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A B S T R A C T   

Smart contact lenses developed for medical and personal applications will require miniaturized power supplies, 
with integrated batteries providing promising options. However, charging batteries in small wearable devices is 
challenging because it is difficult to transfer electrical power through a miniaturized wired connection or 
wireless transmission unit. Herein, we develop safe, tear-based batteries integrated into contact lenses that are 
charged by biofuel during their storage. Enzymatic reactions of glucose oxidase and self-reduction of conducting 
polymer are utilized to charge the cathode and anode, respectively. The electrodes are embedded into a contact 
lens and discharged in an artificial tear solution followed by charging in a glucose solution via a bio-reaction 
(called bio-charging). The bio-charging battery shows a discharging capacity of 45 μA cm− 2 and a maximum 
power of 201 μW cm− 2, with its performance verified over 15 cycles. The bio-chargeable battery can also be 
charged conventionally by an external power supply.   

1. Introduction 

Smart contact lenses are wearable devices that promise to provide 
wearers with both medical diagnostics and personal applications and are 
typically composed of sensors, wireless communicators, actuators, and 
power supplies [1–6]. The development of the power supply for smart 
contact lenses has focused on providing power through either inductive 
power transmission [3,7–10], supercapacitors [11], biofuel cells 
[12–15], or batteries [16–18]; however, all these approaches have un
resolved technical challenges that obstruct their commercialization with 
smart lenses [19]. Although inductive power transmission can supply 
high power without safety issues caused by the generated heat [20], 
wearing the encumbered transmitter and receiver within a certain dis
tance is necessary. This limitation would not impede special applica
tions, such as medical diagnostics, but would make the lenses unsuitable 
for everyday use. Biofuel cells can generate their own power in situ but 
provide insufficient power densities for most applications [12–15]. 
Batteries can overcome both issues, providing sufficient power to the 
smart lens without encumbering the wearer with power transmission 
equipment. However, conventional batteries contain various materials, 
such as organic solvents and concentrated salts, that could cause severe 

eye damage if leaked. Therefore, the development of safe batteries is 
necessary for smart lens applications. Previously, we developed an 
aqueous battery integrated with a contact lens that operated with an 
artificial tear solution acting as the electrolyte, thereby circumventing 
any concerns about mechanical breakage and leaking hazardous 
chemicals [17]. 

To integrate various functions into smart contact lenses, all compo
nents need to be miniaturized. The power supply components are 
particularly difficult to miniaturize while still supplying sufficient en
ergy because of the limited energy density of the battery and the power 
transmission efficiency of the receiver. Generally, batteries can be 
charged by supplying energy from external power sources through wired 
connections or wireless transmissions. Although the wired connection is 
the most straightforward method, it is often impractical to make the 
good electrical connection needed between a small, soft electrical pad on 
a contact lens and an external probe. Maintaining the chemical stability 
of an electrical connection in fluidic media can also disrupt a direct 
connection. Alternatively, wireless power transmission can charge the 
battery while the contact lens is stored in its storage case. However, the 
receiving coil and control unit will occupy a large space in the contact 
lens. 
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To resolve these challenges, power from a biofuel cell could instead 
charge the battery without external electrical power sources, with the 
battery and biofuel cell integrated as individual components in the 
contact lens. Ideally, the battery and biofuel cell would be combined into 
a single component to save space in the contact lens, with the cathode 
and anode charged via products from enzymatic reactions in a charging 
solution. Since the selectively immobilized enzymes enable no mem
brane miniaturization, cell configuration is then simplified [21]. Our 
previous study also indicated that the battery could operate in an 
aqueous biofuel solution, potentially allowing the battery to be com
bined with a biofuel cell. Unlike biofuel cells that operate directly in 
bodily fluids, a battery combined with a biofuel cell could charge while 
in a contact lens case filled with a highly concentrated biofuel solution. 
The higher fuel concentration guarantees a high power supply to the 
battery from the high catalytic activity of enzymes. The battery could 
then be discharged at high power when needed, unlike biofuel cells that 
cannot store energy. Thus, combining a battery with a biofuel cell could 
supply higher power than individual biofuel cells powered by tears, 
which contain lower biofuel concentrations. Recently self-charging 
batteries have been developed, but these have only demonstrated 
self-charging of the cathode, not the anode [22]. Additionally, utilizing 
this self-charging mechanism could be difficult for smart contact lenses 
because of the air-permeable system of the battery that contains a high 
concentration of salts in the electrolyte. Alternatively, oxidizing or 
reducing agents can be applied to charge the battery, however, their 
reactions are not selectively induced on the cathode or anode. 

