N/ \NO ETTERS
Subscriber access provided by UNIV OF CAMBRIDGE

Communication

Photo-Rechargeable Zinc-lon Capacitor using 2D Graphitic Carbon Nitride

Dr. Buddha Deka Boruah, Angus Mathieson, Bo Wen,
Changshin Jo, Felix Deschler, and Michael De Volder

Nano Lett., Just Accepted Manuscript « DOI: 10.1021/acs.nanolett.0c01958 « Publication Date (Web): 26 Jun 2020
Downloaded from pubs.acs.org on July 8, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.



Page 1 of 23

oNOYTULT D WN =

Nano Letters

Photo-Rechargeable Zinc-lon Capacitor using 2D Graphitic Carbon
Nitride

Buddha Deka Boruah*, Angus Mathieson'?, Bo Wen'?, Changshin Jo!, Felix Deschler®,
Michael De Volder”

! Institute for Manufacturing, Department of Engineering, University of Cambridge,
Cambridge CB3 OFS, United Kingdom

2 Cambridge Graphene Centre, University of Cambridge, Cambridge CB3 OFA, United
Kingdom

3 Walter Schottky Institut, Fakultat fiir Physik, Technische Universitait Minchen, Am
Coulombwall 4, 85748 Garching bei Mlnchen

* Corresponding authors. E-mail: bd411@cam.ac.uk
E-mail: mfld2@cam.ac.uk

Abstract

Off-grid energy storage devices are becoming increasingly important to power distributed
applications such as internet of things and smart city ubiquitous sensor systems. To date, this
has been achieved by combining an energy storage device e.g. battery or capacitor with an
energy harvester e.g. solar cell. However, this approach inherently increases device footprint,
and the output voltages of energy harvesters often do not match those required by energy
storage device. We introduce the first photo-rechargeable zinc-ion capacitors, where graphitic
carbon nitride is used as at the same time as the capacitor electrode and light harvesting
material. This approach allows for light to recharge the capacitor directly, and can be operated
in a continuous light powered mode. These capacitors show a photo-rechargeable specific
capacitance of ~ 11377 mF g?, a photo-charging voltage response of ~ 850 mV and a

cyclability with ~ 90% capacitance retention over 1000 cycles.

KEYWORDS: Hybrid zinc-ion capacitor, photo-rechargeable, off-grid energy, graphitic

carbon nitride.
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The development of off-grid energy storage devices is becoming increasingly important to
fulfil the requirements of continuous data processing and transmission for Internet of things
(loT), smart cities and autonomous integrated devices.: Previously, the design of energy
supplies for standalone devices involved the extrinsic combination of a separate energy
harvesting component (e.g. photovoltaic solar cells) and a rechargeable energy storage
component (e.g. batteries, supercapacitors, hybrid capacitors). For instance, Um et al. reported
a photo-rechargeable solid-state lithium-ion battery (LIB) integrated with Si solar cells,* Du et.
al. fabricated a flexible solid-state graphene-based supercapacitor and perovskite solar cell
integrated system,® Li et al. also recently reported a photo-rechargeable lithium-ion capacitor
driven by a perovskite solar cell.® However, the external integration of solar cells with
rechargeable devices results in an increase of the overall device footprint, increases ohmic
transport losses, and requires additional external electronics to match the output of the solar
cell to the energy storage device.”® Direct printing of both solar cells and rechargeable devices
in the same housing by layer-by-layer device fabrication approach have been applied to
overcome some issues of reducing packaging volume to increase volumetric energy storage
performance and reduce in ohmic transport losses.®! For instance, Liu’s group reported a fiber-
shaped supercapacitor integrated with a dye-sensitized solar cell sharing an electrode.'? Liang
et al. also reported shared electrode based supercapacitor and perovskite solar cell systems.314
However, this approach usually increases the overall device complexity and fabrication cost.
Photoelectrodes based on the physical combination of photovoltaic and hybrid energy storage
materials can be realized in a single device architectures.’>” However, such devices offer
limited photo-charging performance due to issues such as inefficient transportation of
photogenerated charge carriers from photovoltaic materials to energy storage materials because
of energy levels mismatch at the interface between the two materials, inefficient photon

