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Abstract; nergy is one of the most abundant renewable energy sources. For efficient

g

utilization of solar energy, photovoltaic technology is regarded as the most important source.
m

However, e intermittent and unstable characteristics of solar radiation, photoelectric
conversion evices fail to meet the requirement of continuous power output. With the
develo hargeable electric energy storage systems (ESSs) (e.g., supercapacitors

and batter!s), the integration of a PC device and a rechargeable ESS has become a promising

approach g this problem. The so-called integrated photo-rechargeable ESSs which
can directl unlight generated electricity in daylight and reversibly release it at night
time h tential for future applications. This review summarizes the development of

{

several t ainstream integrated photo-rechargeable ESSs and introduces different
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working mechanisms for each photo-rechargeable ESS in detail. Several general perspectives

on the nd future development are also provided.

cript

1. Intro

S

alfemand for energy is significantly increasing with the development of human

society. The limifgd capacity and pollutant emission from traditional fossil fuel have become

b

two major roblems. For long-term energy needs and environmentally sustainable

developméut, renewable energies are the most promising solutions for addressing these

concerns.!} g various energy resources, solar energy is virtually unlimited and regarded
as the mom need for the future.'”! Photoelectric conversion (PC) technology achieving
the dir version of solar energy to electricity has been recognized as one of the most
effective ainable methods.”* ¥ PC devices such as solar cells with increasing

efficiency and decreasing cost have been widely employed for electricity generation.
However, @he intermittence of solar energy makes it an unreliable source to fulfill the energy

demand at fes.

The m 1on of such a challenge lies in the combination of PC devices with electric

energy st&ge systems (ESSs).”) Photo-rechargeable ESSs could convert solar energy to
electric W reversibly store electric energy in the form of chemical energy. So far, the

most com of charging a rechargeable ESS device by a PC unit is via the direct wire
connectio 1nd1v1dual devices.'”) Like typical commercial portable power sources
incorpor. silicon solar cells to realize self-charging, they are essentially composed of
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two independent devices and simply connected by a control circuit. Consequently they suffer
from energy mismatch and low levels of integration requiring long-distance wiring and
complicaﬁﬁcuitry, tending to be bulky, inflexible, and low efficiency.””’ The
photo-recRargeable ESSs integrating PC units with rechargeable ESSs have therefore recently
emergag agsaigatiactive alternative solutions to realize energy conversion and storage in a

single devmese integrated photo-rechargeable ESSs have advantages of small volume,
light-wei@ﬂhty, and high-security. > The above-mentioned PC units can be

classified in o categories: solar cells and photoelectrodes. In other words, under light
illuminati e light-converted electric energy is directly stored in the ESSs through two
integrated ) integrating an individual solar cell with ESS," in which a common

electrode y used for energy conversion part and storage part, as depicted in figure 1a;

g [10]

i1) incorpgfating dual-functional photoelectrodes into an ES in which the employed

n

photoelectrodes not only convert light to electricity but also have an electric energy storage

function, a8 d d in figure 1b. To evaluate the performance of photo-rechargeable ESSs,

d

the sol energy conversion and storage efficiency (overall efficiency or Noyeran for

short) is wide ed as the key parameter, which can be obtained from following formula:!'"

M

EO'U. u
Noverall = B ,tp - X 100% (1)
light
where the E i and Equpue are input energy from light and output energy from rechargeable

ESS, respt

Thergfare three stages that determine the overall efficiency: solar to electric energy

h

{

U

conversion, electge to chemical energy conversion (photo-charging process) and reversible
chemical c energy conversion (discharge process). Among those, the efficiency of
electric to igal energy conversion is the most crucial factor for the whole device, which

may limit t all efficiency due to the incompatible current—voltage features between PC

A
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units and ESSs.!"?! Thereby, the matching of parameters like voltage, current, energy, power
and lifetime is needed for reasonable operation. For solar cell based integrated devices, the
power conversion efficiency (PCE) and maximum power point (MPP) under one sun
illuminati @ 1.5, 100 mW cm™) of solar cells undoubtedly are significant factors for the
overall gegfoumaice of photo-rechargeable ESS devices.!*! Different from the wire-connected
photo-recm ESSs, in which a rectifier can be connected between solar cells and

ESSs,!”! fgff the 1Miegrated photo-rechargeable ESSs, the output features of solar cells and

G

charging parameters of ESSs require to be closely matched. For photoelectrode based

S

photo-reciargeable ESSs, in addition to the above-mentioned parameters matching, the

photoelec cal mechanisms between semiconductor photoelectrodes and electrolytes

L

need to b red.

[

Base different energy storage mechanisms and capacity, herein, the mainstream

rechargea are divided into supercapacitors with high charge/discharge rates and

d

redox battchie h high energy density. Further, to subdivide the multitudinous batteries,

rechar static batteries with at least one solid charge storage electrode and redox flow

batteries ergy storage in the liquid electrolyte are distinguished. Considering the

Y

integrated photo-rechargeable ESSs based on these three types of rechargeable ESSs could

have diffef@nt photo-charging and energy-storage features. In this article, we provide an

§

overview Q -rechargeable ESSs from the aspect of different energy storage devices. For

J

each phot eable ESS, the photo-charging process by solar cells or photoelectrodes is

reviewed j . The crucial challenge of parameters matching and the potential

n

applica r each photo-rechargeable ESS are also discussed which is distinct from

1

previous réviews. In the end, we propose a test standard for photo-rechargeable ESSs to

evaluate the overgll efficiency. Also several perspectives on the future development of

U

photo-rechar ESSs are listed.

A
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2. Phofolrecﬂargeable supercapacitors

Supe (SCs), also known as electrochemical capacitors, have been often used

N E— ‘ .
to store elstrlcal energy in recent years. Based on the charge storage mechanism, SCs are

classified 1t0 t:o types: electric double-layer (EDL) capacitors and pseudocapacitors.!"”

The EDL s store charges on active materials with high specific surface area through
electrostam while the pseudocapacitors store charges by means of a fast and reversible
redox reaction at the electrode surfaces. Owing to these two storage mechanisms, SCs have

outstanding propg@ities such as high charge/discharge rates and long cycle life. Consequently,

photo-rec SCs (photocapacitors), in which the SCs are integrated with PC units,
have prov omising strategy to realize fast energy conversion and storage in a single
device.'¥ cept of photocapacitors can be dated back to 2004!'>) and has witnessed a
rapid deve in recent years. Reviewing the progress of photocapacitors, we can
categor hotocapacitors into two groups according to the types of PC units. The first
group is4 ation of SCs and individual solar cells (such as dye-sensitized solar cells

(DSSCs), perovskite solar cells (PSCs) and organic solar cells (OSCs)). The second group is

incorpora a photoelectrode with a dual-function of photoelectric conversion and charge

storage in r example, some pseudocapacitive semiconductor materials could be
selected fi

2.1 Integ&ion of SCs and solar cells

2.1.1 Dyeiensz,zzed solar cells

Dye-3d solar cells (DSSCs) with many features like simple device configuration,

E

al-functional photoelectrode.

facile ma ring processes, and relative fast photoinduced redox reaction are suitable for
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photo-charging SCs.!'® ' Dye-sensitized photocapacitors (DS-photocapacitors) have
attracted many investigations over the past decade. In 2004, Miyasaka et al. reported the first
prototype -photocapacitor in which a dye-coated TiO; layer was directly attached on an
active carf @ k as shown in figure 2a./'>) In this two-electrode photocapacitor, the
electrops aidgheles were generated from the dye molecules under light irradiation. The
electrons Mﬂ collected by TiO; and transported to the counter electrode through an

external cj d the holes flowed to active carbon through a chemical reaction with Lil:

Dye (hole") T Lil — Dye + Li'+ 1/2I,. These photo-generated carriers induced charge
accumula nghe microporous surface of activated carbon, reaching a charging voltage of
0.45V an ic areal capacitance of 0.69 F cm™. This work demonstrated the feasibility
of phOtO-S;l supercapacitor and aroused significant interests in the investigation of
photocapa€itors. One year later, the above team developed a three-electrode photocapacitor to
decrease the internal resistance which retarded the discharge process in a two-electrode
photocapm The three-electrode photocapacitor integrated a dye-sensitized solar cell
and an agi rbon supercapacitor through a common electrode. Herein, the common
electrode 1s coised of a Pt electrode and a carbon electrode, as shown in figure 2b. During
the ph progress, photo-generated electrons and holes from the dye-coated
photoelectiode transported to the counter electrode through external circuit and to the

common through electrolytes, respectively. Discharge of the photocapacitor was

carried o the external circuit combining the common electrode and counter
electrode, which acted as positively and negatively charged electrodes, respectively. This
three-electiode photocapacitor attained a charge-state voltage of 0.8 V and high energy
densityw cm™ during the first cycle, which was higher than that attained in the
previous mmde photocapacitor, indicating that the three-electrode configuration with

a commo de facilitated electron and hole transfer in the charge—discharge processes.

This article is protected by copyright. All rights reserved.

7



Therefore, for DS-photocapacitors, an outstanding common electrode play a critical role
in for connection of DSSC and SCs, such as decreasing internal resistance. In addition, some
materials #sed as a common electrode in three-electrode configuration can possess the
dual-funct @ atalysis for DSSCs (similar to Pt electrode) and charge storage for SCs.
Carbongingtesialsshave been widely used as electrodes in SCs owing to high specific surface
area and im owing to high conductivity, respectively.'” Thus, one of the carbon

electrodesfot carlpn material- based SCs can directly contact with the electrolyte of DSSCs.

