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ABSTRACT

The photo rechargeable device (PRD) has been continuously drawing attention because it combines energy conversion and storage in one
device. As for the photoelectrode of PRD, the construction of heterojunction is of crucial importance to enhance the photo performance. In
this work, a two-electrode photo rechargeable capacitor based on the p—n heterojunction of ZnO/ZIF-67 is fabricated. ZIF-67 not only serves
as the energy storage material but also forms the p-n heterojunction together with ZnO. A fast volatilization method was adopted for the
in situ growth of ZIF-67 on ZnO nanorods to ensure sufficient mass loading and fewer interface defects. The results show a photovoltage
of 0.36 V (0.2 V higher than single ZnO), a specific capacitance of 759.0 mF/g, and an overall energy conversion efficiency of 0.49%. The
enhanced photovoltage is attributed to the p—n heterojunction. Moreover, a practical button cell was also fabricated, with 91% Coulombic

efficiency remaining after 3000 cycles in the dark.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0219883

. INTRODUCTION

At the present time, the full utilization of renewable energy is
highly demanded because of the growing worldwide concerns about
the risk of traditional fossil fuels."” Solar energy, with its availabil-
ity and lower cost, can provide an abundant source of renewable
energy.j ° However, solar energy has to be stored because of its
unstable nature.”” Photo rechargeable devices (PRDs), combining
the photovoltaic (PV) part and energy storage (ES) part in a sin-
gle device, could make full use of solar energy and solve the storage
problem at the same time." "

The idea of the integration of PV and ES devices was applied
years ago. Photo rechargeable batteries and photo rechargeable
capacitors (PCs) are two common PRDs.”"”"'® Compared with bat-
teries, capacitors have a rapid response to current changes and a
long lifetime of redox-free electrolytes. The first photo capacitor was
reported by Tsutomu Miyasaka in 2004."” Since then, a number of
PCs have been developed, such as the photo dye-sensitized solar
cell,’”?" organic semiconductor solar cell,”” and perovskite solar

cell”” combining the capacitors. On the other hand, the PRDs can be
separated into two categories based on the number of electrodes: two
electrodes and three electrodes. There will be a working electrode
attached to the PV and a counter electrode in a two-electrode device,
while an additional electrode exists as a bridge between the PV and
ES parts in the three-electrode device. The two-electrode device has
advantages in the cost, volume, and weight of the electrode material.
However, the simplified structure of the two-electrode makes it hard
to make use of the above mentioned types of PV materials, lead-
ing to an efficiency drop compared with the three-electrode. So the
challenge is how to achieve as good a photo performance as possible
while keeping the simplified structure.

The construction of heterojunction, especially p—n heterojunc-
tion, is one of the most commonly used strategies to enhance photo
performance. The internal electric field in the p-n heterojunction
could induce charge separation with additional driving force and
generate energy band bending to enhance photo activity.”* Another
benefit is that the band gaps of the heterojunction can be controlled
by coupling different gap energy levels to achieve better visible-light
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adsorption. Kumar and co-workers build a type II heterojunc-
tion of MoS, and MoOy for photo rechargeable Li-ion batteries.””
The staggered energy band alignment of MoS, and MoOx limits
electron-hole recombination. Yu and co-workers employed the het-
erojunction of TiO; and Fe; O3 to regulate the electronic structure of
TiO, for Li-O, batteries, which show an ultra low overpotential of
0.19 V.*° Particularly in the two-electrode structure of PRD, mate-
rials with bifunctional uses are favored. For example, Volder and
co-workers prepared a photocathode of ZnO and MoS; for Zn-ion
batteries. MoS; is not only important for solar energy conversion
because of its lower bandgap, but it can also store zinc ions.

