-ion
batteries have been demonstrated with solid electrolytes (41-44),
although the deposition of such ceramic materials is usually ex-
tremely slow (<0.01 nm s™"). Nevertheless, the high air and mois-
ture sensitivity of anode materials (such as Li metal or LiCy) and
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electrolytes complicates the fabrication processes, requiring her-
metic sealing, which would inevitably expand the device volume
for microrobotic applications (38, 39). As a result, picoliter-sized
full-cell Li-ion batteries that can be integrated with microscopic ro-
botic components have not been demonstrated to date.

Zinc, as an anode material, has high stability under ambient
conditions, which allows for a high deposition rate (>1 nm s and
facile integration with standard photolithography processes. We se-
lected Zn-air chemistry because theoretically it provides very high
specific energy [1350 watt-hour (Wh) kg™'] and energy density
(>6000 Wh liter ') (45-47), which are essential metrics for micro-
robotic applications. Unlike other Zn-based batteries (48-61) in
practice, primary Zn-air batteries also provide a high energy den-
sity of 1100 Wh liter ™! (table S1) (62, 63), much higher than that of
rechargeable Li-ion batteries. We note that Zn is also compatible
with physiological environments (64, 65). Examples of Zn-air mi-
crobatteries in the literature to date (62, 63, 66-72) are millimeters
in scale and are not suited for mass production or parallel release
from a substrate, suggesting incompatibility with colloidal robotics.

In this work, we demonstrate a facile route for fabricating and
subsequently releasing microscopic Zn-air batteries with clean-
room techniques in a massively parallel manner. Using dissolved
oxygen, picoliter Zn-air batteries working in a neutral aqueous
solution provided an energy density of more than 760 Wh liter ™"
(2.75 1 pl'l) and an areal power density of 0.15 mW cm™2, with
an open circuit voltage of 1.16 V. This represents the highest en-
ergy density for energy storage devices below 1 pl in volume. We
found that because of the inherent high surface area-to-volume
ratio, picoliter batteries do not require special materials or a so-
phisticated three-dimensional structure to achieve high energy
density and power density. When the batteries operate in phosphate-
buffered saline (PBS), commonly used to study physiological en-
vironments, the exposed Zn anode is shown to generate a zinc
phosphate overcoating. This coating, however, does not impede the
realization of high energy densities. We show that the batteries can
switch on memristors and power actuators of similar sizes, demon-
strating potential applicability to cell-sized autonomous robots.
With linear dimensions ranging from 10 to 100 pm, the devices rep-
resent full-cell batteries capable of providing electricity to picoliter-
sized machines.

RESULTS

Design, fabrication, and release of picoliter batteries

To scale Zn-air batteries down to the picoliter regime and to make
them a modular component of microscopic machines, we designed
a planar configuration as shown in Fig. 1, A to C. A typical device
consisted of a 40 pm-by-50 pm Zn anode and a Pt cathode of the
same size, both sitting on a 100 pm-by-100 pm polymer base (Fig. 1C).
Smaller devices were also fabricated. Given that an aqueous ionic
environment is typical for microrobotic applications, an electrolyte
does not have to be incorporated during fabrication (Fig. 1A).
This approach has been previously used on millimeter-scale devices
and proven to be effective in simplifying the fabrication procedure
(68, 71, 73, 74). Harnessing both the cathodic material (O,) and the
electrolyte from the environment drastically improves the energy
density, which is critical for reducing the size of colloidal robots. With
standard photolithography, 10,000 batteries (a 100-by-100 array) of
the same design can be fabricated on a single 2-inch (50.8-mm) wafer
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as shown in Fig. 1D. We verified that at least 98% of the electrode
pads were intact after fabrication, with a resistance of less than 100 ohm
(fig. S1A). By randomly sampling 134 devices across several wafers
from different batches, we estimated the average open circuit volt-
age of the entire population to be 1.05 + 0.02 V with a 95% confi-
dence level (Fig. 1B), and we estimated the 95% confidence interval
of the population SD to be 0.108 to 0.137 V. First, SU-8 polymer
(2-pm thick) was cross-linked by contact photolithography to form
a chemically stable, mechanically strong, and electrically insulating
base (Fig. 1E) with a customizable thickness (fig. S2). Second, the
platinum cathode was patterned and evaporated together with the
current collector for the anode (Fig. 1F). From the bottom up, the Pt
cathode consisted of a Ti (or Cr) adhesion layer, an Ag layer for me-
chanical flexibility, a second adhesion layer, and a functional layer
of Pt. Last, the pattern for the Zn anode was defined, and a Ti adhe-
sion layer was sputtered (Fig. 1G). Metallic Zn up to 1.5-pm thick
(fig. S3) was deposited by thermal evaporation to complete the bat-
tery (Fig. 1H).

To enable facile release of microbatteries into solution, we fabri-
cated them on a sacrificial substrate comprising a photoresist/Cu
bilayer (Fig. 1A). After fabrication, a frame was patterned around
each battery (Fig. 1), where the Cu was etched away (fig. S4), and
the photoresist was dissolved to release the batteries (Fig. 1]). The
batteries can be stored in various solvents (Fig. 1K), such as tetrahy-
drofuran (THF) and acetonitrile, for more than 3 months. In addition
to the open-circuit design in Fig. 1A, we also fabricated short-
circuited designs where the Pt and Zn electrodes were connected
(Fig. 1L and fig. S5). When the aged dispersion was transferred
onto glass slides and dried, more than 90% of the batteries were
observed to have an intact appearance (Fig. 1M). Almost all of them
appeared flat, and the probability of the front side facing up was
close to 50% (Fig. 1M and fig. S6). Short-circuited Zn-air batteries
smaller than 50 pm were also produced, for which we adopted a
design with Zn sitting at the center on top of the Pt (Fig. IN). This
configuration required lower fabrication accuracy and resolution,
facilitating the down-scaling of device sizes. The 20-pm batteries
can be released and remain intact after transferring onto slides
(Fig. 10), although the yield of release was much lower than that of
the 100-um devices (fig. S8). By measuring the number of Cu”* ions
displaced by Zn metal in a mixture of battery dispersion and copper(II)
chloride solution (fig. S9), the thickness of Zn was verified to be
consistent with that acquired by profilometry.