G

This concept Was demonstrated by Peng et al. who have developed a photocapacitor which

S

adopted a d @ulti-walled carbon nanotube (MWCNT) films as electrodes,*” as

illustrated e 2c¢. In this configuration, one of the MWCNT electrodes, integrating with

L

a dye-sen 10, photoelectrode directly, acted as not only the photoelectrocatalytic

electrode for DSSC but also the charge storage component for SC. It differed from the

'

previous back-to-back connection where one of the activated carbon electrodes was coated on

one side ofia photbelectrocatalytic electrode (such as Pt electrode) of DSSC.!"8 The DSSC

a

showe .1% indicating the MWCNT can replace Pt in catalyzing the redox

reactions in . The device based on the bare MWCNT film with a thickness of 10 um

7

also hal apacitance of 48 F g, indicating that the energy conversion and charge

storage were realized in a single device. Furthermore, with the incorporation of polyaniline

1

(PANI) in NT, the specific capacitance was enhanced. After a photo-charge and

galvanosts ¢harge cycle, the MWCNT film and MWCNT-PANI composite film-based

devices deli overall Of 5.12% and 4.29%, respectively.

h

C ials have another characteristic of excellent flexibility, therefore the

[21-23

|

flexible plotocapacitors were also developed in recent years.*'** Scalia and coworkers

reported an innov@tive device consisting of a TiO; nanotube-based DSSC and a

u

graphene-bas L capacitor integrated into a flexible configuration.'”"! They investigated

A
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the photo-charge/discharge characteristics of the integrated device under different
illumination conditions and found that the noyerann increases while lowering the illumination
condition ffrom I Sun of 1.02% to 0.3 Sun of 1.46%). The dramatic increase was mainly
attributed @ t that PCE of DSSCs increased under lower light intensity while the
energy gtoiageseificiency was not significantly impacted. The additional flexibility test
showed tthg behavior was retained with a bending angle of 60° while the charging

time slighfly inct@ased with a bending angle of 120°. This result indicated the potential

G

applications 11 practical flexible devices. However, due to a single DSSC in the integrated

device thaficah oaly give a low open-circuit potential, the charging voltage of SCs was

S

limited. F estigating for enhancing photo-charging voltage, Lou et al. fabricated a

flexible inl

3

device with an array of three DSSCs connected in series and attained a

high charding voltage of 1.8V.**! The performance of this lightweight high-voltage

n

integrated device was found to be stable under various bending angles.

Besi

d

n materials, some conducting polymers, such as PEDOT, poly(vinylidene
fluorid , PANI, and polypyrrole (Ppy), were also employed in DS-photocapacitors

as char ¢ electrodes and delivered nice performance. Thereinto, PEDOT, a widely

M

used conducting polymer, is belong to a derivative of poly(3,4-alkylenedioxythiophene)s

(PXDOTSJI** To see if these derivatives are applicable in photocapacitors, Ho et al. reported

£

one of thes svatives, a poly(3,3-diethyl-3,4-dihydro-2Hthieno-[3,4-b][1,4]dioxepine)

O

(PProDO photocapacitor material and compared it with PEDOT.* Though PEDOT

exhibited etter charge—discharge rate, the PProDOT-Et, possessed higher electrode

h

specifi e with a film thickness of 0.5mm, attributing to the porous nature of

{

synthesiz roDOT-Et, film. A photocapacitor composed of a symmetrical supercapacitor

based on the suggested thick PProDOT-Et; films and a DSSC were fabricated where one of

U

the PProDOT- ilms attached with Pt-electrode of DSSC acted as a common electrode.

A
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This photocapacitor exhibited a photo-charging voltage of 0.75 V, a low specific capacitance
of 0.48 F cmfz, and an Noverann 0f 0.6%. Such a low specific capacitance was probably due to
the mism of the electroactive area between polymer and Pt substrate. Employing some
electroactt @ ers to substitute for the Pt counter electrode could also be effective in the
DSSC anigeepa ct al. employed a Poly(3,4-ethylenedioxypyrrole) (PEDOP)@manganese
dioxide (Mm as the catalytic electrode for the CdS quantum dot (QD)/hibiscus dye
co-sensiti@ cell delivering a better PCE of 6.11%,*! demonstrating that conducting
polymer posscSsed the same effect as Pt. Meanwhile, PEDOP@MnO; films were also used as
the electrglegifoga symmetric supercapacitor. The photocapacitor, in which the

PEDOP@ ased DSSC and SC were integrated on a common current collector, could
be charge V under one sun illumination and delivered a specific capacitance of 183

Fg'and ﬁower density of 360 W kg™ at a discharge current density of 1 A g™

PVDm copolymers are well-known ferroelectric materials for piezoelectric
nanogener and supercapacitors.'”® In 2011, Jiang et al. used PVDF for the storage of

photo- ed electric charges based on a hypothesis that the photoinduced electric field

would e ferroelectric material.!*”! Later in 2013, they modified the counter
electrode of DSSC by PVDF/ZnO nanowire array (ZNWA) nanocomposites to realize a
photo—reclSrgeable charge storage device.*”! From figure 2d, the Pt/Au catalytic layer for
DSSC and rge storage interface share the same PVDF surface coated on ZnO
nanowires@’

delivemc capacitance of 2.14 C g™, stable photocurrent output and a Neyeran Of
3.7%. >the charge storage performance relies heavily on the dielectric constant of

PVDF. Intrporating highly electroactive sodium dodecyl sulfate (SDS) into PVDF to

DF film of 25 nm was used to fabricate the photocapacitors which

upgrade the dieleBtric constant was demonstrated by Das et al., as schematically illustrated in

31]

figure 2e.! ining this PVDF/SDS film with an inorganic—organic dye film, i.e., ZnO
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nanoparticle—eosin Y—poly(vinylpyrrolidone) film, the photocapacitor yielded a high
photo-charging voltage of ~1.2V under illumination intensity of ~110 mW/ cm®. A further
test of dis¢harging process showed a Noverann Of 3.78% along with a high storage efficiency of
~89% for based photocapacitor. In addition, Ppy was a widely used material in
photocapagii@issd s an example, Gao et al. reported an integrated device consisting of a dye
coated TiWT photo-anode and a Cl0O4~ doped Ppy counter electrode.*?! In this
conﬁgura@er illumination, the oxidized dye molecule (dye") reacted with PEDOT and
ClO4 , whilethe photo-generated electrons from the dye flowed from TiO, and the external
circuit to ndireacted with Ppy*"- xClO, to realize storage of charges. The

photo-cha Itage of 0.76V and the Noyeran of ~0.1% were attained, revealing the
possibilit:g this configuration for direct solar-to-electric energy conversion and
storage. AllSo, Lim and coworkers reported the use of a Ppy/reduced graphene oxide (rGO)

electrode as common electrode in a three-electrode DS-photocapacitor.**! Based on such

Ppy/rGO ¢&le & , the PCE of DSSC was 2.4%, and the specific capacitance of the

superc i 308.1 F g''. Furthermore, an extended lifetime with a retention percentage
0f 70.9% was ined after 50 consecutive charge/discharge cycles. However, the associated
overall as not evaluated.

Meta!oxides such as titanium oxide,[3 4361 ruthenium oxide®” and nickel oxide®® as

promisinmapacitor materials are capable of fast charge propagation in the solid-state

and there g high theoretical specific capacitances. Due to the excellent

electromity in DSSC and pseudocapacitive feature, a double-side TiO, electrode as

comm was introduced in three-electrode DS-photocapacitors. Subramanian et
al.l’¥ rep*ea a gouble-anodized titanium plate (TiO,—Ti—TiO; structure in figure 2f) as such

a common electrSie. On one side of the double-side electrode, the TiO,-Ti layer acted as the

photoanod{ing dye molecules for the DSSC. On the other side of the double-side

This article is protected by copyright. All rights reserved.
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electrode, a solid-state zirconia (ZrO,) dielectric layer was employed to realize charge
storage. The photocapacitor based on this TiO,-ZrO, combination achieved capacitance of
140 mF cfl °, and exhibited an obvious voltage increasing under light irradiation, though the
overall efs not mentioned. In order to enhance the capacitive performance of
TiO,, Lk clpgdmei@ployed a hydrogen plasma treated double-sided TiO, nanotube arrays
(TNARs) m in photocapacitors.”” Taking advantage of the simultaneously optimized

DSSC andfSC suB-devices, the photocapacitor exhibited a ngyeran 0f 1.64%. Following a
ncept, a flexible photocapacitor based on Ti foil with double-sided TNARs was

[36]

similar co

recently p e where CuS networks were used as the catalytic electrode for the DSSC

S

which exkjmarkable mechanical flexibility, superior transparency, and excellent

electronic ivity, yielding a PCE of 7.73%. This flexible photocapacitor could be

charged tﬂin ~30 s under illumination, and supplied electrical energy for 39 s at

current density of 8 mA cm™ under dark conditions, delivering a high noyeran of 6.5%.

To su e presence of common electrodes between DSSCs and SCs is critical for
realizi integrated photocapacitors. Besides efficient charge transport properties to

reduce t al resistance, the common electrodes serving both SCs and DSSCs needs

\Y.

dual functions of catalysis for DSSCs (similar to Pt electrode) and charge storage for SCs.

The carbof materials, conducting polymers and metal oxides are all demonstrated to

i

favorably DSSCs and SCs. However, the overall efficiency is still low, which is

9

mainly du ow PCE of DSSC, thus insufficiently charging the supercapacitors.