Since the heterojunction is crucial for the photo performance
of PRDs, the composition should be carefully chosen. Herein, we
report a two-electrode PC based on ZnO/ZIF-67. The ZnO/ZIF-67
heterojunction was adopted for several reasons. First,
ZnO and ZIF-67 are potential candidates for PV and ES, respec-
tively. ZnO is a photo active material with a wide bandgap,
outstanding electron mobility, and considerable exciton binding
energy.”” " ZIF-67, one of the most representative metal-organic
frameworks (MOFs), has a high surface area, adjustable pore sizes,
and open metal sites, making it suitable as a capacitor material.”"”
Second, the semiconductor behavior of MOF has been studied since
2007.** ZIF-67 is a p-type material; the combination of ZnO and
ZIF-67 can build a p-n heterojunction. Third, the two materials
have good compatibility. A fast volatilization method was used to in
situ grow ZIF-67 onto ZnO nanorods, which could avoid obvious
voids and reduce interface defects. Meanwhile, the ZIF-67 shell
can protect ZnO from corrosion from the electrolyte.’* As a result,
the ZnO/ZIF-67 PCs show a photovoltage of ~0.36 V under 1 sun
illumination and a capacitance of 759.0 mF/g in a neutral solution
of 0.5M Na,SOj4. A button cell was also fabricated to test its practical
use. The Coulombic efficiency remained at 91% after 3000 cycles in
the dark.

Il. MATERIALS AND METHODS
A. Materials

Zinc nitrate hexahydrate (Zn(NOs3),-6H,O, 98%, Acros),
hexamethylenetetramine  (CsHi2Ns, 99.5%, Acros), cobalt
nitrate hexahydrate (Co(NO3);-6H,O, 98%, Sigma-Aldrich),
2-methylimidazole (C4HsN2, 99%, Acros), and methanol (CH4O,
99.8%, Sigma-Aldrich) were used.

B. Synthesis of ZnO/ZIF-67 heterojunction

The ZnO nanorods were synthesized through a typical
hydrothermal process. The ITO glasses were cut into 1.5 x 1.0 cm?
pieces and sonicated in water, ethanol, and acetone for 30 min. ZnO
nanoseeds were precoated onto the ITO surface. The ZnO nanoseeds
were prepared in a 10 ml ethanol solution of 15 mg zinc acetate dihy-
drate with a stirring time of 10 h. The solution was dropped onto
the ITO glass with a rotation rate of 3000 r/min. The dropping pro-
cess was repeated for another round. Then the ITO glass was heated
for 1 h at 150 °C. Finally, the ITO was put into a solution of 1.5 g
zinc nitrate hexahydrate, 0.75 g hexamethylenetetramine, and 75 ml
water. The solution was heated in a hydrothermal kettle at 95 °C for
11 h. The ITO glass was then washed in water and dried in the air. A
white membrane was observed on the surface of the ITO glass.

pubs.aip.org/aip/apm

The in situ growth of ZIF-67 onto the ZnO nanorods was exe-
cuted at room temperature. The ITO glass with ZnO nanorods was
put into a solution of 1.5 g 2-methylimidazole (2-IM), 0.75 g cobalt
nitrate hexahydrate, and 50 ml methanol. The solution was kept at
55°C for 15 h. After washing and drying at room temperature, the
final product was a purple membrane on the surface of the ITO
glass.

C. Fabrication of PSc cell

The PSc cell was assembled using a 2045-type optical coin cell
model. The as-prepared ZnO/ZIF-67 ITO glasses (12 mm in dia-
meter) were used as the cathode. ZIF-67 was deposited on the Ni
foam (12 mm in diameter) and used as the anode. The separator
membrane was a Whatman glass microfiber filter paper separator
(16 mm in diameter) with the addition of 150 pl of 0.5M Na;SO4
aqueous electrolyte. Moreover, an 8 mm-diameter hole was designed
as an optical window in the center of the cathode case. The ITO glass
was fixed using silica gel before assembling the optical cell.

D. Physiochemical characterization
and electrochemical measurements

X-ray diffraction (Rigaku SmartLab SE) was performed to
characterize the crystal structures. SEM (ZEISS Gemini SEM 300)
was employed to investigate the morphologies of the samples. X-
ray photo-electron spectroscopy (XPS, Thermo Scientific K-Alpha)
was used to describe the elemental composition of the samples.
Photoelectrochemical (PEC) measurements were done in a photo
electrochemical cell with an CHI 760E electrochemical worksta-
tion. A Ni foam coated ZIF-67 was used as the counter electrode,
and an Ag/AgCl electrode was used as the reference electrode.
The electro performance was characterized under simulated sun-
light illumination at 100 mW c¢m™2 (300 W xenon lamp, AM 1.5 G
filter). Electrochemical impedance spectroscopy (EIS) curves were
obtained at frequencies ranging from 100 kHz to 0.1 Hz under the
open circuit potential. The cyclic voltammetry (CV) measurements
were performed from —0.5 to 0.5 V at scan rates from 0.01 to 0.5 V/s.
The Mott-Schottky curves were collected at a frequency of 1 kHz
under the dark condition. Na,SO4 solution (0.5M) was used as the
electrolyte for all the PEC measurements in our experiments.