absorption in the photovoltaic active material due to the blocking of light by the energy storage
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material, phase separation of the photovoltaic and energy storage materials during fabrication
and an increase in resistance due to interfacial effects between the two components. Therefore,
it is desirable to explore new materials that combine photovoltaic and energy storage
capabilities simultaneously, as proposed recently for LIBs using perovskite based

electrodes.818-20

Recently, zinc-ion capacitor (ZIC) has been proposed as a promising energy storage
technology, capable of balancing energy and power density favourably along with excellent
safety and cycling life.?">* Here, we present the first photo-rechargeable ZIC (Photo-ZIC)
using 2D graphitic carbon nitride (g-C3sNas) photo-cathode for the simultaneous harvesting of
solar energy and charge storage. Figure 1a depicts the proposed photo-ZIC device architecture
schematically. The 2D g-C3Na4 shown in Figure 1b is used as a photo-active cathode material
because of its unique combination of a band gap in the visible spectrum (~ 2.7 eV see further)
and high surface area desirable for ZIC cathodes (ion adsorption). Our 2D ¢g-C3N4 was
characterised by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
Brunauer-Emmett-Teller (BET) and thermographic analysis (TGA) which are provided in
Figure S1-S4. The light induced changes in electrochemical properties of g-C3sNa electrodes
was first characterized in a beaker cell using three-electrode cyclic voltammetry (CV)
measurements both in the dark and under illumination (A ~ 420 nm, intensity ~ 50 mWcm2)
using the setup shown in Figure 1c. In order to facilitate the transport of photo-excited
electrons, a favourable energy band alignment is achieved by mixing g-CzNa4 (93 wt%) with
reduced graphene oxide (rGO, 2wt%) as described in the experimental section. The rGO acts
as a conductive additive and selective electron transport layer in the photo-cathode — allowing
the flow of photo-excited electrons to the anode through the external circuit. Figure S5 shows

SEM, XRD and Raman characterisations of the rGO used in our devices, and top-view and
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cross-section SEM images of the photo-cathodes are provided in (Figure S6a and b

respectively).
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Figure 1. (a,b) Schematic illustration of 2D g-C3N4 cathode and Zn anode based photo-ZIC

and SEM image of 2D g-CsNa. (¢) Schematic representation of a three-electrode experiment of
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g-CsNs@rGO/FTO electrodes. (d) CV profiles (10 mVs™?) in dark and illuminated conditions
(A ~ 420 nm, intensity ~ 50 mWem™@). (e) Optical absorption spectrum of g-CsNa. (f) Time
resolved PL signal of g-C3sN4 (blue) and g-C3sN4s@rGO (red) samples (log scale on y-axis).
Lines are exponential fits to the data. (Inset) normalised steady-state PL emission spectra of

g-CsNs (blue) and g-CsNs@rGO (red).

For the three-electrode experiments, the electrodes are drop-casted on fluorine-doped tin oxide
(FTO)-coated glass substrates (see Figure 1c). Figure 1d shows the CV responses (at a scan
rate of 10 mVs?) of the g-CsNs@rGO/FTO in the dark and under illumination. The area

enclosed by the CV curve increases under illumination relative to the dark scan from which we

. Clight—C .
calculate a capacitance enhancement of ~ 82% (= %‘“‘”‘ X 100%; with Cy;gpe and Cygri
dark

the specific capacitances in illuminated and dark conditions at same scan rate). Similarly, CV
scans at 50 mVs?, 70 mVs?! and 100 mVs? in dark and illuminated conditions show an
enhancement of ~ 58%, ~ 47% and ~ 43% (Figure S7a-c). The increase in specific capacitance
of g-CaN4s@rGO/FTO under illumination is attributed to the increased charge carrier density
from the photo-excited electrons and holes when illuminated with a wavelength A ~ 420 nm (~
2.95 eV), which is higher energy than the band gap of g-CsNa (~ 2.75 eV from the UV-Vis
spectrum in Figure 1e). We suggest that the photogenerated electrons transfer from g-CzNa to
FTO through the rGO, whereas photogenerated holes participate in anions adsorption on the
electrode surface to enhance the overall specific capacitance under illumination (see further).
Control experiments using only rGO or activated carbon electrodes without g-CsN4 do not show

a photo response as shown in Figures S8.