Herein, we develop our above-proposed battery design combined 
with enzymes, which could be charged by enzymatic reactions (i.e., bio- 
charging) without needing an external electrical power supply. Copper 
hexacyanoferrate (CuHCFe) was used for the cathode combined with the 
glucose oxidase enzyme (GOx). CuHCFe was oxidized (i.e., charged) by 
hydrogen peroxide (H2O2) produced by GOx with glucose in a charging 
solution. Polypyrrole (PPy) was used for the anode, which was reduced 
(i.e., charged) in the charging solution by its self-reduction ability. The 
cathode and anode were fabricated on a porous paper substrate to 
enhance the flexibility and strength of the electrodes, with the battery 
embedded into a contact lens. The contact lens battery was bio-charged 
in the glucose-based charging solution to simulate the storage of the 
contact lens charging at night, before being discharged in an artificial 
tear solution to simulate the contact lens’ use in the daytime; thus, this 
approach simulated the cycle of contact lens usage. The cyclic 

performance of bio-charging was characterized, and electrical charging 
and discharging of the contact lens battery demonstrated the battery’s 
general operation. 

2. Results and discussion 

2.1. Concept and fabrication 

Fig. 1 illustrates the working principle of bio-charging of the tear- 
based battery and its practical usage in a smart contact lens. The bat
tery discharges while supplying power to a smart contact lens and then is 
charged while the contact lens is stored in a case with a charging solu
tion, as shown in Fig. 1a. Thus, the battery can be charged by simple 
immersion in the charging solution without requiring external electrical 
power. The CuHCFe cathode was coated with a layer of GOx and charged 
by immersion in a glucose solution. The GOx oxidizes glucose to glu
conic acid while simultaneously reducing oxygen to H2O2 [23–26]. The 
H2O2 then works as an oxidizing agent of CuHCFe, and this reaction 
charges the cathode. Meanwhile, the anode charges through the 
self-reduction ability of PPy (Fig. 1b), with the oxidized PPy reduced by 
the nucleophilic attack of hydroxide ions [27–30]. Even low concen
trations of hydroxide ions present in neutral solutions can cause this 
self-reduction. The discharging mechanism of the battery is the cation 
intercalation of CuHCFe at the cathode and the anion coordination to 
PPy at the anode. The chemical reaction equations for charging and 
discharging are presented in Supplementary information. 

Fig. 2a illustrates the fabrication of the contact lens batteries com
bined with the enzyme. Porous paper (lens cleaning paper, Whatman) 
was used as a substrate for the electrodes to enhance their mechanical 
strength and flexibility. The thickness and microscopic structure of the 
porous paper were measured by a caliper and an optical microscope, 
respectively (Supplementary Fig. 3). In addition, the porous paper 
allowed easy handling of the free-standing film of the electrodes without 
damaging the electrodes during integration with the contact lens. The 
slurry prepared for the electrodes consisted of the active material, car
bon nanotubes, carbon fibers (CFs), polyvinylidene fluoride (PVDF), and 
N-methyl-2-pyrrolidone (NMP; Fig. 2a-i), and was coated onto the 
porous paper (Fig. 2a-ii). The CFs were added as additional conductive 
materials to improve the electrical conductivity of the electrodes. The 
sheet resistances of the cathode and anode were 55.9 Ω/sq and 11.6 
Ω/sq, respectively (conductivity measurements are shown in 

Fig. 1. (a) Illustration of bio-charging of a battery in a contact lens case. (b) Mechanism of bio-charging battery: enzymatic reaction of GOx with glucose for charging 
cathode and self-reduction behavior of conducting polymer for charging anode. 
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Supplementary information: Conductivity measurement). Because PPy 
is a conductive polymer, the anode had better conductivity than the 
cathode. After drying the slurry, GOx was immobilized on the cathode 
by cross-linking between GOx and bovine serum albumin (BSA) using 
glutaraldehyde (GTA). The CuHCFe electrode was coated with a GOx 
solution prepared by dissolving GOx in deionized (DI) water together 
with BSA and polyvinyl alcohol on the CuHCFe electrode, which was 
then dried at room temperature in a vacuum chamber (Fig. 2a-iii). Next, 
the electrode was immersed in GTA solution and washed with DI water 
followed by drying in a vacuum chamber (Fig. 2a-iv). The electrodes 
were each cut into a c-shape and embedded into a contact lens made of 
hydrogel (Fig. 2a-v). The detailed fabrication process is described in the 
materials and methods section. The structural analysis of CuHCFe and 
PPy was conducted using the scanning electron microscope (SEM), X-ray 
powder diffraction (XRD), and Raman, respectively, as shown in Sup
plementary Fig. 4. 