lll. RESULTS AND DISCUSSIONS

A simple schematic illustration of the photocharging mech-
anism is shown in Fig. 1. The photocathodes of ZnO/ZIF-67 are
designed to yield the photocharging effect (see further). The syn-
thesis procedure for ZnO/ZIF-67 PCs was shown in the experi-
ment method part. The SEM was done to view the morphology
of ZnO/ZIF-67. The surface and cross section images of ZnO are
shown in Figs. 2(a) and 2(b), respectively. The ZnO nanorods
show an ordered rod-like hexagonal morphology with a diameter
of ~200 nm and a length of ~3 pum. Several particles with a size less
than 200 nm were observed in Fig. 2(c). A fast volatilization method
was used to fabricate ZIF-67 onto the surface of ZnO. During the
preparation process, methanol was chosen as the solvent because of
its volatility. The methanol volatilization was utilized to accelerate
the precipitation at the interface of the solution. Consequently, the
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FIG. 1. Schematic illustration of the proposed photocharging mechanism of ZnO/ZIF-67 PCs.

ZIF-67 with small sizes was formed because of the shortened crys-
tallization time. As shown in the cross section image in Fig. 2(d),
it can be observed that the ZIF-67 successfully fills the voids of the
ZnO nanorods, suggesting a good contact between ZnO and ZIF-67.
This is perhaps because, during the synthesis process, the surface Zn
atoms of ZnO could be dissolved to be Zn ions because of the weak
alkalinity of 2-IM. Afterward, the Zn ions and Co ions in the sol-
vent will react with 2-IM to form MOFs on the surface of ZnO. In
the heterojunction, fewer voids mean fewer interface defects, which
will help reduce the charge transfer resistance. To further confirm
the heterojunction of ZnO/ZIF-67, we have done the TEM mapping
of ZnO/ZIF-67 (Fig. S1). As can be observed, the distribution of ele-
ments Zn, Co, N, O, is C are perfectly overlapped, which could prove
the ZIF-67 was grown on the surface of ZnO nanorods. The thick-
ness of the ZIF-67 layer is about ~3 um, which can provide sufficient
mass loading for ES (Fig. S2).

XRD tests were further done to confirm the composition and
phase structure of ZnO/ZIF-67 [Fig. 2(e)]. As shown in the XRD
pattern of ZnO, there are three obvious peaks at 31.76°, 34.42°, and
36.25°, corresponding to the (100), (002), and (101) planes of ZnO.
The XRD pattern of the sample ZnO/ZIF-67 contains the peaks of
the simulated ZIF-67. Since the ZnO/ZIF-67 were grown on the ITO
glasses, we ran the XRD test of the corresponding ZIF-67 powder
to get a clear picture (Fig. S3). By comparison, the XRD spectra of
ZIF-67 powder contain the peaks of simulated ZIF-67. However,
there are three mismatching peaks at 11.04°, 11.85°, and 13.87°, cor-
responding to cobalt nitrate hydroxide hydrate and cobalt nitrate
hydroxide, the by-products of the fast volatilization method. Thus,
the successful fabrication of ZnO and ZnO/ZIF-67 was proven.
Meanwhile, the strong peak of ZnO (002) could also be seen in
the XRD patterns of ZnO/ZIF-67, suggesting that the main struc-
ture of the ZnO nanorod is retained after the growth of ZIF-67. The
XPS tests were done to explore the valence states of the surface ele-
ments of the sample ZnO and ZnO/ZIF-67 [Figs. 2(f), S4, S5, and
S6]. Corresponding peaks of the elements existing in both ZnO and
ZnO/ZIF-67 were marked in the spectrum. The valence states of the
surface elements were shown in the deconvolution of the XPS spec-
tra, which is in agreement with the results of XRD. In particular, the

O 1s spectrum of the ZnO sample can be deconvoluted to two peaks
located at 530.0 and 531.6 eV, corresponding to the O-H bond and
the Zn-0O bond, respectively. The O-H bond comes from the surface
adsorbed water molecules.”