Photoluminescence (PL) spectra of pristine g-CsN4 and g-C3sN4@rGO suggest the transport of
photogenerated electrons from g-CsNa4 to rGO. Figure 1f (inset) compares the PL emission of

pristine g-CsN4 (blue) and g-CsN4+@rGO (red), with both samples demonstrating the expected
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broad PL emissions from the multiple photoactive energy levels of the material.?®> An apparent
increase on the red side of the spectrum is observed upon the addition of rGO, indicating the
introduction of new photoactive sub-gap energy levels from the rGO and hence, resulting in
pathways for lower-energy recombination and PL emission. Figure 1f shows the photo-excited
charge carrier lifetimes of the pristine g-CsN4 (blue) and g-CaN4s@rGO (red). Average lifetimes
are extracted from bi-exponential fitting of the PL decay and values of 1.76 ns + 0.02 and 1.95
ns £ 0.02 are calculated for the pristine g-C3N4 and g-CsNs@rGO samples respectively,
corresponding to a ~11% increase in charge carrier lifetime after adding rGO. Due to the
favourable energy pathway (as discussed earlier in Figure 1c), the photo-excited electrons
preferentially transfer from g-CsN4 to rGO thus increasing the average time between excitation

and recombination/emission.

The results presented this far were obtained in beaker cells using platinum wire (Pt) counter
electrodes, in what follows, g-CaNs@rGO/FTO cathodes are paired with a metallic zinc (Zn)
anodes to form Photo-ZICs. Metal anodes and in particular Li metal anodes in LIBs, often
suffer from dendrite formation, which can cause short-circuits and subsequent ignition of the
electrolyte which is a major safety risk.?® Here however, we are using a non-flammable aqueous
electrolyte, and some publications seem to indicate that Zn anodes are fairly stable over
extended cycle show superior capacitance stability over more than 10000 cycles.?"?* Post-
mortem SEM imaging of our Zn anodes after 1000 cycles did not show any signs of dendrite
formation (see further). The electrodes are mounted in CR2450 coin cells in which we
machined holes and mounted ~ 8 mm diameter optical glass to allow for illumination (see
experimental section and Figure S9a). CV scans of the photo-ZICs were evaluated in dark and
illuminated conditions (. ~ 420 nm, intensity ~ 50 mWcm2) in 2M zinc sulfate (ZnSOa)

aqueous electrolyte.
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Figure 2. CV comparison of the Photo-ZIC at different scan rates of (a) 50 mvs, (b) 100 mVs-

1 (c) 300 mVs and (d) 500 mVstin dark and illuminated (A ~ 420 nm, intensity ~ 50 mWwem™

). (e) Capacitance enhancement with respect to scan rate of the Photo-ZIC in ZnSO4 and

Zn(CF3S0z3)2 aqueous electrolytes under light illumination (A ~ 420 nm, intensity ~ 50 mWwcm

2)'

Figure 2a-d show the respective CV profiles at different scan rates of 50 mVs™, 100 mVs?,

300 mVs™ and 500 mVs? (Figure S9b, CV responses in dark). Enhancements of up to 160%

7

ACS Paragon Plus Environment



oNOYTULT D WN =

Nano Letters

are achieved at slow scan rates (10 mVs?), and even at fast scan rates (500 mVs?)
enhancements of 23.43% are observed despite the relative limited time for light charging at
fast scan rates. The CV response under illumination is slightly distorted under illumination,
especially around 0.2 and 1 V (see Figure 2a-d), which may be due to photocatalytic
decomposition of the aqueous electrolyte. This effect is strongly reduced when using 1M zinc
trifluoromethanesulfonate (Zn(CF3SOz3)2) as an electrolyte (see Figure S10). Figure 2e shows
that both electrolytes offer a comparable performance, which again suggests that g-CsNa is

driving the light charging rather than side reactions.