The field of vision and the flexibility of the contact lens battery were 
confirmed, as shown in Fig. 2b and c. Because the electrodes were placed 
at the outer side of the contact lens, the vision of the eye was not 
obstructed. The miniaturization of electrical parts for smart contact 
lenses allows enough space for integrating the electronics and sensors 
with the battery. Additionally, the contact lens was robust enough to 
withstand folding. The mechanical performance of the contact lens 
evaluated under frequent external bending showed no large differences 
in the battery capacities when applying the forces. The small changes in 
open circuit voltage (OCV) of the battery under manual deformation by 
fingers indicated the quick recovery of the battery after external dis
turbances. Detailed information on the mechanical performance tests is 
shown in Supplementary Fig. 5. Fig. 2d shows the cross-sectional image 
of the CuHCFe electrode, demonstrating how the CuHCFe mixture was 
well distributed on the porous paper, forming an electrode 54 μm thick. 
The microscopic images of the top-side and bottom-side of the CuHCFe 
electrode indicate that the porous paper works as a structural material to 
hold the CuHCFe mixtures (Supplementary Fig. 6). It would be possible 
that the battery is embedded without thickening the conventional con
tact lenses as shown by the cross-sectional image in Fig. 2e. The elec
trode was fully covered by hydrogel and the overall thickness was 90 
μm, which is thinner than conventional contact lenses (200 μm). The 
transmittance of the contact lens was evaluated using UV–vis, and the 
similar transmittance in the reference and the contact lens indicates 
satisfying transparency of the designed lens (Supplementary Fig. 7). 

2.2. Test of the half cell 

Half-cell tests of the cathode and anode were used to characterize the 
bio-charging. Fig. 3 shows the results of enzymatic oxidation of the 
cathode and self-reduction of the anode. The CuHCFe cathode combined 
with GOx was discharged (i.e., reduced) in an artificial tear solution 
(0.2 M NaCl and 0.15 M KCl) and then immersed in a charging solution 
(100 mM glucose) to charge (i.e., oxidize) the CuHCFe electrode. The 
open circuit voltage (OCV) of the CuHCFe electrode in the glucose so
lution was measured in real-time (Fig. 3a). After 20 h of charging, the 
CuHCFe electrode was returned to the artificial tear solution to 
discharge. The discharging capacity at a current of 100 μA (200 μA 
cm− 2) was 46.3 μAh cm− 2, as shown in Fig. 3b. The OCV of the CuHCFe 
electrode increased from 0.489 V (vs Ag/AgCl) to 0.605 V (vs Ag/AgCl) 
when switched from the charging solution to the tear solution. The 
formal potential of CuHCFe is related to the type of cations present and 
their concentration [31–33]. In general, the formal potential of CuHCFe 
is higher as the atomic number of the alkali metal ion is high and the 
concentration of the salt is high. The formal potentials of CuHCFe 
electrode in KCl solution showed that the formal potential of CuHCFe is 
higher at higher KCl concentration (the full cyclic voltammetry curves of 
the CuHCFe in various solutions and the calculation of the formal po
tential are shown in Supplementary information: Formal potential of 
CuHCFe). Because no salt was added to the charging solution, the po
tential of the CuHCFe in the charging solution was lower than in the tear 
solution. Fig. 3c shows the discharging capacities of the CuHCFe elec
trode for different concentrations of glucose in the charging solution. 
Higher glucose concentrations up to 100 mM led to higher discharging 
capacities, but higher concentrations (e.g., 500 mM) did not increase the 
capacity further. Up to 100 mM glucose concentration, the rate of re
action of GOx with glucose was governed by the glucose concentration 
of the solution, whereas above 100 mM the glucose supply from the 
solution to GOx was saturated, with the rate then determined by the 
activity and number of enzymes present. Therefore, the CuHCFe elec
trode was shown to be charged by the enzymatic activity of GOx, with an 
optimal charging capacity provided by the 100 mM glucose solution. 