Therefore ing the performance of DSSCs is imperative. However, there has been no

§

appare on the performance of DSSCs in recent years, whereas the emerging

1

perovskité®solar cells and resurgent organic solar cells are gradually becoming substitutes.

AU
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2.1.2 Perovskite solar cells

MW' erovskite materials with high optical absorption coefficient,*” long
diffusion ﬂnd high carrier mobility!*'! have been regarded as a most promising
photovolt ial. Taking advantage of the bandgap tunability for perovskite materials,
the opeg- mnage Ve for PSCs can reach over 1.0V, which is suitable for high voltage
photocapacifors,. ) Over the past several years, PSCs gradually became a competitive solar

energy hafesting/candidate in photocapacitors.

For med photocapacitors, the selection of connection materials for PSCs and SCs
is crucial ient charges transport and thereby high overall device performance.
PEDOT a n materials not only possess charge storage function in supercapacitors

based on gacitance or pseudocapacitance but also are employed in PSCs as carriers

transporti [42.44) Similar to DS-photocapacitors, PEDOT or carbon materials were

widely us@pmon electrode in PSCs based photocapacitors. As an example, a

PEDOT- ectrode was demonstrated to bridge the supercapacitor part and the
perovskite s 11 part."”! The C104 -doped PEDOT was electrodeposited on the carbon
electro as a conductive layer for collecting holes generated form perovskite solar

cell, but also as an electrode for a symmetric supercapacitor assembled with another
PEDOT—chctrode (figure 3a). The photo-generated electrons and holes from the
excited p can be transferred and electrochemically stored in the PEDOT-carbon
cathode and #0de. The maximum areal capacitance of 12.8 mF cm™, a high energy storage

efficiencyW@f 73.77% and the maximum overall efficiency of 4.7% during the first cycle were

g

achieer, the poor stability of PSCs still restricts future development, especially

the degra CH;NH;Pbl; perovskite in aqueous electrolyte causes difficulty in

U

manufactumi cess for photocapacitors.l*! To address this issue, a carbon nanotube

composi bridge, which was a hydrophobic hole conductor, was used as a common

A
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electrode between CH3NH;Pbl; PSC and PANI/CNT SC for effectively preventing the
CH;NH;Pbl; from degrading (figure 3b).[*”) Owing to the excellent pseudocapacitive and
conductivity of PANIT/CNT, the photocapacitor achieved a large specific areal capacitance of
422 mF ¢ @ coulombic efficiency of 95.8%. However, the overall efficiency of 0.77%
was stilh | Qmiihieh mainly resulted from the mismatch between the MPP of solar cells and
the chargime of the SCs. During the photo-charging process, the charging current
density d@d the voltage of SCs gradually increased to 0.7 V, which was not the MPP
c

(figure 3¢). DCSpite this mismatch issue, PSCs integrated with SCs can still work more
efﬁcienﬂmuctuaﬁng sunlight than individual PSCs, which indicates the SCs can be

regarded Slizer for solar cells in the case of integrated photocapacitors.

Receﬁore stable all-inorganic PSC based on cesium lead halide material

integrated

operating mand specific capacitance of photocapacitors. Lim et al. firstly fabricated

photocapa8ito sed on CsPbBr; Iy PSCs under ambient conditions (relative humidity

C was presented. All-inorganic PSCs with higher V. could enhance the

(RH)> fter comparing a series of CsPbBr; Iy perovskite materials, CsPbBr;ly
PSC withdas ability was chosen for the photocapacitor application. A asymmetric
supercapacitor comprised of PEDOT:PSS-assisted reduced GO/ZnO/Co304 (RZCo) positive
electrode Sd a Ppy/rGO negative electrode utilizing LiClO4/ acetronitrile as the electrolyte
was exami ich delivered a specific areal capacitance of 150 mF cm  at a current
density OG cm °. The studies of photovoltage and photocurrent responses under light
irradiatio an obvious photo-charging process for this photocapacitor, in which the
PEDO'g shared intermediate cathode. Similarly, Jin et al. demonstrated an

integrateakl I-morganic perovskite photocapacitor constructed by combining an CsPbBr; PSC
and an all-inorgasc supercapacitor..*”) The CsPbBr; PSC fabricated by a simple process

withoutth&f glovebox shows high V. with remarkable stability. The fabricated

This article is protected by copyright. All rights reserved.
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supercapacitor consisted of an acidic silica-gel electrolyte layer and two nanocarbon
electrodes, in which one of the nanocarbon electrode was shared with the CsPbBr; PSC. This
photocapa€itor directly reached a remarkable voltage of ~1.2V charged by a CsPbBr; PSC
without t @ f any assistance from galvanostatic-charging. A fast charging process was
realizeggwihgigathe supercapacitor unit reached a flat voltage plateau within less than 3s by
photo-chahd then kept this at a stable level without any voltage drop. Also a high

Noverall Of @r first cycle with good stability was realized.

2.1.3 Orgjr cells
Organic solar cells (OSCs), with many attractive features (e.g., flexible, low-cost and

casy-fabriGation) have been one of the potentially competitive 3™ generation solar cells.*"!

Integratio s and SCs is a promising strategy to realize a miniaturized, light weight
and porta harging device.” Srinivasan et al. demonstrated a printable, all solid-state

photoc orporating both an organic solar cell and supercapacitor.”” The OSC was

layer-by-1 ricated with an ITO layer, a PEDOT:PSS conductor layer, and an active
layer blended of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl

ester (PC Iﬁ). Then, a patterned Al cathode was deposited on the active layer by thermal

evaporation_Assingle-walled CNT network was deposited on top of the Al as a connection

o

electrode and CNT symmetric supercapacitor, as depicted in figure 3d. The
photocapagi ielded a capacitance of 28 F g'1 which was lower compared to an individual
SC. ThE due to the V,, limitation from the non-optimized OSC, which was
insuffic rge SC up to its maximum capacity. Thus, for further development of such

OSC-photocapacSors, several OSCs connected in series could be used to increase

photo-chargini fltage and realize better voltage matching. Chien et al. demonstrated such an

This article is protected by copyright. All rights reserved.
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integrated photocapacitor consisting of a string of series connected OSCs and graphene SCs
on a single substrate, using graphene as a common electrode.”” Eight series-connected OSCs
based on : PCyBM bulk-heterojunction (BHJ) cells provided a V,. of ~5V and an
photo-chafg tage of ~4V for the photocapacitor which was suitable for driving red,
green, gindgblEegight emitting diodes (LED). Besides, benefiting from easily-fabrication and
solution pwe features of OSCs, large area OSCs can deliver more energy to store in
SCs. A m@foldable integrated photocapacitor was processed by laminating a highly
T:PSS film onto a relatively large area P3HT: indene-Cqo (ICBA) BHJ

conductive

0SCs.4 ws achieved a PCE of 3.84% and the PEDOT:PSS based SCs obtained an

energy stzciency of 58%, resulting in an overall efficiency of 2% for integrated

photocap owever, as the OSCs based on P3HT system still have low performance,
the corresponding photocapacitors attain inferior overall efficiency. With the recent
development of highly efficient organic photovoltaic materials, Arias et al. demonstrated an

OSC integdgat th a supercapacitor operating under indoor low light intensity with

excelle nce, which is meaningful for many electronic products working under
indoor condit:JHg”>! Benefit from the poly[N-
9'-hept 7-carbazole-alt-5,5-(4,7-di-2-thienyl-2',1',3"-benzothiadiazole)]

(PCDTBT!: [6,6]-phenyl-C71-butyric acid methyl ester (PC7;BM) BHJ OSCs delivering a

relatively of 7.6% under indoor conditions, the OSCs based photocapacitor

achieved 01 2.92%. Following this trend, Lee and coworkers combined a

high-perfo BHIJ system comprising PTB7-Th electron donor and PC7;BM electron
acceptor g: a :olyvinyl alcohol (PVA)/phosphoric acid (H;PO4)-based solid-state
supercaMching a higher Noverann of 5.07%.%! Very recently, lots of high performance
organic p ic materials are springing up, giving a significant increase in PCE."”!
Hence, thm

future. <

efficiency of OSCs based photocapacitors may rapidly ascend in the near
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2.2 SCW photoelectrode

Thogration of solar cells and supercapacitors is feasible, it still has some
disadvaatwlen supercapacitors are charged by solar cells, the output electricity from
the solar ma fluctuate because of the unstable sunlight intensity in the actual situation,

sequentlalul\g voltage, current and power mismatch between solar cells and

supercapac oreover, multiple material hetero-interfaces existing in solar cells based
photocapw not desirable due to excessive interface impedance. Differing from the
utilizatio cells for photo-charging, employing a photoelectrode with photoactive and
pseudoca eatures simultaneously can also realize photo-charging. Adopting a

compositmouples photosensitive materials with capacitive or pseudocapacitive

materials al-function photoelectrode, is an effective approach.®™ For example,

attaching msitive dye molecules on PEDOT or carbon materials was widely used for

dual- 1 oelectrodes. Takshi et al. demonstrated a composite film photoelectrode
which coul rt photons to charges by dye molecule coated PEDOT and at the same time
these ¢ stored on PEDOT, as shown in figure 4a.°") Using active carbon as the

counter electrode, the photocapacitor with a photo-charging open circuit voltage of 430 mV
was able thle charge for more than 10 min in the dark. They also found that the

e increased the capacitance in the conducting polymer and enhanced the

e device. Watanabe et al.[® prepared a UV light sensitive photoelectrode
by electroghoretic deposition of TiO, nanoparticles on carbon materials (figure 4b), in which

chargesMrated by TiO; under illumination and stored in carbon materials.