The photo-charging principle of the Photo-ZICs can be explained from the energy level
diagram (Figure S11a). As outlined schematically in Figure 1c, the photogenerated electrons
transport from g-CsN4 to FTO through rGO and finally accumulate on the Zn anode through
the external circuit. The photogenerated free holes attract anions (e.g. SO4%) towards the g-
C3Ns@rGO cathode for adsorption on the surface, while the accumulated photogenerated
electrons on Zn anode may help the deposition of cations (Zn?*) from the electrolyte (e.g. 2 M
ZnSQOg4). Overall, this process results in the photo-charging of Photo-ZICs under illumination.
The photo-charging process of the Photo-ZICs can be further confirmed from the light-
dependent chronoamperometry measurement i.e. current versus time plot at zero applied
voltage as shown in Figure S11b. It is observed that the current response (Al = Ljjgne — lgark)
of the Photo-ZIC increases from 0 HA to ~ 68 A (~ 136 pAcm2) under light illumination (A
~ 420 nm, intensity ~ 50 mWcm2) and returns to 0 pA in dark conditions. The increase in the
current response of the Photo-ZIC under light illumination is due to the transportation of the
photogenerated electrons from cathode to anode through the external circuit for photo-charging
the Photo-ZIC at zero applied voltage. Moreover, to elucidate the contribution of the different
materials, we measured CV responses of rGO/FTO//Zn and activated carbon/FTO//Zn based

ZICs in dark and illuminated conditions (Figure S12a,b). As anticipated from the energy band
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diagram (Figure 1c), these do not show any photo-charging responses. In addition, we have
replaced rGO by a standard SuperP conductive additive (same wt%), however, these electrodes
showed very poor photo-charging as shown in Figure S12c. We think this is possibly due to a
combination of higher light absorption and poor interface between the g-CsN4 and SuperP

particles, and energy levels mismatch at the interface between the two materials.

The influence of the light wavelength on the photo-charging process is shown in Figure 3a
(CV responses in Figure S13). As expected, negligible capacitance enhancements is observed
at 528 nm, 470 nm and 455 nm excitation because the corresponding excitation energies of ~
2.34 eV, ~2.63 eV and ~ 2.72 eV, respectively are lower than the optical band gap of g-CaN4
(~2.75 eV). However, a significant capacitance enhancement of ~ 71% is recorded when
exposed to 420 nm (~2.95 eV) due to the photogeneration of electrons and holes initiating the
aforementioned photo-charge mechanism. We also confirmed that the absorption spectra of the
Photo-ZICs does not change with the state of charge by mounting an optical ZIC cell ina UV-
Vis with integrating sphere and analysing the reflection spectra in operando while cycling

(Figure S14).
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Figure 3. (a) Wavelength dependence capacitance enhancement of the Photo-ZIC device. Scan

rate = 200 mVs™. (b) Intensity dependence capacitance enhancement of the Photo-ZIC at A ~

420 nm. (c) Conventional charge-discharge at 10 mAg™ and photo-charged (A ~ 420 nm at

intensity ~ 20 mWem and intensity ~ 50 mWem2) and discharged at 10 mAg™ in dark of the

Photo-ZIC. (d) Photo-charged (A ~ 420 nm, intensity ~ 50 mWem2, red) and discharged at 10