Performance of picoliter batteries

To characterize the electrical performance of these tiny batteries on
a probe station, we fabricated some devices with extended leads
(fig. S10). We connected one probe with each electrode through the
leads to monitor the voltage and current of our batteries (fig. S10G).
A drop of pH-neutral electrolyte solution was added to the device to
emulate an operating environment for released picoliter batteries
(65). The active device exposed to the electrolyte had the same de-
sign as the picoliter batteries in Fig. 1C, whereas the wires were
covered by a layer of insulating SU-8 to prevent any interference with
the measurements (fig. S1I0C). The amount of electrolyte was in large
excess (~12.5 pl) compared with the device volume to minimize the
effect of water evaporation. Batteries of various electrode sizes were
fabricated on a sacrificial substrate so that they could undergo a
release procedure similar to that experienced by batteries without
wires (fig. S10, D to F).
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Fig. 1. Fabrication and release of Zn/Pt/SU8 picoliter Zn-air batteries. (A) Side-view schematic of a Zn-air picoliter battery placed in a droplet of electrolyte. (B) Height
profile and (C) optical micrograph of an open-circuit Zn-air picoliter battery after fabrication. Scale bar, 40 pm. From (A) to (C), the SU-8 base has a side length of 100 pm.
(D) Image of a Si wafer with a 100-by-100 array of picoliter batteries. (E to H) Optical micrographs of picoliter batteries at different stages of fabrication, as indicated by the
annotation. (I) Optical micrograph of picoliter battery arrays patterned for Cu etching. Scale bar, 200 pm. (J) Schematics of batteries with loads (memristors in this case)
released into solution. (K) Image of a bottle of dispersion containing 100-um batteries. (L) Optical micrographs of open circuit and short-circuited Zn-air picoliter batteries;
both are 100 pm. (M) Middle image: Optical micrographs of picoliter batteries deposited onto a glass slide. Scale bar, 200 um. Side images: Optical micrographs of indi-
vidual batteries that were facing down (left) and up (right). Scale bar, 50 pm. (N) Optical micrographs of short-circuited batteries of various sizes. Scale bars, 50 pm.
(0) Optical micrographs of 20-pm batteries after releasing and redepositing onto a glass slide. The dust in the leftmost image was residual from the sacrificial substrate.
The rightmost image shows a 20-um battery that was facing downward. Scale bars, 20 pm.

Galvanostatic discharge of picoliter batteries was conducted in
neutral electrolytes with 0.15 M of various salts (fig. S11). Batteries
in PBS showed notably higher voltage and capacity compared with
those in other electrolytes (Fig. 2A), despite a higher discharge rate.
In PBS, identical picoliter Zn-air batteries were able to deliver more
than twice as much energy and power as in other electrolytes (Fig. 2B).
Meanwhile, the fluctuation of voltage in PBS was much more notice-
able than that in any other solution (Fig. 2A). The PBS solution contained
NaCl, KCl, KH,PO,, and Na,HPO,. Because neither control ex-
periment with NaCl or KCI solution was able to replicate the per-
formance in PBS, the phosphate buffer pair should be responsible
for the superior energy and power. Inspection of the batteries after
discharge revealed the existence of inorganic coatings on the Zn
electrode in PBS, which was not observed in any other electrolyte
(Fig. 2C and fig. S12). We identified the product as zinc phosphate
formed by the following reactions in PBS, distinct from those for
conventional Zn-air batteries, shown in Fig. 2D
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Cathode: O, + 2H,0+4e” — 4 OH™

Anode:3Zn+6 OH™ +4 H,PO,” —
Zn,(PO,),+6 Hy,O+2 HPO,> +6 e~

Overall: 6 Zn+3 0,+8 H,PO,” —
2 Zn,(PO,),+6 H,0+4 HPO,*~

On the cathode, Pt catalyzes the reduction of oxygen to form hy-
droxide ions, which is the same as in Zn-air batteries with the other
tested electrolytes. On the anode side, instead of reacting with water
to form zinc hydroxide, Zn** reacts with phosphate ions (POS7) to
form a precipitate, and the hydroxide ion from the cathode is buff-
ered by H,PO, ™. This mechanism is consistent with previous reports
on macroscopic Zn-air batteries using a similar electrolyte (75).
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Fig. 2. Reaction mechanism in picoliter Zn-air batteries. (A) Galvanostatic discharge curves of picoliter Zn-air batteries in several representative electrolytes. (B) Power
versus energy plot (Ragone plot) extracted from galvanostatic discharge of picoliter batteries in various electrolytes. The concentration of cations was 0.15 mol/liter in all

electrolytes except PBS. The current of discharge was the highest possible value for t

he voltage to be positive in each electrolyte, which was 2 nA in sodium sulfate, 4 nA

in lithium/sodium/potassium chloride, and 6 nA in sodium/potassium nitrate and PBS. (C) Optical micrographs of picoliter batteries after galvanostatic discharge in PBS

(top) and LiCl (bottom). Scale bars, 40 pm. (D) Schematics of the half reactions and

the overall reaction. (E) XRD spectrum of the discharge product and the reference

spectrum of hydrated zinc phosphate (hopeite). a.u., arbitrary units. (F) EDS spectrum of the discharge product in PBS solution, with atomic percentage of the major ele-
ments, acquired with a STEM. (G) HAADF image and EDS mapping of the discharge product in the same region where the EDS spectrum was collected.