The bandgap energy, which describes the energy required to
excite an electron from the valence band to the conduction band, is
crucial in predicting the photochemical properties of a semiconduc-
tor.”® The bandgap is obtained using the Tauc plot applied to the
UV-vis data.”” The UV-vis data of ZnO and ZIF-67 are shown in
Figs. 3(a) and 3(b), and the Tauc plot is shown in the correspond-
ing insets. The bandgaps of ZnO and ZIF-67 were calculated to be
3.09 and 1.89 eV, respectively. Moreover, in order to explore the
carrier motion of the sample, the Mott-Schottky plots were done
to determine the type of ZnO and ZIF-67. As shown in Figs. S7
and S8, ZnO has a positive slope in the Mott-Schottky plot, while
ZIF-67 has a negative one. Thus, ZnO was identified as an n-type
semiconductor and ZIF-67 as a p-type. This conclusion is consis-
tent with previous reports. Thus, a p-n junction is formed at the
ZnO/ZIF-67 interface. The energy band structures are shown in Fig.
S9. When the p-type ZIF-67 and n-type ZnO are in contact, a space-
charge region is formed at the interfaces of ZnO and ZIF-67 due
to the diffusion of electrons and holes, creating a built-in electrical
potential. Due to the internal electric field E of this p-n junction,
the photogenerated electron-hole pairs are separated, and the pho-
togenerated holes/electrons are driven toward ZIF-67 and ZnO,
respectively. That is, ZnO generates electron-hole pairs under illu-
mination, and the electrons flow through the external circuit to the
counter electrode (ZIF-67/Ni foam). The more effective charge sep-
aration in the heterojunction of ZnO/ZIF-67 could enhance photo
performance.

The galvanostatic charge-discharge (GCD) curves of ZnO/ZIF-
67 under light (1 sun) are shown in Fig. 4(a). Photovoltage is one of
the most important parameters for the performance evaluation of
PV device. For the measurement of photovoltage, the sample was
charged by light without applying any external current or voltage.
The potential difference exhibits a rise of 0.36 V under illumination
and slowly drops to 0 in the dark. As a comparison, the potential rise
of ZnO is only ~0.15 V [Fig. S10(a)], suggesting the enhancement
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FIG. 2. (a) and (b) The surface and cross section SEM images of ZnO nanorods; (c) and (d) the surface and cross section SEM images of ZnO/ZIF-67; (e) the XRD pattern
of ZnO, ZnO/ZIF-67, and ZIF-67 (simulated); and (f) the XPS spectra of ZnO and ZIF-67.
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FIG. 3. UV-vis spectrum and Tauc plot (inset) of (a) ZnO and (b) ZIF-67.

from the p-n junction of the ZnO/ZIF-67 structure. The CV plots
of ZnO are shown in Fig. S10(b) (2145 mF cm™2). A brief compari-
son was listed in Table S1, containing some typical photo electrode
materials such as V205, C3Ny, and some materials based on ZnO. By
comparison, the photovoltage of ZnO/ZIF-67 is among the highest

ab]
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level, proving the effectiveness of the heterojunction. Moreover,
the discharge current density was set as 1, 2, and 5 pA/cm?, and
the calculated specific capacity was 145.6, 144.2, and 133.5 mF/g,
respectively (the mass loading is 0.52 mg/cm?). Since the charging
process was done with pure solar energy, the overall conversion
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FIG. 4. (a) The galvanostatic charge—discharge curves of ZnO/ZIF-67 at different discharge current densities of 1, 2, and 5 pA cm~2; (b) the absolute response current plot

under dark and light at 0 V applied voltage; (c) the CV cycle plots at different scan rates from 0.01 to 0.5V s~ (dark); and (d) the CV comparison of ZnO/ZIF-67 in light and
dark at the scan rate of 0.01 Vs~".