mAg? in dark (black) and illuminated (dark yellow) conditions.
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Figure 3b shows the capacitance increases from ~ 31% to ~ 71% when increasing the light
intensity from 20 mWcm™ to 50 mWem (Figure S15, CV profiles). The increased intensity
results in an increased rate of photocharge carrier generation thereby increasing the number of
charge carriers available to contribute to the photo-charging mechanism and thus the observed
capacitance enhancement. Next, we compare charging Photo-ZICs galvanostatically (current
of 10 mAg™ and cut off voltage 1000 mV) with light charging using intensities of 20 mWcm
and 50 mWcm2. The latter converged to output voltages of approximately ~ 680 mV and ~
850 mV, respectively after 200 s (see Figure 3c). The differences between the output voltage
using galvanostatic and light charging is in part due to limitations in the penetration depth of
light in the electrode. In addition, we expect that increasing the light intensity enhance the
photocharge carrier generation efficiency, resulting in higher charging rates at higher light
intensities. Finally, we observed that prolonged light charging time at 50 mWcm™ resulted in
output voltages up to ~ 930 mV (see further). However, by comparison, the photo-charging
voltage response (~ 850 mV) of our Photo-ZICs is comparable with the best reported an
integrated photo-rechargeable supercapacitors with solar cells as summarized in Table S1. If
the electrodes are continuously exposed to light while discharging at 10 mAg?, the output
voltage drops from ~ 850 mV to ~ 550 mV, but then remains constant as a balance is achieved
between the photo-charging and discharge currents (see Figure 3d). When the light is
subsequently turned off, the photo-ZIC output voltage drops as expected. Overall, this
demonstrates the ability of the g-CsNs Photo-ZIC to operate simultaneously as an energy

storage and photovoltaic device.

Figure 4a shows photo-charge (A ~ 420 nm, intensity ~ 50 mWcm2) followed by galvanostatic
discharge cycles at specific currents of 5 mAg™ to 50 mAg™, which are used to calculate the
specific capacitances, energy densities and power densities shown in Figure 4b. Our photo-
charged capacitances of up to 11377 mFg?! are comparable with values reported for

11
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conventional solid-state supercapacitors.?”? Based on the photo-charging responses of the
Photo-ZIC, we calculate the photo-charged energy density and power density of the Photo-ZIC
at different discharge specific currents. Photo-charged energy densities and power densities of
668 mWhkg™ at 1625 mWkg™ and 87.93 mWhkg™ at 16250 mWkg™ are found at discharge
specific currents of 5 mAg™? and 50 mAg™. The photo-charging conversion efficiency () of
the Photo-ZIC is ~ 0.01% (see calculation in supporting information). This value is relatively
low compared to systems using energy storage devices (battery or supercapacitor) integrated
with solar cells (see Table S1).1%! Also the energy efficiency in charging and discharging is
still low at this stage, but we anticipate that this can be increased by tuning the electrode

composition and morphology.

The stability of the Photo-ZICs is investigated by repeated photo-charging (A ~ 420 nm, 50
mWcm™ and 100 s illumination) followed by galvanostatic discharging (to 200 mV) as shown
in Figure 4c. Repeatable photo-charging (negligible capacity loss ~ 1.4%) is observed during
the cycling test for nine cycles. We measured the self-discharge rate of a photo-charged Photo-
ZIC device (see Figure S16a), which shows a ~ 17 % voltage loss after 20 hours, this value is
comparable or even lower than other supercapacitors reported in literature.?®3® Also, the
floating voltage of the devices was measured under prolonged illumination (3000 s) as shown
in Figure S16b. To further test the long-term cycle stability of the Photo-ZIC, the cell was
cycled for 500 cycles in dark conditions (Figure S17a), after which a low capacitance
degradation of ~ 4.7% over 500 cycles is observed in the Photo-ZIC as shown in Figure S17b.
After 500 galvanostatic cycles, we photo-charged (A ~ 420 nm, intensity ~ 50 mWcm) the
Photo-ZIC and discharged at 20 mAg, which shows a negligible loss of capacity as shown in
Figure 4d. Similarly, we cycled a cell for 1000 CV scans at 500 mVs™ under illumination (A
~ 420 nm, intensity ~ 50 mWcm2) and found a capacitance loss of 6.2% after 500 cycles and
10.8% after 1000 cycles (see Figure S18). Likewise, Figure 4e shows the AC impedance

12
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spectra of the Photo-ZIC before and after 500 charge-discharge cycles, where the equivalent

series resistance increases from 16 Q to 21.8 Q. In addition, no notable changes in the photo-

oNOYTULT D WN =

cathode morphology are observed using post-mortem SEM analysis of the cathode after 1000
10 CV cycles (see Figure S19a,b). Similarly post-mortem SEM imaging of the Zn anode shows
aslight increase in surface roughness, which is probably due to cations deposition and stripping
15 during charge and discharge (Figure S19c,d). Moreover, PL spectra of g-CaNs@rGO/FTO
17 cathodes before and after cycling show the same emission spectra positions centred at A ~ 470
nm, 492 nm and 524 nm with only a subtle increase from the emission at 524 nm (Figure
22 S19e). Overall, this confirms that the optical properties of the electrode are not altered
24 significantly by long-term cycling (~ 1000 illuminated cycles) and that the optical properties

26 are maintained.