The reaction mechanism above was confirmed by energy disper-
sive x-ray spectroscopy (EDS) and x-ray powder diffraction (XRD)
characterization of the discharge product in PBS. Most peaks in
the XRD spectrum were assigned to zinc phosphate tetrahydrate
(Fig. 2E). Quantitative analysis of the EDS spectra revealed a Zn:P:O
atomic ratio of about 3:2.3:13 (Fig. 2F), consistent with the chemical
composition determined by XRD. The EDS mapping showed a uni-
form distribution of Zn, O, and P across the particles (Fig. 2G), sug-
gesting a homogeneous composition. The discharge product is likely
a mixture of amorphous and crystalline components, given that e-
beam diffraction showed no discernible structure for most regions
probed, whereas the XRD results demonstrated crystallinity. On the
basis of this evidence for a Zn3(POy), layer, our observed voltage
fluctuations were attributed to stochastic pitting corrosion of the Zn
anode (76, 77). In PBS, Zn3(POy); precipitated at a lower Zn*" con-
centration than Zn(OH), [Fig. 2, E to G, and Supplementary Dis-
cussion (the “Dissolution equilibrium and electrode potential in
PBS solution” section)], which is the main precipitate in the other
neutral electrolytes tested. As a result, a thicker, more continuous,
and less permeable passivation layer formed on Zn during galvano-
static discharge in the PBS electrolyte, leading to more marked volt-
age fluctuations when pitting corrosion occurred. The mechanical
disturbance generated by the growing zinc phosphate film may also
have contributed to the voltage fluctuations. We also noted that the
voltage fluctuations of our battery were larger than those in the lit-
erature because of the smaller size and the lack of an ion-exchange
polymer coating (75). A picoliter battery is expected to have a larger
fluctuation than a macroscopic one, because the inhomogeneity of
the electrode material plays a larger role on a smaller area. However,
the higher overall power and energy density we observed in PBS
compared with those in other electrolytes indicate that this passiv-
ation layer reduces the self-discharge of the Zn anode (75). Ideally, a
passivation layer (or solid electrolyte interphase) for a Zn anode
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should be continuous, uniform, nonporous, conductive to Zn*,
and mechanically strong. In our case, although the zinc phosphate
precipitate (hopeite) was conductive to Zn**, it was not uniform and
continuous. To improve the uniformity of the zinc phosphate
passivation layer, a layer of Nafion coating can be applied given that
it has been shown to be effective in the literature (75). The fluctua-
tion in the first 2000 s of discharge was typically less than 100 mV,
which is about 10% of the open-circuit voltage (OCV). We demon-
strated that the battery can provide reliable power to many types of
microrobotic loads.

Encouraged by the exceptional performance, we further studied
these picoliter Zn-air batteries in the PBS electrolyte. Voltage
curves were measured by discharging the batteries at increasing
current densities (per cathode area) from 0 to 0.75 mA cm™2 Data
were collected from nine individual batteries (Fig. 3A) and aver-
aged. The voltage monitored over 60 s at each current density is
shown in Fig. 3C, and the time-averaged voltage versus current
curves (polarization curves) were obtained as shown in Fig. 3B. The
OCYV of these batteries was around 1.2 V, and the short circuit cur-
rent was about 10 nA (0.5 mA cm™2). When we plotted the average
voltage versus the normalized current (Fig. 3B and fig. S13), we
found that the polarization curves were mostly invariant with re-
spect to size. This indicates that the cell resistance scales with the
size of the electrode and that the oxygen transport on the cathodic
side is likely the rate-determining step. This is further supported by
literature results that the discharge current scaled linearly with the
cathode area when the Zn area was fixed (78). This is also consis-
tent with a much higher current density of oxygen reduction reac-
tion when the catalyst was loaded on a rotating ring-disk electrode
(79, 80) or at the triple phase boundary (45-47), where the trans-
port of oxygen was greatly enhanced compared with our setup. We
therefore normalized the current and power on the basis of the
cathode area.
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Fig. 3. Performance of picoliter Zn-air batteries in PBS. (A) Polarization curves of nine individual batteries with 50 pm-by-40 pm electrodes. (B) Polarization curves
from batteries of three different electrode areas. (C) Voltage versus time curves for Zn-air picoliter batteries under different discharge current densities; the shaded regions
indicate the SE of the measurement. The legend shows the correspondence between the actual current and current density normalized by the area of the Pt electrode.
(D to G) Galvanostatic discharge curves of picoliter Zn-air batteries under current densities of (D) 0.1 mA cm’z, (E) 0.2 mA cm’z, (F)0.3mA cm’z, and (G) 0.4 mA cm™2 Data
from four devices are shown for each rate; more discharge curves can be found in figs. $13 and S16. These batteries have 1-um-thick Zn and a volume of 2 pl. (H) Polariza-
tion curve and power curve generated by averaging the galvanostatic discharge curves in (D) to (G). (I) Average voltages and capacities of batteries under four current
densities. The theoretical capacity and open circuit voltage are indicated by the dashed lines.