Assemble other carbon counter electrode, this photocapacitor can be charged to 100
mV under dlatlon attributing to the wide bandgap of TiO, which exhibited strong
response 1ght.
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Except widely used PEDOT or carbon materials, many metal hydroxides or oxides with
pseudocapacitive properties may yield a higher capacitance through reversible charge transfer
reactiorwjenﬂy, these materials also show good photoelectric properties.'®" For
instance, 4 harging process was realized based on a TiO,/transition metal hydroxide
(Ni(OHg, e@iiggshicll composite photoelectrode by Fan et al. (figure 4¢), where the TiO, core
harvested h to generate electrons and holes.!®”! The photo-generated electrons were
captured @un‘[er electrode for H, evolution and the photo-generated holes were stored

ud

in Ni(OH), 5 ocapacitive materials by oxidation reactions (figure 4d). To effectively

separate pllo erated electron-hole pairs and realize oxidation of pseudocapacitive
materials, able potential bias of 0.4V was selected which did not cause extra
electroch actions. After charging at 0.4 V bias for 300 s under light illumination, the

supercapagitor properties were tested by galvanostatic discharge and the corresponding

specific capacitance of 482 F g at 0.5 A g' was obtained for a TiO»/Ni(OH), based device.
Similarly,@O and TiO,/Co(OH); based devices presented a specific capacitance of 133

-1

d337F g'at0.5 A g, respectively. However, introducing an external

potential bias parate charge carriers did not achieve the goal of direct energy conversion
Zheng et al. presented a two-photoelectrode supercapacitor building on
Fan’s work. The TiO, nanowire/NiO nanoflakes and the Si nanowire/Pt nanoparticle
composit sed as photoanodes and photocathodes, respectively (figure 4e)./**! On the
photoano thin layer of nickel oxide (NiO) nanoflakes was grown on the surface of
the TiO, nagowires as the hole receptor, which can store holes by oxidation of NiO to nickel
oxyhydroge :NiOOH). On the photocathode side, the photo-generated electrons from Si
nanowir“ce water to H, with the assistance of Pt nanoparticle catalyst. As depicted
in the enemam (figure 4f), this two-photoelectrode supercapacitor fully relied on solar

energy fo carrier separation without external potential bias. A stable open-circuit

Voltag’é¢V and a high pseudocapacitance of up to ~455 F g~ were obtained from the
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first discharge cycle. But, part of the photo-generated holes may also cause water oxidation in
aqueous electrolyte, which is harmful for the applications of a supercapacitor. To inhibit
water photo-oxidation, the valence band (VB) position of the photoelectric semiconductor
and the th @ bf Ni(OH), shell played significant roles.' Compared with TiO,, the
higher ¥ Bgofsliga©: with thicker Ni(OH), was demonstrated to effectively inhibit water
oxidation[m inhibiting water oxidation, the Fe,Os@ Ni(OH), based photocapacitors

exhibited #fspecific capacitance of 20.6 mF cm™ at a discharge current density of 0.1 mA

C

-2
cm .

S

Some nductor materials which simultaneously possess photoelectric and

capacitive characferistics have been wildly studied in photocapacitors. Adopting these

Ui

materials s dual-function photoelectrodes is another approach to realize

1

photo-chafgi r example, the hexagonal-phase tungsten oxide (h-WO5) is widely used as
photoelec sis material.”) Based on the good photoelectrocatalysis and
pseudocamerformance, employing h-WOj; as a photoelectrode to realize solar energy
conver storage is simple and direct. Zhi et al. demonstrated that the capacitance of
h-WOs3 percapacitor can be increased by 17% under illumination (figure 5a).°®!

These authors observed that, as the light intensity increases and wavelength decreases, the

calculated@€apacitance increased. The increased capacitance was attributed to the

[

photoexcit trons from h-WOj facilitating pseudocapacitive behavior of h-WOs.

In addifiom, cobalt oxides and hydroxides have similar photoelectrocatalysis and
capacitiv&roperties to h-WOs;. Sawangphruk et al. observed a significant enhancement in
the areamce of a Co(OH), SC under light illumination'®®. During the investigation of
charge sto:formance on a single Co(OH); electrode, a symmetric SC and an
asymmetri

ealed a higher areal current and capacitance under illumination than that in

dark condigi®®s. As shown in figure 5b, the hole (can be regarded as Co(OH)*") and electron
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pairs were generated when the Co(OH), was excited by blue light and then the Co(OH)**
reacts with the electrolyte to form CoO(OH). This photo-excited process was responsible for
the capacifance enhancement. Similarly, very recently, the above authors proposed a
Ni-doped @ 10.07C02.9304) thin film photoelectrode as positive electrode for
supercapagit@isahich used N-doped reduced graphene oxide aerogel (N-rGOxg) as the
negative em[m]. As illustrated in figure 5c, the energy diagrams explained the
photo-chafging pocess. The Nig ¢7C0, 9304 generated electron-hole pairs under illumination
and active ho i0_07C02.93O4+) reacted with OH™ and H,O from the KOH electrolyte

forming and NiO(OH). This photocapacitor exhibited an enhanced capacitance

which waj higher than that under dark conditions.

The Iﬁfr—sized and interfacial effects between different materials in the composite

electrode

holes-elec irs.[” "1 Based on this viewpoint, Ding et al. designed and fabricated a
u;0 (NPC@Cu,0) hybrid array electrode and revealed that the

eficial to enhance light absorption and promote the separation of

Nnanoporo

nanop u promoted the light permeation and enhanced energy storagem]. The prepared

photoel enerated electrons and holes under illumination, where the holes oxidized the
Cu,0 in the Cu@Cu,0 hybrid to CuO, storing the holes by pseudocapacitance.

Simultanesisly, the corresponding photo-generated electrons passed through the external

circuit to t ter Pt electrode and subsequently reacted with H,O in aqueous electrolytes
to generat is Cu@Cu,0 photo-assisted supercapacitor delivers 782 F g’ and 314 F g
atlAg "' respectively, thereby achieving 37.9% and 26.6% capacitance
increm arison to the dark condition.

Com ith the integration of solar cells and SCs, photo-charging a photocapacitor
based on trodes has a simpler device configuration. And the photoelectric
conversi energy storage processes are realized more directly. However, the
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photo-rechargeable performance is still at a lower level, and the overall efficiency is barely
discussed. Semiconductor materials with outstanding photoelectric activity and capacitive

properties®Simultaneously should be further explored.

H I
2.3 Brief mary

Fro@e discussions, the feasibility of converting solar energy to electricity and

meanwhilegstogimg electric energy as chemical energy for photo-rechargeable SCs has been
verified. two types of photo-charging, the photocapacitors exhibited different
charging performiance. Taken together, photocapacitors based on solar cell charging have
remarkable performance compared with photoelectrode charging, which is mainly due to the
high PCE @cells. Several reported photocapacitors based on solar cells are listed in

Table 1. I‘m under prolonged light illumination, the SCs discharge electricity in

merely a tes or even seconds.!””! Even though the PCE of solar cells has been

signifi ved, SCs with fast charge/discharge rates and low energy density cannot

satisfyﬁof large amounts of energy. Thereby, the applications in some fields are
restricted due to serious energy mismatch between SCs and solar cells. SCs integrated with

solar cellssay be not suitable as a durable power source for long-time discharge, but as a

stabilizer fo@cells under intermittent illumination conditions.

3. Photolrec;’rgeable static batteries

Nowadays, SChargeable batteries have provided superior energy storage devices for

electric vehic es::ortable electronics and the internet of things. Different from the SCs,
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batteries store electric energy through two processes of internal redox reaction and ionic
transfer in electrolytes, which contribute to higher specific energy!’*. In order to distinguish
from redoX flow batteries, herein, we define the batteries which store electric energy in at
least one @ id electrode as static batteries. Similar to photocapacitors, the integration of

a PC paiit giadaagii@chargeable static battery (referred to as photo-batteries) can also realize

highly effwf-charging and storage in one single device.

Acco@ the photo-charging mechanism, photo-rechargeable static batteries can also
be divide categories of solar cell charging and photoelectrode charging. For the
solar cell clatrgiffg, an obvious difficulty is that the output voltage of single-junction solar

cells hardly reac53 the charging voltage for most batteries. This is because the redox

reaction of rging process proceeds under a certain voltage for rechargeable batteries,
which is ﬁfrom supercapacitors.’” Solving the challenge of voltage matching is
crucial. O er hand, charging current (also known as charging rate) also has an impact
on the ene ge efficiency of batteries, where excessive low or high charging rate can

lead to cient energy storage or battery chemistry deterioration.”’” The current matching
between clls and batteries also should be carefully designed. Moreover, the overall
lifetime of the integrated devices is affected by the component with the shortest lifetime.
Thus, lifege matching between solar cells and batteries also needs to be taken into account.