The initial voltage of discharging curve of the CuHCFe in the tear 
solution indicated that the CuHCFe electrode was not fully charged by 
bio-charging because of the low electrochemical potential of H2O2 (the 
full electrochemical discharging curve of the CuHCFe is shown in Sup
plementary Fig. 8). The standard electrode potential of H2O2 is 1.78 V 
(vs the standard hydrogen electrode), but the actual electrochemical 
potential of H2O2 is low because of the low concentrations of H2O2 and 

Fig. 2. (a) Schematic of electrode fabrication method. (b) Battery embedded into a soft contact lens. (c) Flexibility of the battery. (d) Cross-sectional scanning 
microscope image of CuHCFe electrode. (e) Cross-sectional optical microscope image of the battery embedded in a soft contact lens. 
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protons in the solution (see details in the Supplementary information: 
Electrochemical potential of H2O2). Sodzel et al. showed that the H2O2 
concentration produced by GOx in a 100 mM glucose solution is around 
0.5 mM [34]. However, the H2O2 concentration in our CuHCFe elec
trode could not match this result because the experimental conditions, 
such as the density of GOx and immobilization method, are different. We 
believe that the H2O2 concentration could be similar to or even lower 
than these previous findings when the H2O2 reaches the CuHCFe elec
trode by diffusion. Thus, the potential of oxidation by H2O2 is not high 
enough to induce the full oxidation of CuHCFe. There are two methods 
to increase the charging capacity: increasing the H2O2 concentration and 
decreasing the potential of the CuHCFe electrode. The H2O2 concen
tration can be increased by optimizing the GOx activity and the potential 
of the CuHCFe electrode can be decreased by reducing the salt con
centration. Therefore, we adjusted the glucose concentration to maxi
mize the H2O2 concentration and used a DI-water-based glucose solution 
to minimize the salt concentration. To verify the effect of salts in the 
charging solution, the CuHCFe electrode was charged in an 
artificial-tear-based glucose solution composed of 0.2 M NaCl, 0.15 M 
KCl, and 100 mM glucose. This experiment showed that the CuHCFe 
electrode charged in the artificial-tear-based glucose solution had a 
lower charging capacity than when it was charged in the DI-water-based 
glucose solution (Supplementary Fig. 9). In addition to the tests in 
glucose solutions, the CuHCFe was charged in pure DI water to verify the 
self-oxidation of CuHCFe (Supplementary Fig. 10). The CuHCFe elec
trode immersed in DI water for 20 h was then discharged, demonstrating 
how the discharging capacity of the CuHCFe electrode charged by 
self-oxidation was negligible compared with its discharging capacity 
when charged in a glucose solution. 

The PPy anode was discharged (i.e., oxidized) in the artificial tear 
solution and charged in the charging solution used for the oxidation of 
CuHCFe. Fig. 3d shows that the real-time OCV of the PPy electrode in the 
charging solution gradually decreased, indicating that the PPy had been 
reduced. After 20 h of charging, the PPy electrode was discharged in an 
artificial tear solution, demonstrating a discharging capacity of 62.4 μAh 

cm− 2 at a current of 100 μA (200 μA cm− 2), as shown in Fig. 3e. The 
dependence of self-reduction of PPy on the solution was confirmed by 
measuring its OCV in different solutions, such as various glucose con
centrations, artificial tears, and DI water (Supplementary Fig. 11). The 
results show that the self-reduction behavior of PPy was not related to 
the concentration of glucose or the salt content of the solutions. Because 
the nucleophilic attack on PPy depends on the pH level of the solution, 
the PPy electrode charging could be optimized by using a more basic 
charging solution [30]. However, the pH level of the charging solution 
was adjusted to around 7 to maximize the enzymatic activity of GOx 
[35–37]. 

Bio-charging and discharging cycles of the CuHCFe and PPy elec
trodes were observed to verify the stability of the electrodes. Fig. 3f 
shows that the discharging capacities of the electrodes indicated that the 
enzymatic activity of GOx and the self-reduction of PPy were reversible 
for several cycles. The longer cycle performance of the electrodes is 
discussed in the following full-cell tests. 