Figure 3, D to G, shows the long-time galvanostatic discharge
data of the picoliter batteries in PBS with various current densities.
The thickness of Zn was supposed to be 700 nm on the basis of the
quartz balance in the deposition chamber, whereas the actual thick-
ness measured by the profilometer was 1 pm, likely because of the
loose packing of Zn microcrystals. The average voltage dropped
from about 0.5 V (Fig. 3D) to 0.3 V (Fig. 3G), whereas the average
output power increased from 1 nW to near 3 nW (Fig. 3H) as the
discharge rate increased from 0.1 mA cm ™2 (0.24 C) to 0.4 mA cm ™
(0.96 C). This trend (Fig. 3H) was consistent with the voltage-
current relationship obtained in the previous experiment (Fig. 3B).
The fluctuating voltage observed in Fig. 2A was also seen here under
various discharge rates. The duration of discharge did not decrease
accordingly but stayed roughly around 2000 to 3000 s (Fig. 3, D, E,
and G), with an exception at 0.3 mA cm™2 (Fig. 3F). This corre-
sponds to an increase in capacity from one-sixth to more than 50%
of the theoretical value (30 pC) as the discharge accelerated (Fig. 3I),
which is opposite to the common trend in most batteries. Self-
discharge may explain the limited operation time of the Zn anode,
leading to a lower capacity at lower discharge rates. The discharge
product growing on the surface of the Zn anode could eventually
block its access to the electrolyte, which might also lead to a prema-
ture failure (fig. S14). However, some exceptions do exist at high
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rates (above 0.3 mA cm™2) with close-to-theoretical capacity (blue
curve in Fig. 3F and yellow curve in fig. S15D), which did not ex-
hibit self-discharge for a much longer time (>4000 s). The released
batteries with wires delivered one-third less capacity compared with
batteries tested on wafer (fig. S16) because of damages to the Zn
electrode during the release and transfer process, which involved a
series of mechanical manipulations and repeated solvent washing.
Aging of the batteries in the solvent for more than 1 month does not
appear to lead to failure of the picoliter batteries (fig. S15, E and F).

A Ragone plot of the individual performance of each tested bat-
tery shows reasonable consistency across devices under the same
testing condition (Fig. 4A). Unlike the commonly observed negative
correlation between energy and power densities (red squares in
Fig. 4B), there appeared to be a somewhat positive correlation for
our picoliter Zn-air batteries. This is because of the self-discharge
effect discussed in the previous paragraph. Because the cathodic re-
actant O, came from the solution environment, the net volume of
the battery (2 pl) was dominated by the Zn anode, whereas the Pt
cathode accounted for less than 10% of the volume. The total output
energy of one picoliter battery was about 5.5 pJ at 0.4 mA cm ™2,
which translates to an energy density of 2.75 pJ pl™' (~760 Wh
liter™!). At 0.3 mA cm™?, devices with exceptionally high energy
densities (near 6 pJ pl_l) gave rise to a higher average of 3.85 pJ pl_1
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Fig. 4. Performance summary and comparison. (A) Ragone plot of energy and power of individual batteries with a 2-pl volume; the data were calculated from Fig. 3, D
to G. The theoretical Gibbs free energy of the cell reaction is shown as the red dashed line. (B) Ragone plot of the average energy and power densities under four current
densities. The error bars represent the SD across multiple devices. The red squares are data of Li-MnO, primary microbatteries from the literature (89). The green square is
a data point of Al (aluminum)-H,0 microbattery from the literature (90). (C) Master plot of the energy density versus cell volume for various microbatteries reported in the
literature (electrolyte volume excluded for all entries). This work is shown with a red star.

(1070 Wh liter ™). Compared with Li-ion microbatteries reported in
the literature (15-18, 31, 38, 43, 44, 81-83), our Zn-air battery ben-
efits from harvesting part of its reactants from the environment
and hence offers a higher energy density, among other advantages
(Fig. 4C), despite its simple structure and facile fabrication. It has a
volume five orders of magnitude smaller than almost all microbat-
teries in the literature. Therefore, we demonstrated the releasable
picoliter-sized battery that has appreciable energy density and can
be fabricated with standard photolithography, which makes it a
promising energy source for cell-sized robots and sensors (8-10).

Powering microrobotic loads
Memristors are two-terminal devices whose resistance is modulated
on the basis of the history of current passing through. We used
memristors in the past for information storage on a colloidal state
machine with a relatively simple structure (10, 11). In this work,
commercial memristors purchased from Knowm Inc. were con-
nected with picoliter batteries in a setup shown in fig. S25A. The
cyclic voltammetry curves of the memristors (fig. S25C) show that
they can be switched from an off state with 1 gigohm resistance to an
on state with 1 to 10 megohm resistance at a threshold voltage of
around 0.2 V, making them suitable loads for our picoliter batteries.
Figure 5A shows that after 20 min of discharging, a memristor can
be successfully turned on by a Zn-air battery with only a 2-pl vol-
ume. Compared with the control devices that remained in the off
state, devices that were connected to the batteries exhibited a sub-
stantial increase in conductance of up to three orders of magnitude
(Fig. 5B). The relatively large variation in the final on-state conduc-
tance was attributed to variabilities in both the batteries (Fig. 3) and
the memristors (fig. S25) and was likely magnified by the nonlinear
switching characteristic of the memristors. Nevertheless, all devices
showed on-off ratios larger than 3, which was a marked change in
the current-voltage (I-V) curves (fig. S26). In comparison, the con-
trol samples had almost no increase in the conductance (on-off ra-
tios less than 1.5). This experiment confirmed the capability of
picoliter batteries to power microscopic electronic devices. The
memristors had a length scale of around 50 pm and hence could
potentially be integrated with our batteries to enable the construc-
tion of fully autonomous colloidal robots (84).