For the ph@rode charging, an integrated photoelectrode in rechargeable batteries

realized p rging process based on the photoelectrocatalysis effect, which uses

semicond toelectrodes to promote the redox reaction occurred on
electroge interface under light illumination.l’”! The photo-batteries based on
photoelMecarging can straightforwardly convert solar energy to electricity and store
electricity in the s)rm of chemical energy,”™ which is similar to the before-mentioned

photoelect{ed photocapacitors. Furthermore, the photoelectrocatalysis effect can
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alleviate issues of charging overpotential and slow charging rates, which have gradually
become the research hotspots in recent years..”” ! In order to successfully and efficiently
charge batteries, the photoelectrode must meet certain criteria. Firstly, it should possess
proper bafid gap # have decent visible light absorption and good carrier transport
charactgristigsssd@condly, the band edge positions should be a trade-off between the
conductiowB) position of the photoactive semiconductor and the redox reaction to
compensaff the Charge imbalance arising from the cation intercalation.™ Thirdly, when

integrating a photoelectrode into rechargeable batteries, the compatibility and coordination

with the r caliple should be considered because various redox couples in rechargeable
batteries bSerent storage performance.

In this ion, we will summarize several mainstream static batteries applied in
photo-rec e batteries, such as metal ion batteries (e.g., lithium, aluminum or sodium

ion batterm—air batteries (Li-air battery and Zn-air battery), and metal-sulfide batteries

(Li-S batt ” In addition, the afore-mentioned two types of charging mechanisms will

),
also beEed.

3.1 Metalg’ n batteries

3.1.1 Li—iies

Anmrous energy storage devices, Li-ion batteries (LIBs) have been the most

mature cale commercialized devices. LIBs are generally composed of an anode
(e.g. LiH)on materials or Li, TiO,), a Li" conducting electrolyte, a separator and a
cathode (e.g. Li(@®0/Ni/Mn)O; or LiFePO,4 (LFP)). During the charging process, the cathode
is oxidized (releaging Li ions), while the anode is reduced (Li ions are inserted).!**! Like the

integra cell based photocapacitors, three-electrode photo-batteries were widely
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investigated. For example, Wang and co-workers presented an integrated power pack that
incorporated a series-wound DSSCs and a LIB.* A Ti foil that has double-sided TiO,
nanotube drays was used as a common electrode for top DSSC and bottom LIB (figure 6a).
The top-sth dye molecules attached (N719 and N749 realized co-sensitization)
acted agga pheteanode for the DSSC and bottom-side TiO; as the anode for LiCoO, based
LIB part. Me top series-connected DSSCs were irradiated, photo-generated electrons
from top @e injected into the anode of LIB to reduce Li’. Meanwhile, the LiCoO,
cathode was 0Xidized releasing electrons to the Pt counter electrode of DSSCs. This
integrated cesean be charged to about 3 V in about 8 min, with the discharge capacity of
about 38. nder a discharge current of 100 pA with overall efficiency of 0.82%. This
inferior 03

charging ‘g:tage met the requirement, the energy mismatch was serious between DSSCs and

rformance may be attributed to the low-efficiency DSSCs. Though the

LIB due to the small amounts of electric energy converted from solar energy.

Thus, match between the MPP of solar cells and the optimal charging rate of
batteri cause a low energy conversion and storage efficiency. Many groups have
reported nction solar cells or the connection of several solar cells in series to obtain

high output voltage. A triple-junction thin-film silicon solar cell connecting directly to a LIB
was demoffistrated by Agbo et al.'™ This triple-junction silicon solar cell delivered a short

circuit ctm@sity (Jsc) of 5.4 mA cm?and a V,. of 2.21 V which was matched well with

the batte eristics. The overall performance of the integrated devices was discussed in

detail bas voltage, current and capacity curves, as depicted in figure 6b. During one
photo-gmge cycle, the voltage and current were dynamic with charging time,
thereforeeﬁerall efficiency was dependent on the state of charge. In region A, the current
rapidly increasedio the maximum value limited by the J,. of solar cell, and the charging

voltage in&o reach a plateau value of 1.9 V. Then the LIB was charged for a while in
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region B. The voltage and current were at a steady value appropriately matching the MPP

voltage of the solar cell which provided effectively charging of the integrated device. When

the chargifig process was completed, the voltage reached the V. of solar cell and the current
decreasedrresponding to an average overall efficiency of 8.0%. This high overall
efficiengy pasgii@arly the same as the solar cell efficiency, implying that virtually 100% of
the availawy from the solar cell can be transmitted to the battery, which also indicated

good voltgge andfeurrent matching between triple-junction thin-film silicon solar cells and

G

the LIB.

S

In ord®to¥mprove the output voltage and power of the whole integrated device and

obtain a high aredlenergy density, in other words, to realize good energy matching between

b

LIB and a sgzi lar cells, a tandem battery configuration by connecting two individual

q

LisTi501,-Ni based solid-state LIB was employed by Lee and coworkers.® They

demonstr 1 PC module fabricated by interconnecting 25 units of c-Si mini-cells in

d

series (del utput voltage of 14.1 V and power of 142.6 mW) for monolithically
integra oto-charging of a solid-state LIB. A current/ voltage tunable c-Si PV module

was con 0 a printed solid-state bipolar LIB through an Al layer (figure 6c¢). Attributed

M

to the high energy output of the c-Si PC module and the high-capacity of the tandem

solid-statefLIB, this Si-LIB photo-battery exhibited rapid charging in less than 2 min with

£

overall effigi of 7.61% and continuous discharge at a rate of 28C under sunlight

illuminati

O

Perovgkite solar cells with their simple preparation process and high PCE were also

h

widely to-batteries in recent years. Dai et al. demonstrated four single

;

CH;NH;P skite solar cells connected in series for photo-charging a LIB which was

U

assembledmm LFP cathode and a LisTi 5012 anode.®”! Figure 6d shows that the PSCs

pack an -ion batteries are connected in parallel. Based on the high performance of

A
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single junction PSCs, for the PSCs pack, a J;. 0of 4.82 mA cm'z, Vo 0f3.84 V, FF of 0.68 and
PCE of 12.65% were obtained where the voltage was high enough to charge the LIB. The
fabricate s based photo-batteries delivered an initial reversible capacity of 140.4 mAh
g while @ ng a reversible capacity of 111.6 mAh g after 10 photo-charge and
galvanggstafigadiseharge cycles. And an overall efficiency of 7.80% was realized. Taylor et al.
connectedm,osFAo,glMAo,14Pb12,5sBr0,45 perovskite solar cells in series to charge
carbon-cofted r Na)Tiy(POs); based batteries.’® The negative electrode of the LIB (or
Na ion batter IB)) was connected to the photocathode of PSCs while the positive
electrode Wagicoghected to the photoanode of the PSCs as shown in figure 6e. As the PSCs
parts deli oc 0f 2.2V and a high overall PCE of 16.2%, after the first cycle of
photo-ch:

overall efﬁof 9.25% and 9.3%, respectively. Consequently, this shows that the PSCs

d galvanostatic discharge, the PSCs-LIB and PSCs-NIB obtained a high

exhibit goo i oto-charging performance not only for photocapacitors but also for batteries.

Along with t -cost manufacturing process and high photovoltaic properties, PSCs
posses tial in photo-rechargeable ESSs if their stability issues can be overcome.
Ph ode charging of a LIB can be realized by the photoelectrocatalysis effect

occurring on photoelectrode/electrolyte interfaces, which assists or directly drives redox

reaction uﬁer light illumination. For instance, photoelectrocatalysis material TiO, was

integrated | s as a photoelectrode which can reduce charging voltage, consequently
reduce ex ctricity input under illumination.””” As seen in figure 7a, a LIB composed
of a Li mand an LFP cathode, in which the LFP cathode was electrochemically
connec » photoelectrode by a redox shuttle (M) in aqueous electrolyte. When the

TiO, photlelectrode harvested the photons, photo-generated holes oxidized the M™ to M,
Subsequently, thSMOX diffused to the LFP electrode surface oxidizing LFP to Li" and FePOy

and Wasin{mced back to M™". The photo-generated electrons transported to anode
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through the external circuit reducing Li" to Li metal. From the energy level diagram in figure
7b, CB of TiO, is lower than LiFePO4/ FePO, standard potential of 3.45V resulting in a
lower chafging voltage under illumination. The experimental value of charging voltage was
2.78V, wi reduction of 0.7 V for normal Li/LFP batteries, which matches well
with thgtheesgtieal prediction. In consequence, the reduced charging voltage indicates that
the existi@hotoelectrode can save input electric energy which was offset by solar

energy ha@om Ti0,. Nevertheless, charging LIBs totally by photoelectrocatalysis of

the photoelectfode without external electricity input was expected. In view of LiFePO.,/
FePO, stawtential of 3.45V versus Li/Li" is very close to the I/I" potential of 3.1V
versus Li//il h was used in DSSC,[16] photo-catalyzing LiFePO4/ FePO4 redox couple
by a dye based on DSSC mechanism is feasible. Zaghib et al. reported LFP
nanocrystEd with dye molecules as a hybrid photo-cathode.™® Under illumination, a
voltage (versus L1/Li") rise of an LFP/dye electrode system was obvious, as shown in figure

Tc, sugge@toexcited holes by dye molecules oxidized LiFePO4 to FePO,4. Meanwhile,

the ph d electrons were confirmed to form solid electrolyte interface at the anode
via oxygen re jon. During the charge-discharge cycles under light irradiation, a capacity at
least t the theoretical value of LFP was realized, which was attributed to the

continuous photo-charging during the galvanostatic discharge process because of its exposure
to light th d LFP to delithiate. Assembled with a Li metal anode, the overall
efficiencyj @ photo-LIB was estimated to be 0.06-0.08%. Such low efficiency could
result from 1 harge recombination losses at the LFP/dye/electrolyte interface. Thereby,

an obviouSidrawback that poor photo-generated carriers transport efficiency on multiple

interfaMybrid electrode-based LIB was exposed.