2.3. Test of the full cell 

After characterizing the bio-charging of the CuHCFe and PPy elec
trodes, the bio-charging of a full cell was characterized. The contact lens 
battery consisted of a CuHCFe cathode and PPy anode embedded into a 
contact lens made of ultraviolet-polymerized poly(hydroxyethyl meth
acrylate) (pHEMA), which is widely used for contact lens fabrication. 
Because pHEMA is polymerized at room temperature, its use avoids 
high-temperature processes that could destabilize the enzymes [1,38].  
Fig. 4a shows the cycles of bio-charging and discharging of the full 
battery cell in charging and artificial tear solutions, respectively. The 
battery was charged for 20 h, during which the charging process was 
confirmed by the battery’s real-time OCV, followed by discharging at a 
current of 100 μA (166 μA cm− 2). As discussed during the half-cell 
bio-charging of the CuHCFe electrode, the OCV of the battery 
increased when switched from the charging to the tear solution because 
the formal potential of CuHCFe in the tear solution is higher than that in 

Fig. 3. Characterization of bio-charging of half-cell: (a) Charging curve of a CuHCFe electrode (cathode) in a glucose solution, (b) discharging curve of the CuHCFe 
electrode in an artificial tear solution, (c) concentration dependency of charging of CuHCFe electrode, (d) charging curve of a PPy electrode (anode), (e) discharging 
curve of the PPy electrode, (f) cyclic performance of bio-charging of the CuHCe and PPy electrodes at the glucose concentration of 100 mM. 
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the DI-water-based glucose solution. The OCV and discharging capacity 
of the battery in the tear solution were 0.310 V and 27.1 μAh (45 μAh 
cm− 2), respectively. 

The cycles of bio-charging and discharging were then investigated, as 
shown in Fig. 4b. The areal capacity of the battery increased in the initial 
cycles before decreasing after a few cycles. Although the latter decrease 
in capacity is attributable to the degradation of the enzymes, the in
crease in capacity during the initial cycles was not clearly understood. 
The hydrogel may have influenced the initial cycles of bio-charging 
because the half-cell not embedded in hydrogel showed no similar in
crease in capacity during its initial cycles. The areal capacity peaked in 
the full cell’s fourth cycle (45 μAh cm− 2). Subsequently, the degradation 
of GOx caused a decrease in the capacity, which has previously been 
reported for GOx-based glucose sensors that exhibited decreased sensi
tivity in long-term tests [39]. We believe that 15 cycles are sufficient to 
demonstrate the bio-charging of the battery and that the cyclic perfor
mance of bio-charging could be improved by enhancing the bio
molecules’ stability. The biocompatibility of the battery was 
investigated by conducting the cytotoxicity test on a cultured Human 
Bone Osteosarcoma Epithelia cell line (U2OS cells) while charging and 
discharging for 24 h. The similar observations in the microscope images 
of live and dead cells indicated the biocompatibility of the battery, as 
shown in the Supplementary Fig. 12. Additionally, the lifetime of GOx 
can be elongated by storage below room temperature, with batteries 
capable of being safely refrigerated without degrading their 
bio-charging capacity. To demonstrate this, the bio-charging and dis
charging cycle of our bio-charging battery was run after being stored in a 
refrigerator for 12 days. The battery maintained almost the same dis
charging capacity as in its previous bio-charging and discharging cycles 
(Supplementary Fig. 13). The battery can be charged further by 
bio-charging for a longer time (Supplementary Fig. 14). At the 10th 

cycle, the battery was charged for 45 h and reached an areal capacity of 
37.6 μAh cm− 2, which was higher than at the previous ninth cycle (28 
μAh cm− 2) that had charged for 20 h. The self-discharging of the battery 
was investigated by testing the OCV of the battery in the tear-like so
lution after being charged under a 100 μA current for 1 h, 5 h, and 10 h, 
respectively, as shown in Supplementary Fig. 15. 

The bio-charging of the battery was compared with the electrical 
charging of the battery, as shown in Fig. 4c, with the battery used for 
bio-charging now charged by applying an electrical current. The battery 
was charged in the tear solution at a current of 100 μA until the voltage 
of the battery reached 0.3 V. The discharging curves of the bio-charged 
and electrically charged batteries show that the bio-charging and elec
trical charging produced similar outputs. 