Recently, Miskin et al. (9) demonstrated Pt-Ti bilayer metallic
actuators as legs for microscopic robots. Bias voltages applied on the
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actuator caused the adsorption/desorption of hydrogen or oxygen
species on the Pt surface (9), which changed the stress distribution
and the curvature of the device (Fig. 5C). Once connected with
the Zn electrode of the battery, the actuator bent from its flat state
(50-pm long, 12-pm wide) to a maximum curvature of around 0.1 pm ™"
in about 4 s (Fig. 5, D and E, and movie S1). When we reversed the
bias by connecting the Pt cathode of the battery with the actuator, it
relaxed to the flat state at a similar rate. The response time is in
agreement with the RC time constant of the circuit (Supplementary
Methods). We showed that another 60 pm-by-14 pm actuator could
be powered by a 1.6-pl battery to quasireversibly bend and flatten
for more than 50 cycles (fig. S27 and movie S2). After prolonged
operation, a decay in the minimum curvature (maximum actuator
length) was observed (Fig. 5, D and E, and fig. S27, B and C), ac-
companied by a slowing down of the flattening response time to
more than 10 s. Meanwhile, the maximum curvature and the curling
response time remained almost unchanged. This was possibly be-
cause of some irreversible changes in the actuator during repeated
actuation under high voltage (85) as evidenced by the difficulty flat-
tening it afterward (fig. S28 and movie S3). The total current passing
through the actuator consisted of a pulse component from capaci-
tive discharge and a constant part from Faradaic current, as shown
in Fig. 5F. It is estimated that about 60% of the battery’s total energy
was consumed by the actuator (Supplementary Methods), mostly to
drive the Faradaic reactions. The disparity between the positive and
negative Faradaic currents is explained by a difference in the reduc-
tion and oxidation reaction rates on the actuator.

Sensors are essential components for the autonomous operation
of a microrobot; hence, we further demonstrated the capability of
our picoliter battery by powering resistive chemical sensors. In
Fig. 6, A and B, two chemical sensors made of different materials
were both successfully powered by picoliter batteries. When a water
droplet containing the analyte triethylamine (TEA) was added onto
the monolayer MoS, sensor, the impedance of the device decreased,
and thus the output current of the battery increased significantly
(Fig. 6A) (10). The other sensor based on a single-walled carbon
nanotube (SWNT) was less sensitive than the MoS, sensor, requir-
ing a higher analyte concentration and rendering a smaller signal
but still producing a marked change in the output current (Fig. 6B).
Note that neither device was optimized for this application. Never-
theless, their responses (AI ~ 20 nA) were large enough to drive at
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Fig. 5. Application of Zn-air batteries. (A) /-V curves of a memristor connected with a 100-pm picoliter battery (2 pl) before and after 20 min of discharging in the PBS
electrolyte. The batteries are from the same batch of devices used for performance characterization in Fig. 3. The inset shows the schematic of the circuit. I-V curves of
other switched-on devices can be found in fig. S26. (B) Scatterplot of the initial and final conductance of memristor devices that were switched on by batteries (blue)
versus those not powered (orange). (C) Images of a Pt-Ti surface electrochemical actuator (SEA) curling and flattening under cyclic voltammetry measurement with 0.4-V
amplitude. A Pt wire was used as the counter electrode. The curvature of the actuator increased when sweeping toward negative bias and decreased when sweeping
toward positive (fig. S28). (D) Length of a 50 pm-by-12 pm SEA over 35 cycles of actuation powered by a 1.6-pl battery. The battery was in a separate solution from the
SEA. The inset shows the circuit diagram used in this experiment. (E) Curvature of the actuator during operation converted from the length shown in (D). (F) Current re-

corded by an ammeter during the actuation shown in (D).

least some potential loads, such as the aforementioned memristors
and actuators. The very large current means that the on-state resis-
tance of the MoS, sensor is negligible compared with the internal
resistance of the battery or the resistance of a bimorph actuator.
Therefore, if an actuator and a sensor are connected in series, a bat-
tery is essentially directly powering the actuator when the sensors
are turned on. If paired with memory devices, then our batteries
could provide the energy necessary to record environmental infor-
mation as nonvolatile memory in the form of resistance change to
be recovered later.

Last, our batteries also enabled a basic and key function for all
autonomous machines, which is a clock signal generator. Using a
simple relaxation oscillator (Fig. 6C) composed of a picoliter bat-
tery, a resistor (1 gigohm), a capacitor (4.7 nF), and two commercial
complementary metal-oxide semiconductor inverters (SN74HC04),
we managed to generate a regular AC signal. The amplitude of
the signal had some variation over time because of the voltage
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fluctuation of the battery, but a stable frequency of 0.1 Hz was main-
tained over the entire discharge period (Fig. 6D). Such a stable,
low-frequency clock signal would enable the microrobot to keep
track of time and perform sequential logic operations (86). A
more efficient oscillator design and much more complex micro-
chiplet circuits have already been demonstrated in the literature
(table S2), most of which require power on the order of nanowatts
when in standby mode (not performing data transmission). Over-
all, we demonstrated the ability of the picoliter batteries to drive
five different applications, including a memristor, an actuator,
two types of sensors, and one oscillator circuit.