APL Mater. 12, 081113 (2024); doi: 10.1063/5.0219883

© Author(s) 2024

12, 081113-5

€G:/€:20 G20z Areniged 60


https://pubs.aip.org/aip/apm

APL Materials ARTICLE

pubs.aip.org/aip/apm

1) 0.25 b)

o —— initial 100
L — after 1,000 cycles under light M
< {
fa ~ 75
) = |
o o
L] O 504
o {
= 254

0.004- i 04 ' . ;

0 10 20 30 40 50 60 T0 0 1000 1500 2000 2500 3000

Time (s)

Cycle number

FIG. 5. The galvanostatic charge—discharge curves of the ZnO/ZIF-67 cell at the initial and 1000th cycles (light); and (b) the Coulombic efficiency during the long-term cycling

in the dark.

efficiency could be calculated. The calculation details were shown
in the supplementary material, and the overall efficiency was 0.49%
(discharge current density at 1 uA/cm?). During the photo charging
process, the potential of ZnO/ZIF-67 went down, and the potential
difference between the two electrodes rose, indicating the ZnO/ZIF-
67 electrode as the photocathode. This result is consistent with the
previous conclusion about the p—n hetero junction. The cyclic abso-
lute response current is shown in Fig. 4(b). The test was done in dark
and light illuminated conditions at 0 V applied voltage. The photo
current dropped from ~34 to ~24 pA after ten cycles. Cyclic voltam-
metry (CV) of ZnO/ZIF-67 under dark conditions was carried out
at different scan rates from 0.01 to 0.5 V s™' [see Fig. 4(c)]. The
specific capacities were calculated to be 759.0, 617.5, 443.2, 345.8,
273.9, and 206.8 mF/g, respectively. Comparatively, the CV curves
under light conditions are shown in Fig. SI1. It is important to
point out that the light causes a capacity enhancement of ~128%
at a scan rate of 0.01 V s~} [Fig. 4(d)]. Electrochemical impedance
spectroscopy (EIS) was also performed, and the result is represented
in Fig. S12.

A cell was fabricated to explore the performance of ZnO/ZIF-
67 as a practical device. Since the relative tests have been done in the
two electrode test, we focus on the stability tests of the practical cell.
The stability test was done under illumination and darkness for 1000
and 3000 cycles, respectively [Figs. 5(a) and 5(b)]. The photovoltage
drops from ~0.24 to ~0.14 V after 1000 cycles under illumination.
The Coulombic efficiency remains at 91% after 3000 cycles in the
dark. The SEM images of the ZnO/ZIF-67 are shown in Figs. S13(a)
and S13(b) to view the morphology after 1000 CV cycles. A certain
degree of detachment can be observed over the surface layer, indi-
cating the loss of ZIF-67 as the protective layer. As shown in the
cross section images, several ZnO nanorods are exposed, and the
surface becomes rough, indicating that the surface of ZnO is etched
by the electrolyte. The XRD pattern of the ZnO/ZIF-67 after long-
term cycles is shown in Fig. S14. Compared with the initial one, the
main peaks corresponding to ZIF-67 and ZnO remain, while a few
peaks of impurities appear.

IV. CONCLUSIONS

In conclusion, this work demonstrates rechargeable two-
electrode PCs with a capacity of 759.0 mF/g by using the p-n

heterojunction of ZnO/ZIF-67. ZnO and ZIF-67 are potential mate-
rials for PV and ES, respectively. A fast volatilization method was
used to in situ grow ZIF-67 onto ZnO nanorods with fewer voids and
interface defects. The ZIF-67 not only serves as the ES part but also
forms the p-n heterojunction with ZnO. The internal electric field
in the p-n heterojunction induces charge separation and generates
energy band bending. As a result, the PCs show enhanced photo-
voltage 0f 0.36 V (0.15 V for single ZnO) and higher capacity in light
(an increase of over 100%) upon illumination. The structural design
of ZnO/ZIF-67 ensured specific capacity and enhanced photovolt-
age while simplifying the structure. We hope this strategy can help
the development of PRDs.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed calculation and
electrotest methods, TEM mapping images, SEM images, XRD
spectra, XPS spectra, Mott-Schottky plots, CV plots of fabricated
samples, and comparison of samples after long term stability tests.
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