Fig. 4d shows the power of the bio-charged battery compared with 
biofuel cells on a contact lens [12–15]. Herein, we compared our battery 
with biofuel cells rather than other power sources for contact lenses 
because it is reasonable to compare to power sources without an external 
power supply. The maximum areal powers of the battery were 54 μW 
cm− 2, 105 μW cm− 2, and 201 μW cm− 2 at discharging currents of 166 μA 
cm− 2, 332 μA cm− 2, and 664 μA cm− 2, respectively (the discharging 
curves are shown in Supplementary Fig. 16). Recently, biofuel cells for 
epidermal applications have been demonstrated that can supply 
3.6 mW cm− 2 [40]. However, when the biofuel cells were integrated 
with contact lenses, the biofuel cells could not achieve high maximum 
areal power because of the low biofuel concentration in the tear solu
tion. Although our battery can supply higher power than the reported 
biofuel cells for smart contact lenses, the output power of the battery 
will need to be improved because it is still insufficient to operate elec
tronics. For our proof-of-concept bio-charging battery, the enzymatic 
reaction of GOx and the self-reduction of PPy were used to charge the 
battery. Enhancing the enzymatic reactions to produce higher 

Fig. 4. Bio-charging of a battery: (a) Bio-charging and discharging cycle of the battery, (b) cyclic performance of the battery, (c) discharging curves of the battery 
with bio-charging and electrical charging, (d) maximum power of bio-fueled power sources for contact lenses. 

J. Yun et al.                                                                                                                                                                                                                                      



Nano Energy 110 (2023) 108344

6

concentrations of H2O2 and optimizing the structure of the electrodes to 
improve the transport of H2O2 from GOx to CuHCFe could increase the 
bio-charging ability. Furthermore, using enzymatic reactions on the 
anode or polymer with low formal potential and self-reduction behavior 
could lower the potential of the anode and increase the voltage of the 
battery. 

Moreover, our contact lens battery could be used as a conventional 
battery as well as a bio-chargeable battery. The battery was charged by 
applying a current of 100 μA (166 μA cm− 2) with cutoff voltages of 0 V 
and 1 V and reached a discharging capacity of 164.9 μAh cm− 2, as 
shown in Fig. 5a. Fig. 5b shows the electrical charging and discharging 
cycles of the battery, which show that its capacity decreased because of 
mechanical stress caused by the charging and discharging detached PPy 
from the electrode [41]. However, this experiment demonstrates that 
our battery design composed of CuHCFe and PPy as the cathode and 
anode, respectively, is a promising enzymatic reaction-charged platform 
to provide voltages of up to 1 V. 

3. Conclusion 

We developed a contact lens battery that could be bio-charged in 
glucose solution for smart contact lens applications. The cathode, con
sisting of CuHCFe and GOx, was charged by the enzymatic reaction of 
GOx with glucose, while the anode was charged by the self-reduction of 
PPy. The proof-of-concept battery was embedded into a contact lens and 
had a discharging capacity of 45 μAh cm− 2. We confirmed that the bio- 
charging and discharging of the battery can be repeated for over 15 
cycles and that the bio-charging of the battery is almost equivalent in 
output to the electrical charging of the battery. We demonstrated that 
the battery supplies a power of 201 μW cm− 2, which is much higher than 
that of biofuel cells for contact lenses. In addition to bio-charging, the 
battery can be used as conventional as well. The low output voltage of 
the battery could be improved by increasing the enzymatic reactivity 
and adopting different types of enzymes for the cathode and anode. 
These findings demonstrate the potential of bio-chargeable batteries for 

various small wearable devices, such as smart contact lenses, tooth 
monitoring devices, and smart patches. 

4. Experimental section 

4.1. Materials 

Copper nitrate (Cu(NO3)2, 99%), potassium hexacyanoferrate (K3Fe 
(CN)6, 99%), PVDF (Mw ~534,000), NMP (99.5%), GOx (from Asper
gillus niger, 100,000–250,000 units/g), BSA (heat shock fraction,98%), 
polyvinyl alcohol (PVA, Mw 130,000, 99%) KCl (99%), NaCl (99%), 
glucose (99.5%), sodium persulfate (Na2S2O8, 98%), GTA (25w% in 
water), 2-hydroxyethyl methacrylate (2-HEMA, 99%) and 2-Hydroxy-2- 
methylpropiophenone (UV initiator, 97%) were purchased from Sigma- 
Aldrich. CNT (P3-SWNT) was purchased from Carbon Solution. Pyrrole 
(99%) was purchased from Energy chemical. DI water was obtained 
from the water purifier (Direct-Q 3 UV). 