Proof-of-concept experiments

Although our colloidal batteries are intended to operate in a large
reservoir of electrolyte, there are other application scenarios where
the microrobots are in a dry environment or where ionic species are
not available in the liquid environment. To this end, we carried out
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Fig. 6. Application of Zn-air batteries continued. (A) /-V curves of an MoS, chemiresistor connected with a picoliter battery (2 pl) during the addition of a droplet con-
taining 35 mM TEA. (B) I-V curves of a SWNT chemiresistor connected with a picoliter battery (2 pl) during the addition of a droplet containing 140 mM TEA. (C) Circuit
diagram of an RC oscillator with two inverters powered by a picoliter battery. (D) Current signal of the RC oscillator over 1500 s.

two proof-of-concept experiments demonstrating the potential of
picoliter Zn-air batteries. For the first scenario, where a closed bat-
tery is preferred, we used a micro-inkjet printer to precisely drop
500 pl of ionic liquid (IL) electrolyte onto our batteries (Fig. 7A).
The batteries offered lower voltage compared with those in the nor-
mal PBS electrolyte, primarily because of the higher viscosity and
lower conductivity of IL electrolyte. The battery delivered 0.82 pJ of
energy at a current density of 0.1 mA cm™>. Although smaller than
PBS-based batteries, the batteries with IL still delivered energy den-
sity (1.6 nJ pl™'; electrolyte volume included), still outperforming
the smallest energy storage devices in the literature (22). Further
reduction of electrolyte volume and introduction of a box to seal the
IL could allow for a self-contained picoliter-sized battery. In the sec-
ond experiment, we added 20 pl of salt to the battery by drying a
dilute electrolyte solution. When immersed in a droplet of deion-
ized (DI) water (about 10 pl), the battery released salt and was able
to deliver 0.6 to 1.2 pJ of energy at a current density of 0.1 mA cm™>
(Fig. 7B). The very low concentration of salt results in low conduc-
tivity and a reduced discharge potential, similar to the case of using
IL electrolyte. This semiclosed, salt-releasing configuration ensures
that the picoliter batteries can operate even without ions in the envi-
ronment. Overall, these experiments show that the Zn-air batteries
could potentially operate in different environments and do not nec-
essarily require an infinite electrolyte reservoir.

DISCUSSION

Compared with other microbatteries reported to date, the Zn-air
picoliter batteries reported in this work offer one of the highest en-
ergy densities (Fig. 4C), but their power density has substantial
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Fig. 7. Alternative picoliter Zn-air battery designs for various application sce-
narios. (A) IL-based batteries for applications that require a closed-battery configu-
ration. Galvanostatic discharge curves of Zn-air batteries in 500 to 600 pl of IL under
a current density of 0.1 mA cm 2 The IL electrolyte is composed of 1 M Zn(BF,); in
1-ethyl-3-methylimidazolium tetrafluoroborate [(EMIM)(BF,)]. (B) Semiclosed, salt-
releasing batteries for applications in pure water. Galvanostatic discharge curves of
Zn-air batteries carrying 20 pl of salt, under a current density of 0.1 mA cm~2 The
salt-carrying batteries were immersed in 10 pl of DI water.

room for improvement (fig. $29). We note that increasing the power
density is helpful for performing tasks like locomotion and com-
munication (table S2). Building on these capabilities, in the future,
we plan to explore the possibilities of creating autonomous cell-
sized robots capable of self-powered sensing, steering, and locomo-
tion. Improvements will therefore enable substantial increases in
capability and task flexibility for microscopic sensors and robots.
We identified the cathodic reaction, or more accurately the trans-
port of Oy, as the rate-limiting step in this system. Hence, the easiest
next improvement is to increase the area of the Pt cathode. However,
the size of Pt is constrained by the projected area of the device to be
powered, whereas increasing the specific area is ineffective. Alterna-
tively, we may increase the access to oxygen by creating triple phase
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boundaries, which may require a polymer/gel electrolyte compatible
with photolithography. Replacing the Pt with other types of cathode,
such as Ag,O, MnO,, and NiOOH, may remove the limitation of O,
in solution (fig. S30, A to C). To mitigate the large voltage fluctua-
tion toward the end of discharge, a larger discharge rate or a confor-
mal polymer coating on Zn may also be desirable (fig. $30, D to F).
In future work, we plan to explore Zn-based picoliter batteries with
a higher power density and rechargeability.

It is worth mentioning that because many of our targeted loads,
such as the bimorph actuator and the sensors, need to work in an
aqueous environment, the integration of a picoliter Zn-air battery
with those loads is expected to be easy and natural. Other loads that
might be sensitive to liquid, such as some microelectronic circuits,
need to be encapsulated anyway for the colloidal robots to work in
solution. Therefore, the integration of a battery with those encapsu-
lated loads will not be a problem either.

The primary battery demonstrated in this study is suitable for
some application scenarios that we have envisioned (84). However,
other applications such as implantable microelectronics may call for
a rechargeable battery. The nonevaporating IL electrolyte and the
air-independent Ag,O cathode pave the way toward fully enclosed
battery systems, which are much easier to recharge than an open
cell. Enclosed batteries can also be connected in series to provide
higher voltage. In a rechargeable battery, the depth of discharge may
need to be limited to prevent Zn delamination, therefore sacrificing
some energy density. Substantial engineering and optimization are
needed to make Zn-air picoliter batteries with cycle life, energy, and
power density comparable to those of their macroscopic counter-
parts (hundreds of cycles and up to 2000 Wh liter ') (87). It is also
preferable to embed picoliter batteries as a structural part of micro-
robots, as demonstrated in macroscopic robots as well (87, 88).