13
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Figure 4. (a) Photo-charge (A ~ 420 nm, intensity ~ 50 mWem2) and discharge cycles at
different specific currents of 5 mAg?, 10 mAg™, 20 mAg?, 30 mAg?, 40 mAg™ and 50 mAg™.
(b) Photo-charged specific capacitance, energy density and power density plots as a function
of discharge specific currents of the Photo-ZIC. (c) Cyclic photo-charge (2 ~ 420 nm, intensity
~ 50 mWcm?) and discharge cycles at a constant specific current. (d) Comparison plot of 1%
photo-charging and after 500 charge-discharge cycles. () Nyquist plot of the Photo-ZIC

before and after 500 charge-discharge cycles.
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This study demonstrates the first photo-rechargeable ZIC, which uses g-C3N4 as active material
to achieve direct charging by light without using any external photovoltaic devices. These ZICs
achieve photo-charged specific capacitances of up to 11377 mFg™? and retain ~ 90% of their
capacity over 1000 cycles. Because of the simple device architecture compared to alternative
solutions using a combination of photovoltaics and energy storage systems, we anticipate that
this technology could be of interest for powering ultra-low power compact off-grid devices, for

instance in 10T applications.

Experimental Section

Chemicals. Urea, Zn(CF3SOz)2, N-Methyl-2-pyrrolidone (NMP) and 2 M ZnSOg solution are
received from Sigma-Aldrich. Graphene oxide (GO, 0.4 wt% in water) solution and activated
carbon were purchased from Graphenea and Alfa Aesar. The epoxy (EVO-STIK) and

polyvinylidene fluoride (PVDF, Solef 6020) binder are received from Arco Ltd and Solvay.

Synthesis of g-CsNa4. Commercially available urea was used as a precursor of g-CaNa. First, 5
g urea was dried at 70 °C for 5 h in air, then transferred into a crucible and covered with a lid.
The crucible was placed into a atmospheric pressure muffle furnace, then the furnace
temperature was increased to 530 °C and maintained for another 3 h. During this step, stable
g-CsNasis formed. Thereafter the furnace was cooled down to room temperature and the yellow
product was then collected and washed with deionised water and ethanol followed by vacuum

filtration process. Final product was dried at 120 °C for 12 h in a vacuum oven.

Synthesis of rGO. GO was collected from graphene oxide solution by drying at 70 °C for 24
h. As obtained GO was reduced at 350 °C in helium gas (100 sccm, used as a carrier gas) and

hydrogen gas (100 sccm) environment for 3 h using tubular CVD furnace.

Materials Characterizations. SEM images are taken using a FEI Magellan 400L with an

acceleration voltage of 5 kV. XRD patterns are collected using a Bruker D8 Advance (Cu Ka
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radiation). BET surface area characterization is measured using a Micromeritics 3Flex under
nitrogen environment and TGA is performed using a PerkinElmer Pyrisl instrument machine

in air. FTIR measurement is recorded using a PerkinElmer Frontier FT-IR Spectrometer.

Preparation of Electrodes. First, 2 mg rGO was dissolved into 2 ml NMP followed by ultra-
sonication process for 5 h. Thereafter, 93 mg g-CsN4 was added in the same rGO solution and
stirred for 12 h. Finally, the electrode solution was obtained by adding 5 mg PVDF binder
followed by stirring another 5 h. 10 pl electrode solution was drop casted on FTO coated glass
substrate (received from Sigma-Aldrich, surface resistivity ~7 Qsq*) and dried overnight at 70

°C.