Another lin;)f thought based on whether lithium ions can display mobility in a

photoelec&rial upon illumination was proposed. For example, TiO, as a good light

This article is protected by copyright. All rights reserved.

27



absorption semiconductor was demonstrated capable of reversibly hosting Li" with an
operating potential of 1.75V versus Li/Li".”® Based on the mixed electronic/ionic
semiconducting properties of TiO,, directly using TiO; electrode for LIBs can drive the
lithium insertion reaction under the photoexcitation.”"! Besides, a lithium rich
phase (&iophiOagsis expected to absorb light in the visible range and be a better electronic
conductor%age et al. demonstrated using Li,Ti0O, nanoparticles can induce a
quantitati@ deinsertion reaction by photoexcited holes.” Figure 7d shows the
schematic ovetview of a half cell, where the Li-ions pre-insertion to form LixTiO;

photoelec . Under light illumination, Li,TiO, generated holes to oxidize Ti’" and Li-ions
were rele:ﬁrom crystalline lattice. In the dark and illumination conditions, the CV

curves ex n obvious difference in the position of redox peaks (figure 7e), indicating

the light a!ecte; the kinetics and thermodynamics of Li,TiO, photoelectrode. After the first

photoelectrode discharge in dark, a fast light-response was observed and a high potential

plateau was p ed regardless of light exposure. In addition, metal halide perovskite
materi demonstrated the ability of reversibly hosting Li-ion.”* Combining the
outstanding p lectric feature and Li-ion storage ability of perovskite, Volder et al.
demon oto-charging battery using a 2D-perovskite as photoelectrode and Li-ion

storage electrode simultaneously.[95] The 2D (CsHyC,H4NH3),PbX,4 (X is halogen element)
perovskit%ery stable layered structure. They first investigated charge-discharge
performa @ in cells composed of perovskite electrode and Li metal anode at normal
operating re non-illumination condition), which showed that the capacities of ~90-100
mAh/g in§ first cycle can be offered by lead-iodide perovskite and 410 mAh/g achieved for
lead-brMskite. Then, the photo-charging process was investigated and the
mechanis:mustrated in figure 7f. This photo-battery displayed a high photo-charged

voltage o V by perovskite excited under illumination. Despite the demonstrated

<
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feasibility of perovskite photo-batteries in autonomous power conversion and storage, the

stability of perovskite materials remains the main concern for its future practical application.

S

O
szes

The hattery is one type of newly-developed rechargeable battery. Similar to

3.1.2 Nﬂ'

Li-ion bat@ergy storage in Na-ion batteries relies on Na™ migration in electrolyte and
redox react ween anode and cathode, possessing advantages of low toxicity, good
reversibilimigh energy density.”" In general, Nal;/Nal and Na,S4/Na,S redox couples
are widely used 1 Na-ion batteries.””! Incorporating a photoelectrocatalysis electrode into a
Na-ion battery to realize photo-assisted charging (or photo-charging) is efficient. Similar to
photo-asssed LIBs, a TiO; photoelectrode has a significant effect on NIBs. Zhou et al.
gsnssisted sodium polysulfide/iodine battery by employing a TiO,

\

proposed 3

TR

As illustrated in figure 8a, photo-generated electrons transferred into
| circuit reduce Na,S to Na,S4, while photoexcited holes into catholyte

oxidize N als. Theoretically, the voltage of sodium polysulfide/iodine batteries is ~1
V based on S~ /S~ (2.20V versus Na'/Na) and I;/I" (3.22 V versus Na'/Na). For the
photo-asss’ ed batteries, the required theoretical charging voltage can be decreased to 0.07 V

because of thepotential difference between the redox potential of the S4”/S* couple and CB

of the se or TiO, (2.27V versus Na'/Na), as depicted in figure 8b, which matched
well with 1 charging voltage of 0.08V drawn from the measurements. Significantly,
this lo i oltage saves a large of input electric energy. In addition, SnS,

nanostMm as photocathode and battery-anode simultaneously was employed in
NIBs to simplifyiw configuration.'””! SnS, electrode with a Na-polysulfide solution and

super P carbon fmter electrode with a Na-iodide solution were separated by a
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cation-conductive Nafion-117 membrane. Under light illumination, this device exhibited

marked capacity augmentation at various current densities, accompanied by a favorable

photo—asm!tea cgarge/discharge cycling stability.

3.1.3 Al—i(&atteries

LIBS@S still have some limitations of low power density and low energy storage
efﬁciencymhinder the development of high-power photo-rechargeable ESSs./ The
0

emerging atteries (AIB) have attracted rising attention thanks to the natural

(1001 A ttributing to the fast

abundance ot alttminum, low cost, and high volumetric capacity.
charging/discharging capability of AIBs, power matching between solar cells and AIBs

would be Bgtter than that of LIBs and NIBs. Thereby, the utilization of AIBs has the potential

to realize mtbrmance photo-rechargeable ESSs. Very recently, Wang et al.

demonstra tegrated device based on a PSC module and an AIB that were assembled
on a bi luminum electrode without any external circuit (figure 8¢).!'”"! The AIBs
with fast ¢ ischarge feature, long cycling stability, and increased safety provided a

new avenue to achieve both high power density and large energy density. The PSC module
was desigmed by interconnecting three identical PSCs and the AIB was assembled on the
outermost PSC.module aluminum electrode. The migration of carriers during photo-charging
process w w ated in figure 8d. The photo-generated electrons transferred to the Al
anode ricipating in the reduction reaction while the photo-generated holes were

injecte nsport materials flowing to the cathode of AIB. Three connected identical
PSCs dwﬁgh Ve 0f 3.28V and overall PCE of 18.5%, providing a good match
between MPP an@ charging voltage of AIBs. And the integrated PSC module -AIB exhibited

high power densigy (above 5000 W kg™), high specific capacity (above 74 mAh g), and
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robust capacity retention (above 91%) even under the extra-high current density of 5000 mA
g (less than 1 min photo-charged time). The resulted overall efficiency of 12.04% was

among the®best 1n all reported photo-rechargeable batteries.

3.2 Metalﬁ'i Ratteries

3.2.1 Li—a‘ batte"es

Li-ai erigs have attracted significantly increased attention due to their high
theoretica density (~3550Wh kg ™), which is several times higher than that of
conventio 1% Typically, the Li-air battery is composed of a Li metal anode, a

porous ca ode (acting as an oxygen host) and a Li" conducting electrolyte. During
the discha

ess, Li,0, is formed on the cathode surface by the reduction reaction of Oy,

which is r@ in the charging process. The basic discharge/charge reaction can be

written as: 2Li T O, + 2¢” «» 2Li,0,. Theoretically, the formation of Li,O, during

.+ [103

dischargin ss is at a potential of around 2.7V versus Li/Li".["®! Unfortunately, poor

conduci oluble properties of bulk Li,O, lead to a high charging overpotential.
There are two main strategies for reducing the overpotential, i.e. introducing solid catalysts
and dissolwox mediators (M™/M).1"**) However, the effect from reduction of
overpotenmﬂ unsatisfying. The integration of PC part into Li-air battery can address
overpotent ctively. In 2014, Wu et al. proposed the use of a triiodide/iodide redox
mediat(£c0uple a built-in dye-sensitized TiO, photoelectrode with the oxygen electrode
for the phio-ass" ted charging of a Li-air battery.!'”! As shown in figure 9a, this
photo-assiﬁery consisted of a Li metal anode, a carbon layer as oxygen electrode and a

dye-sensitj i), photoelectrode. The triiodide/iodide redox mediators (M™Y/M®*) were

sandwi%en photoelectrode and oxygen electrode. The energy level and

This article is protected by copyright. All rights reserved.

31



photo-assisted charging reaction are illustrated in figure 9b. In brief, under illumination, dye
generated electrons injected into TiO5 reducing Li" at anode, and the dye translated to dye"
oxidizing to M. Subsequently, M diffusing to carbon layer oxidized the Li,O; to O,.
In conseqig fic photo-charging compensated charging voltage resulting in a lower
overpotgntiglmmiere the charging voltage was reduced to 2.72V from 2.96V. Zhou and
coworkerhso made a great effort for photo-assisted Li-air batteries.['”® They
integrated@photoelectrocatalytic electrode into Li-air batteries to address the issue of
high overpotchitial, wherein the g-C3N4 simultaneously acted as both photoelectrode and
oxygen elwvvith the photo-assisted batteries achieving an ultralow charging voltage of
1.9V. Co the deleterious effects of triiodide/iodide redox mediators, they later
presentedr3unmediated oxidization reaction of solid Li,O; by photo-generated holes

from g-CsN4." " As depicted in figure 9¢, the photo-assisted charge voltage equals to the

energy difference between the redox potential of the Li'/Li couple and CB of g-C3Ny (1.7 V).

Compens@uis photo-charging voltage, the charging voltage of 1.96V was achieved.
Althou otential was decreased, the problem of electrolyte decomposition under
illumination tu; up, which accounts for the poor cycling stability. To address this issue,
Zhou e ced a stable super-concentrated electrolyte system composed of specific
contacted-jon-pairs structure against the illumination-induced decomposition."* More
important&rid charging strategy was rationally designed with an integrated typical and

sis-involved charging process, in which the highly polarized charging stage
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3.2.2 Zn-air battery

C(Whe environmental friendliness and earth-abundance of elemental, Zn, the
Zn-air bat proposed as a promising option for large-scale energy storage with
outstandi uch as ultrahigh theoretical energy density (1086 Wh Kg™), great
safety, aniow cost.!'! However, the sluggish oxygen reduction and evolution reactions

(ORR/OER) at air electrodes have been restrictions for high performance Zn-air batteries.