In summary, we present the fabrication, release, characterization,
and application of Zn-air picoliter batteries. Using standard photoli-
thography, we fabricated thousands of picoliter batteries on a single
wafer at once that were easily released into solutions. Batteries of
various sizes were created, ranging from 10 to 100 pm across. The
electrochemical performance of these batteries was characterized
on a probe station by galvanostatic discharge. The performance
achieved was in agreement with our expectation, with an open circuit
voltage of 1.2 V; a short circuit current density of about 0.5 mA cm ™
(10 nA/2000 pm?), a power of 0.15 mW cm ™2 (3 nW/2000 pm?),
and a capacity of 300 mAh g~ (16 pC/2 pl). Our picoliter batteries
demonstrated an energy density of up to 1070 Wh liter™", exceed-
ing those of most microbatteries to date. Last, the tiny batteries were
proven to be able to turn on memristors and drive actuators of com-
parable sizes. The high energy density, compatibility with photo-
lithography, and relatively simple fabrication process make picoliter
Zn-air batteries a desirable power source for colloidal electronics.
This work may inspire more effort toward picoliter-scale energy
storage and harvesting devices and greatly expand the functionality
and application of cell-sized robots and sensors.

MATERIALS AND METHODS

Picoliter battery fabrication

A layer of LOR-3A lift-off resist was first spin-coated onto a 2-inch
(50.8-mm) Si wafer at 2000 rpm. The coated wafer was then baked
at 180°C for 4 min and 190°C for 20 min to increase the stability of
LOR-3A during fabrication. A layer of 70-nm-thick copper was
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subsequently deposited on top of the LOR-3A by DC magnetron
sputtering (AJA International). This formed the sacrificial LOR/Cu
substrate, enabling easy release of batteries in later experiments.
During fabrication, the Cu layer protects the photoresist from be-
ing dissolved in the lift-off solution (Remover-PG).

To define an insulating base for the batteries, we first patterned
SU-8 2002 negative photoresist by contact photolithography on an
MA-6 mask aligner. After development, the cross-linked SU-8 struc-
ture was hard-baked at 120°C for 4 min to increase adhesion and
reduce stress. In the second photolithography step, LOR-20B and
Shipley S1805 photoresist were patterned to define the electrical con-
tacts to both electrodes. Wafers with only 100-pm batteries were pat-
terned by contact photolithography, whereas wafers with various
sizes of batteries were patterned by direct laser writing in a maskless
aligner (Heidelberg MLA-150). A tri-layer metal of 5n1m/20 nm/5 nm
Cr/Ag/Cr (or Ti/Ag/Ti) was deposited by a Denton electron-beam
evaporator, followed by 25 nm of Pt deposited by either e-beam evap-
oration or DC sputtering. The lift-off process was performed in
Remover-PG solution on a shaker to remove the photoresist and ex-
tra metal. The third step used the same photoresist as the second step
to define the Zn anode pattern. A titanium adhesion layer (10 nm)
was first sputtered, after which Zn metal was deposited by a Key High
thermal evaporator. The thickness of Zn was monitored with a quartz
crystal oscillator in the evaporation chamber. The lift-off process was
performed in Remover-PG on a shaker at room temperature. For Zn-
Ag,0 batteries, the cathode material was deposited by reactive sput-
tering of Ag target in O,/Ar plasma. Last, Shipley S1818 was coated
and patterned to protect Zn and define an etching frame around each
battery.

The fabrication of batteries with wires for electrical character-
ization shared the same procedure as described above, except for
an additional step before the last one. Another layer of SU-8 2002
was patterned after finishing the third step to shield the wires
from electrolyte while exposing the active region of the device.
Some of the batteries with wires were fabricated on another insu-
lating substrate, such as SiO, or glass, and were tested without
releasing.

Release procedure
The as-fabricated wafer was immersed in Cu etchant 49-1 for 2 min
to remove Cu in the etching zone around each battery. The wafer
was then washed with DI water and acetone to dissolve the S1818
photoresist. Subsequently, the wafer was immersed in 20 ml of
THF for 3 to 4 hours to dissolve the LOR sacrificial layer. After
releasing most of the batteries, the wafer was taken out, and THF
was evaporated to less than 5 ml. Optionally, the photoresist-
containing solution was then diluted by adding fresh solvent (THF
or acetonitrile) and taking out old solvent with a pipette. The re-
sulting dispersion was then collected for future characterization.
The yield of the fabrication process was more than 95% (less than
1 device per 200 was observed to be defective under microscope).
The yield of the release procedure was about 90% (roughly 10% of
batteries were stuck on the wafer and were not released). The re-
leased batteries were mostly intact (95% of the upward-facing bat-
teries looked visually the same as they did before releasing). All of
the released batteries could be discharged (even the ones that were
facing downward). Overall, we estimate an overall yield of at least
80% for the functional picoliter batteries after being released from
the substrate.

90f13

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

The batteries with wires were also etched and washed in the same
way as stated above. Then, 2 pl of poly(methyl methacrylate) (PMMA)
e-beam resist was drop-casted onto each device as a protection layer.
After drying and annealing, the wafer was immersed into 2 wt %
KOH solution to release the devices. The floating devices after releas-
ing were fished with glass slides and cleaned with DI water and
acetone.

Characterization

Optical images of batteries were acquired with a Zeiss Axio Scope
A1l microscope using objective lenses of various magnifications
(5%, 10X, 50x, and 100x). The height profiles of the batteries
were measured with a Bruker DektakXT profilometer using a
2-pm-radius diamond-tipped stylus. The ultraviolet-visible spec-
tra of batteries in copper chloride solution were measured with
a Shimadzu UV-3101PC spectrophotometer at wavelengths of
250 to 600 nm. The discharge product was collected from a mac-
roscopic Zn-air cell in PBS solution, centrifuged and washed
twice with DI water, and dried for further characterization. The
dried powder was dispersed in isopropanol and loaded onto a
transmission electron microscopy grid for high-angle annular
dark-field (HAADF) and EDS mapping on a Titan Themis Z
G3 Cs-corrected scanning transmission electron microscope
(STEM). The powder XRD was measured with a PANalytical
X’Pert Pro diffractometer.