4.2. Battery fabrication 

Preparations of CuHCFe and PPy powders and the fabrication pro
cess of contact lenses were based on previous papers [17,42,43]. Briefly, 
120 ml of 40 mM Cu(NO3)2 and 120 ml of 20 mM K3Fe(CN)6 were 
added dropwise to 60 ml of DI water at 40 ◦C with stirring. Precipitated 
CuHCFe remained in the beaker without stirring for 24 h and was pu
rified by centrifuging and redispersing in DI water. And then, CuHCFe 
powders were dried in a vacuum oven. For PPy synthesis, 50 ml of 0.6 M 
Na2S2O8 was added dropwise to 150 ml of 0.2 M pyrrole at 0 ◦C with 
stirring. PPy was separated from the solution by vacuum filtration and 
washed with DI water several times. PPy powders were redispersed in 
isopropyl alcohol and cut into small pieces using a hand homogenizer 
(3000, Dremel) because fleshly synthesized PPy contained large pow
ders. PPy powders were obtained by centrifuge and vacuum dry pro
cesses. Slurries were prepared by mixing active material (CuHCFe or 
PPy), CNT, CF, PVDF, and NMP in a ratio of 8:1:3:1:80 using a mixer 
(AR-100, Thinky). The porous paper (lens cleaning paper, Whatman) 
was placed on a glass substrate and coated with the slurries using a 
doctor blade. The slurries were dried in a vacuum oven at 40 ◦C for 24 h. 
For the cathode, GOx was immobilized on the CuHCFe electrode. GOx 
and BSA were dissolved in 2 w% PVA solution, with a mass ratio of 
1:0.5:10. The GOx solution was coated on the CuHCFe electrode with an 
areal mass loading of 1 mg cm− 2 of GOx. The CuHCFe electrode was 
dried in a vacuum chamber at room temperature and a diluted GTA 
solution (2.5w%) was dropped on the electrode with an areal mass of 
10 mg cm− 2. After incubating for 1 h at room temperature, the electrode 
was washed with DI water and dried in the vacuum chamber at room 
temperature. The CuHCFe and PPy electrodes were cut into a c-shape 
with an inner diameter of 8 mm and an outer diameter of 16 mm. Car
bon wires were connected to the electrodes using carbon slurry made by 
mixing carbon black, PVDF, and NMP. And then, the electrodes were 
embedded into a soft contact lens. The 2-HEMA-based hydrogel was 
polymerized using a UV-initiator with molds. A 15 mm diameter mold 
was used because it is the size of conventional contact lenses. The 
diameter electrodes were larger than the diameter of the mold to fit the 
film to the hemisphere. 

4.3. Electrochemical measurement 

For half-cell tests, a three-electrode system was built with the 
working electrode of CuHCFe or PPy, the reference electrode of Ag/AgCl 
in 4 M KCl, and the counter electrode of activated carbon. The artificial 
tear solution composed of 0.2 M NaCl and 0.15 M KCl was used for 
discharging and the 0.1 M glucose solution was used for charging. All 
electrochemical measurement was conducted by potentiostat/galvano
stat (VSP-300, BioLogic). The cathode and anode were discharged at a 
current of 100 μA and stopped at voltages of 0.4 V (vs Ag/AgCl) and 

Fig. 5. Conventional battery operation: (a) Electrical charging and discharging 
curves of the battery with cutoff voltages of 1 V and 0 V, (b) cyclic performance 
of the battery. 

J. Yun et al.                                                                                                                                                                                                                                      



Nano Energy 110 (2023) 108344

7

0.5 V (vs Ag/AgCl), respectively. And then, the electrodes were washed 
with DI water using a wash bottle and charged in the glucose solution for 
20 h at a temperature of 36.5 ◦C. For full cell tests, two electrode system 
was built with the working electrode of CuHCFe and the counter and 
reference electrodes of PPy. The battery was discharged at a current of 
100 μA and stopped at a voltage of 0 V. After washing with DI water, the 
battery was charged in the glucose solution for 24 h at a temperature of 
36.5 ◦C. 
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