Three-Electrode Measurement. CV measurements of the rGO/FTO, activated carbon/FTO
and g-CsNs@rGO/FTO electrodes are recorded using Ag/AgCl as a reference electrode and Pt
wire as a reference electrode both in dark and illuminated conditions at different scan rates to

confirm the photosensitivity of the electrodes.

Fabrication of Photo-ZIC. Photo-ZICs are assembled in air. First, g-CsN4@rGO/FTO photo-
cathode with a double sided copper tape for electrical connectivity was fixed on the side of
coin cell can having optical window (~ 8 mm) using EPOXY. The Whatman glass microfiber
filters paper separator is placed on the photo-cathode, then 100 ul of electrolyte (ZnSOa4 or
Zn(CF3S0:s).) is added on the separator. On the top side of the separator, a Zn metal foil (Alfa
Aesar, 0.25 mm thick) with a stainless steel disk spacer are placed. Finally, the optical coin

cells are assembled followed by standard procedure.

Characterization of Photo-ZIC. All Photo-ZICs capacitive measurements were employed by
using a Biologic VMP-3 galvanostat in air. The photo-charging performances are measured by
illuminating light of wavelength of 420 nm (intensities ~ 50 mWcm™ and ~ 20 mWcm™). Open

circuit voltages of the Photo-ZICs are recorded to obtain the photo-charging voltage response,
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where photo-charged ZICs are discharged by applying different specific currents. Moreover,
the CV responses of the Photo-ZICs are tested in dark and illuminated of different light
wavelengths of 455 nm (intensity ~ 13.75 mWcm?), 470 nm (intensity ~ 43.75 mWcm2), 528
nm (intensity ~ 7.5 mWcm) and 420 nm (intensity ~ 50 mWcm™), respectively over the
working voltage range of 0.2 to 1 V. This working voltage of the Photo-ZIC is optimized to
obtain a stable surface related charge storage capacitance of the g-CsN4 and avoid any gas

evolution reaction.

Photoluminescence Spectroscopy. PL spectra were obtained using a confocal microscope
setup in reflection (WITec alpha 300s). A 405 nm continuous wave (CW) laser was used as the
excitation source with an incident power of 9.2 uW. The PL spectra shown represent the

average of 3400 individual spectra obtained from a scanned area of 50 pm x 50 pm.

Time-Correlated Single Photon Counting (TCSPC). Charge carrier lifetimes were collected
using TCSPC spectroscopy. A 50 uW PicoQuant LDH405 pulsed laser with A = 407 nm and
pulse length of 100 ps was used as an excitation source. The PL emission was collected at 90°

and passed through a monochromator to select the collection wavelength (500 nm).

In-situ Optical Characterisation. The in-situ reflectance spectra of the Photo-ZIC cell were
recorded at different charge and discharge states using PerkinEImer UV/Vis/NIR Spectrometer

(Lamda 750) in reflection mode.
Supporting Information
The supporting information is available

XRD, FTIR, BET and TGA of g-C3N4 (Figure S1-S4); SEM, XRD and Raman of GO and rGO
(Figure S5); SEM of photo-cathode (Figure S6); CV responses of g-CsNs@rGO/FTO,
rGO/FTO and activated carbon/FTO electrodes (Figure S7,S8); digital photograph and CV

profiles of Photo-ZIC (Figure S9); CV profiles in 1M Zn(CF3sSOs); electrolyte (Figure S10);
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photo-charging mechanism and cyclic current response (Figure S11); CV curves of
rGO/FTO//Zn, activated carbon/FTO//Zn and g-CsNs+@SuperP/FTO//Zn based ZICs (Figure
S12); CV responses at different light illuminated wavelengths (Figure S13); in operando
optical characterisation (Figure S14); intensity dependence CV responses (Figure S15);
performance comparative table (Table S1); self-discharge and voltage floating test (Figure
S16); long-term cycling test (Figure S17); comparative CVs at different cycles (Figure S18),
post-mortem SEM and PL analysis before and after cycling (Figure S19); photo-charge

conversion efficiency calculation.
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