Electrical characterization

Electrical performance measurements of picoliter batteries were
performed on an ARS PSF-10-1-4 Cryogenic Probe Station using
micromanipulators as probes. All measurements were done on bat-
teries with wires in a two-electrode configuration under ambient
conditions. One probe connected to the Pt electrode served as the
working electrode, and the other probe connected to the Zn elec-
trode served as the counter and reference electrode. Voltage and
current were applied to the probes using a semiconductor parame-
ter analyzer (Agilent E5262A source measure units, controlled by
MATLAB code). Before measurement, a drop of PBS or one of the
other types of electrolytes (10 to 15 pl) was added to the active re-
gion of the device. The droplet did not spread out to the probes be-
cause of a large contact angle with the SU-8 polymer. Voltage
polarization curves were obtained by sequentially increasing the
galvanostatic discharging current density from 0 to 0.75 mA cm ™2,
The voltage was monitored for 60 s at each current density, with 20 s
of rest before the next measurement on the same device. Long-time
galvanostatic discharge was carried out continuously until the volt-
age dropped below zero for more than 1 min, when the battery was
considered dead. Deionized water (4 to 8 pl) was added to compen-
sate for the evaporation of water from the electrolyte droplet if the
discharge lasted longer than 2000 s.

Short circuit discharge experiment

The bottle containing short-circuited picoliter batteries was agitat-
ed, and 10 pl of dispersion was drop-casted onto a glass slide. After
drying, a hydrophobic PMMA well was pipetted around the batter-
ies by hand. The batteries on slides were observed continuously un-
der a Zeiss microscope (50X objective) after adding 100 pl of the
PBS electrolyte until the batteries were fully discharged. The PBS
electrolyte was bubbled with pure oxygen for 5 min to create an
oxygen-saturated solution. When using this solution, a rubber well
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and a thin glass cover slide were used to seal the volume, preventing
gas exchange with ambient air. The oxygen level was measured with
an RCYAGO dissolved oxygen meter.

Memristor switching experiment

The batteries for powering the memristor, the actuator, the oscillator,
and the sensors were all on the substrate. Picoliter batteries with wires
(Fig. 2A) and memristors were connected to probe needles, and the
needles were then connected through external cables. The initial resis-
tance of memristors was recorded using a semiconductor analyzer.
After disconnecting the cables from the semiconductor analyzer, we
added 12.5 pl of the PBS electrolyte to the battery. The memristors
were disconnected from the batteries 20 min later, and the final resis-
tance was recorded. For the control devices, we measured the resis-
tance of a device at rest in the off state every 20 min.

Actuator experiment

Pt-Ti bimorph actuators were fabricated on a Cu sacrificial layer
according to the procedure reported previously (9). They were re-
leased by etching away Cu substrate in an ammonium persulfate
solution (4 mg ml™") overnight. The floating actuators were then
transferred with the Si wafer into a petri dish with PBS solution.
Individual actuators were picked up by parylene-coated Ir/Pt
probes (Microprobes for Life Science). The actuators were first
tested with 0.4-V amplitude cyclic voltammetry at a sweep rate of
73 mV s~', with a Pt wire as the counter and reference electrode.
Then, the actuator was connected to a picoliter battery in a sepa-
rate solution with external wires. The polarity of connection was
switched to cause cycles of actuation by manually reconnecting
wires at a regular pace until the battery fully discharged and the
actuation stopped. The state of the actuator was filmed in the mean-
time. For the recording of current, a semiconductor parameter ana-
lyzer was connected in series with the battery and set to maintain a
constant voltage of 0 V.

Sensor experiment

Picoliter batteries with wires and chemical sensors were connected to
probe needles, and the needles were then connected through external
cables. Before starting the program, 12.5 pl of the PBS electrolyte was
added to the battery. For the recording of current, a semiconductor
parameter analyzer was connected in series with the battery and set to
maintain a constant voltage of 0 V. The chemical sensors were initially
dry; after being powered for a few minutes, a 1.5-pl droplet containing
the analyte TEA was added to the sensor.

Oscillator experiment

One picoliter battery with wires was connected to a resistor, a capaci-
tor, and two inverters through probe needles and cables according to
the circuit in Fig. 6C. Before starting the program, 12.5 pl of the PBS
electrolyte was added to the battery. The current was recorded until
the battery ran out of charge.

Statistical analysis

Figures and tables present data from individual experiments without
the application of statistical methods unless noted otherwise. All data
are reported as either the mean or the mean =+ SE unless specified dif-
ferently. The discharge rate analysis, demonstrated in fig. S24 and
Supplementary Discussion, was conducted using a nonlinear least
squares method in MATLAB.
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Editor’'s summary

Energy storage at the micrometer scale is an ever-growing challenge as robots are progressively downsized.
Moreover, the use of wet chemistry in battery technologies limits their potential to be scaled down beyond millimeters
in size. Zhang et al. have now developed a high energy density zinc-air battery at the picoliter scale in volume. Using
photolithography, 10,000 batteries could be fabricated from a single 50.8-mm wafer and released into solution.
Moreover, the batteries could achieve an energy density above 760 watt-hours per liter and were capable of powering
micrometer-sized devices such as colloidal robots, sensors, and memristor circuits. —Amos Matsiko
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