The actualgut oltage is always less than theoretical value (about 1.6 V) due to the huge
polarizatigffo ORR, which results in a lower energy density.!"'"” Except for using
electrocatal¥st, Photoinduced ORR can significantly increase the output voltage, which has

[111

been demonstratdd by Li et al. TA polymer semiconductor polytrithiophene (pTTh) as the

cathode, si ously as the photoelectrode, was reported for direct conversion of solar
energy int ic energy. Under illumination, photoelectrons were generated in the CB of
pTTh and ed to O, for its reduction to the intermediate HO,", which is unstable and
spontaneo roportionated to OH’, then oxidation of Zn to ZnO was led by accepting

holes 1 of pTTh, as illustrated in figure 10a. Due to the photoinduced ORR, the
dischar ¢ was significantly increased to 1.78 V which surpassed the thermodynamic
limit of a conventional Zn-air battery, and could maintain during several discharge-charge

cycles. Tks high discharge voltage corresponded to an energy density increase of 29.0% as
compared @V for a Zn-air battery with state-of-the-art electrocatalyst of Pt supported

on carbon t/C). In consequence, integrating a photoelectrode to photo-induced ORR
isa prmtegy for high performance Zn-air batteries. However, in the opposite
directi ER, the pTTh was not effective to promote charging process. Very

recently, t et al. using BiVOy and a-Fe,Os photoelectrodes as air electrode realized a
record-low chargs voltage of ~1.20 and ~1.43 V, respectively.®” The device configuration

with W(&nanism of photoelectrode-promoted Zn-air battery is depicted in figure
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10b. During the charging process under light illumination, the holes generated from
photoelectrode migrated to the photoelectrode surface to oxidize water to oxygen. Based on
the prinmire VB potential of photoelectrodes lie higher than the O,/OH™ couple
potential,! ® D4 and a-Fe,O; photoelectrodes with suitable energy band structure were
selecteggtogfaeiditate the OER reaction, as depicted in figurelOc. Compared with the BiVO,
of which tMe photocorrosion resulted inferior cycling stability, a-Fe,O3 exhibited more

promisingfpotential as stable and efficient air photoelectrode.

C

This md strategy opened a new pathway for the utilization of solar energy. At
T

present, it ely realized photo-assisted charging/discharging of Zn-air batteries. If an

integrated photo;ctrode can further drive the entire photo-charging process, the

high-perfo& self-charging Zn-air batterie will have great application potential.

33 Li-iomery

tery consists of an anode which can reversibly host Li" (e.g. Li metal and

Li-10

some ¢ nd an iodine-based catholyte (Is/I" redox couple), which deliver high

U131 1 this battery,

capacity, coulombic efficiency, and excellent cycling stability.
fundamenMochemical reaction can be described as: 2Li + I3 «> 2Li" + 3T.
Particular@us iodine-based catholyte is favorable to link with photoelectrode for the
efficient p arging process. The I37/I" redox couple were widely used in DSSC and
redox rﬂs driven by a dye-sensitized photoelectrode. Thus, incorporating a sensitizer

into photﬁlectroie to photo-catalyze I3/ redox reaction for photo-rechargeable Li-iodine

batteries erally adopted strategy. Wu and coworkers demonstrated a photo-assisted
Li-I batter, iaPorporating a dye-sensitized TiO, photoelectrode."'* Assisted by solar
energy, thisdgi®Fbattery can be charged at a charging voltage of 2.9V, which is much lower
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than that of conventional Li-iodine battery (3.6V), indicating energy savings of up to 20%
((3.6V-2.9V)/3.60 Vx100% = 19%). As illustrated in figure 11a, upon illumination, dye
molecutoexcited and inject electrons into the CB of TiO,, then the oxidation of I’
to I takeegenerating oxidized dye molecules. Meanwhile, Li" ions pass through
the cerainigg@embrane and are reduced to metallic Li on the anode side. The photo-assisted
charging \M attributed to the photo-generated electrons and holes participating in the
Li/Li" ant@ox reaction, with this voltage equivalent to the energy difference between
the Li*/Li re otential and the E; of electrons in the TiO,. In addition, Wei et al. also
designed wechargeable Li-I battery using a dye-sensitized TiO, photoelectrode, in
which the process was completely accomplished by the photoelectrode.!''™ More
important303 was chosen to substitute metallic Li as the anode material for Li ion
insertion/ﬁn. As depicted in figure 11b, Li ions intercalated in WO; convert into
Li,WO3, and meanwhile, light-induced holes (dye molecule radical cation dye") are
neutralize@ b oducing I5". A remarkable feature of this photo-rechargeable battery is that
upon t to the low light intensity of only 7.5 mW cm™ for 10 min, the first specific
discharge capaciies of WO3 nano-film can reach 40.6 mAh g'l. This good performance under
low lig can be attributed to the strong photoelectric response of the adopted dye

molecules, Considering that the CB edge of CdS at roughly 2.5 V vs. Li'/Li aligns favorably
with the Chh located at about 3 V vs. Li"/Li,'' ' instead of incorporating a dye into

dde, Demopoulo and coworkers selected the CdS as photo-absorbing
hown in figure 11¢./"'” The photo-excitation and lithium insertion/extraction
simultanedusly occurred on this single CdS-WO;-TiO; electrode making a simple device

conﬁguM discharge capacity reached its maximum of 19.5 mAh g when the

photoelecgcal cell was photo-charged for 5 h.

<
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Very recently, solid-state electrolyte rechargeable batteries attracted enormous research

attention due to its safety. Gao et al. proposed a quasi-solid-state photo-rechargeable battery

with poly(€thylene oxide) (PEO) electrolyte as the cathode and an anode electrolyte.!''™
Soluble Lanthraquinone (AQ) were used as cathode and anode respectively

(figuregd 1g)eling the photo-charging process, I was oxidized to I; by dye" in catholyte

1

and Li" w d and inserted into AQ forming Lix(AQ). The photo-charging voltage of

this batter§’jump@d rapidly to 0.65V under light irradiation and then gradually increased to

G

0.74V. When discharged at 4 mA g™, a slower discharging process occurred for this

quasi-soligstate Battery compared with liquid electrolyte battery, indicating a slow activation

S

process a on of lithium ions in PEO electrolyte. And the corresponding discharge

L

capacity o h ¢! was lower than that in liquid electrolyte battery. Even so, the

working sg@bility of this quasi-solid-state electrolyte was better than that of liquid electrolyte.

'

Though it was still with low capacity and overall efficiency of less than 0.3%, the concept of

o

quasi-soli plar rechargeable battery was demonstrated to feasible.

D egration of a semiconductor photoelectrode with photoelectrocatalysis instead

of dye-s electrode into Li-I batteries could simplify the device configuration. As an

M

example, hematite (a-Fe,O3) has been known to be a promising photoelectrode in

photoelecffochemical owing to its suitable optical band gap (1.9-2.2 ¢V) allowing for the

[

absorption isible light, excellent chemical stability in neutral and basic aqueous media, as

well as ab (119

d)

, low-cost, and environmental inertness.!''”) Byon et al. reported a concept

of employj ",0; as photoelectrode to photo-charge Li-I batteries (figure 11e).["*"

N

Promo idation and decrease of charging voltage suggested that a-Fe;Os

|

photoelectfode optimized the charging process. This Li-I battery exhibited an electric energy

storage efficiencylaround 95.4% with a charging voltage of ~3.43 V, showing greater power

U

and energy depsaies and cycle stability.

A
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34 Li—Wery

Lithi @ r batteries (LSB) with high energy density (sulfur is expected to deliver a
speciﬁgcamf 1675 Ah Kg' and an energy density of 2600 Wh Kg') and power density
are expects to meet the increased energy storage requirement.!'*!! LSBs have a suitable

1221 Wwhich is

charge volgfee Plateau near 2.4 V and a cut-off charge voltage at about 2.8 V.|
easy to ma photovoltaic devices. Gao et al. assembled a serially connected PSCs

module (tRregdPSE units were connected in series) with a high V,. up to 2.8 V and the MPP

near 2.4 Vgmailighs was appropriate for charging an LSB as requested by voltage matching
principle.' g own in figure 11f, the photo-generated holes were collected by the dense
carbon la ing polysulfde anions into the elemental sulfur on porous carbon layer.
Meanwhil€; oto-generated electrons reduced Li" to Li metal flowing from TiO, and

external cifc ing to good matching between solar cells module and LSB, the compact

structu overall efficiency of 5.14%. And the LSB can retain high specific capacity

-1

up to 762. under ultrafast photo-charging rate within 30min. However, there are

few re d on photo-rechargeable LSBs at present, which probably due to a bad

cycling stability of LSBs.!"** Herein, we present an imagine that alleviate side reactions of

producing hides accordingly improve cycling stability through photoelectrocatalysis
effect of ctrode, which is similar to before mentioned photoelectrode assisting
charging pro€ess. Best to our knowledge, there have been no reports on photo-assisted LSBs

to solve i&es of side reaction. If the photo-assist method works well, LSBs field will face a

new opW growth.

-

3.5 Bri{my
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The photo-rechargeable static batteries are regarded as the most promising
photo-rechargeable ESS due to the combination of high PCE of PC units and high efficiency
of storing €lectricity in batteries. For a high-performance battery, especially for
commerci @ i-ion battery, integrating it with solar cells or photoelectrodes to realize
self-chaigiagademonstrates huge potential for portable devices application. In addition,
integratinhlectrodes into batteries has taken good effect on catalyzing redox reaction.
Several offphotoSghargeable static batteries are compared in Table 2. However, the overall
efficiency of 1tegrated devices is still at a low level, for which the match of the performance
parameterWn PC unit and batteries play a crucial role. For voltage matching, it should
rationally several solar cells in series or select photoelectrodes with suitable band
edge to dr x reaction.® ¥") And for current density, the area of PC units and batteries
should be Eed.[%] The Energy matching between PC units and batteries is crucial to

1cienc

overall ef where too little converted energy by PC units or too low capacity of

batteries g st performance improvement. In addition, when photo-charging proceed
with thgsi solar cells, the voltage of battery is gradually increasing. The fact that
solar cell is worlling under reverse bias voltage should be considered. Under reverse bias
voltag | energy level structure of photoelectric materials could be changed.

However, irevious reports barely discussed this issue.

4. Photo- geable redox flow batteries

Convgntiong] static batteries in which the energy store in at least one static solid

electrode ﬁannot satisfy the requirement of large-scale energy storage, resulting from

the fact th orage capacity always relies on larger-volumes cells. Redox flow battery

(RFB), whergw#thie energy is stored in fluid electrolytes and storage capacity is determined
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by the fluid redox species and the electrolyte volume and concentration, is capable of
large-scale energy storage and has recently attracted considerable research interest.!'>” The
RFBs are €omposed of an electrochemical cell and two separate tanks where liquid
electrolyte and anolyte) containing redox species are stored. The electrochemical
cell congistsgafsingo chambers in which redox reactions of two liquid redox couples occur

independem are separated by an ion exchange membrane. And two electrodes are

electricallffconn®ted with liquid redox couples to collect and deliver current.["* The

C

electrochemiCal cell can be regarded as a photoelectrochemical cell when integrated with a

S

PC unit, i chithe photo-charging process is realized by photoelectrodes driving the

electrolyt eaction, as depicted in figure 12a. The discharged redox couples in

L

catholyte yte respectively flowing into photoelectrochemical cell will be charged

under illuination and then flow out to discharge. In order to drive the charging reactions of

f

RFB without additional power source under light, a principle that light harvesting part must

oh h tential than that of redox reaction should be followed. For semiconductor

generate

a

photoe VB at a sufficiently positive potential can produce holes to oxidize the

redox couple 1 catholyte, whilst the CB at a sufficiently negative potential can produce

M

electro the redox couple in the anolyte. Based on this principle, considering that
the RFB has two individual redox chambers, photo-charging an RFB could be achieved on

two confi

1

: single side and dual-side photo-charging, as illustrated in figure 12b and

C.

ho

4.1 Sin j oto-charging

t

Single side photo-charging configuration as a simple form offers advantages of potential

U

scalability and lgay-cost cell design. Under light irradiation, a single photoelectrode generates

A
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holes to oxidize catholyte at the photoelectrode-catholyte interface, or generates electrons to
reduce anolyte at the photoelectrode-anolyte interface. Theoretically, in order to efficiently
drive a re*x reaction, a single semiconductor photoelectrode needs a wide bandgap material

with lowe @ ow oxidation potential and higher CB over reduction potential.

Cons ering the diversity of redox couples for RFB, the selection of a semiconductor
photoelectrode with suitable bandgap matching with the redox potential is important.
Conventiopal vagadium RFB is the most intensively investigated system with standard cell
potential m[m] Thus, the selection of a photoelectrode to drive redox reaction need

greate

bandgap an 1.26 eV. For example, CdS, WoOs; and TiO; et al. with suitable

3+/V02+.[128’ 129

wide-bandgap of@ver 2.0 eV can directly charge pairs of V ! However,

vanadium b dox couples with high redox potential cause many single photoelectrode to
have diffi

couples wmched photoelectrode are feasible. Mendes et al. reported a

nbiased photo-charging. Besides V>*/VO*" redox couples, other redox

photo-rec e RFB with an aqueous solution of ferrocyanide (Fe(CN)s*/Fe(CN)s>), and
with N catholyte and an aqueous anthraquinone-2,7-disulphonate (AQDS) and NaOH
solution e, yielding a standard cell potential of 0.74 V.!* A hematite photoanode

(with bandgap of 1.9eV) immersed in catholyte realized unbiased photoelectrochemical
charging 1!der illumination attributing to the VB and CB positions of hematite cover the
energy levme redox couples. However, the battery can only be charged without

external b about 10% state-of-charge, where a fully charged and discharged battery

correspon e-of-charge of 100% and 0%, indicating that the photovoltage (out-put
voltag ctrode under illumination) was lower than expected from the band
position ctsﬂerations. This is mainly because the photo-generated electrons reducing

ferricyanide instsd of AQDS, as illustrated in figure 13a. Hence, an annealing treatment was

employed and er of a conductive polyaniline polymer was grown on the hematite surface

This article is protected by copyright. All rights reserved.

40



to improved performance in terms of ferrocyanide oxidation photovoltage. However, the
overall efficiency of only 0.08% was achieved, thus the more efforts on energy conversion
efficiency®and photoelectrode/electrolyte interface should be paid. Very recently, they
proposed e (I'/I;) redox couple on the catholyte side to replace
Fe(CNH"WQ' redox couple,*"! exhibiting a stable battery cycling with a cell voltage
of ~0.8 V,Moulombic efficiency of 99.2% and a peak power density of 0.22 W cm™.
Furthermgfft, a tddem photoelectrode was fabricated by hematite photoelectrode connected
in series wit SCs providing a photovoltage of 1.6 V, which realized complete unbiased
photo-chafgi the I'/I,-AQDS based RFB. The tandem-configuration photoelectrode
showed itSrity of high photovoltage to efficiently photo-charge the RFB.

In faﬁtempts of tandem-configuration photoelectrode have been reported

previousl [128.1321 por example, Jin et al presented a tandem photoelectrode with high

efﬁciencym photovoltage that was properly matched with high-cell-voltage RFB.['*

They chos ¢ redox couples 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl

4-OH- and methyl viologen as the anolyte and the catholyte, respectively, for the
y

integrat evice, delivering a high voltage of 1.25V. A high-photovoltage
triple-junction III-V tandem photoelectrode that consists of an InGaP top cell (Eg = 1.85 eV),
a GaAs mi@dle cell (Eg=1.42 eV), and a Ge bottom cell (Eg=10.67 eV) was utilized as
shown in m3b. Moreover, this triple-junction cell can even work as a single

photovolt

RFB. Ov les, the integrated photo-RFB device achieved a stable overall efficiency
with a lue of 14.1%.

The :nd I;/I" redox couples in catholyte and anolyte, respectively, with rapid

redox kinat e also been widely used in RFB to store and deliver energy with high

roviding a high photovoltage of 2.4V, which is beneficial for high-voltage

[133

energy s capacity."'** For photoelectrochemical charging a Brs /Br and I; /I based
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RFB, Yu et al. summarized several photoelectrode materials with suitable bandgap that can
catalyze the redox reaction of Br; /Br and I3 /I redox couples, as indicated in figure
13¢.1 obtaining high conversion efficiency and high durability of photoelectrodes, a
WO;-decd @? VO, photoanode with suitable energy level was presented, which has been
demongiiratedet@apossess high light harvesting efficiency and high charge separation
efﬁciencymng this composite electrode, a single-photoelectrode-driven RFB reached

an overall@y of 1.25%.

In adme dye-sensitized photoelectrode can also be integrated into

photo-rech#¥gedble RFB along with a typical used I; /I” redox couple in catholyte.['*¢ 137

Generally, under Wllumination, dye molecules get excited and generate holes (dye") to oxidize

Gl

I' ions to I3 d the photoelectrode-liquid interface. Meanwhile, photo-generated electrons
are inj ecteﬁe CB of the semiconductor photoanode, which then flow through the
external ci educe anolyte. Like semiconductor photoelectrode, the energy level
position omrmolecules should match the energy difference between the I;/I" in
cathol e other redox couple in anolyte. Yang et al. selected redox-active Is/I" and
[Fe(Ciq e(Ci0H;s)2 (denoted as DMFc+fDMFc) as two redox couples.[13 % The redox

potential of the I;/I" couple was approximately 0.7 V more positive than that of the

DMFcWD!ti couple and 0.15 V lower than that of dye Z709, indicating the effectiveness of

photo-cha@ B.

4.2 Du to-charging

th

Dualsi to-charging configuration employs a photoelectrode at each side of RFB.

t

As depictedd re 12c, at the cathode side, the photoelectrode needs lower VB to generate

holes oxidjizi e catholyte, and at the anode side, the other photoelectrode needs higher CB

A
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to generate electrons reducing the anolyte. It is different from the single side configuration
which demands both suitable VB and CB in a single photoelectrode. Thereby, dual sides
photo-chafging configuration lowers the requirement of the tuning of semiconductor
bandgap, arrow bandgap semiconductors allowing for efficient utilization of solar
energy gangbegeplored for photo-rechargeable RFB.

For insfance, based on p-type and n-type Si formed by metal elements doping, the
fabricated§j p-nglinction cell (n” p or p’ n) can efficiently separate electron-hole pairs and
induce a bgfit hotovoltage to drive RFB charged. Li et al. reported an efficient
photo—recm RFB based on a dual-Si photoelectrochemical cell (figure 14a),!% in
which the AQDSPAQDSH, and Br;™ /Br” were used as active redox couples. Under
illuminatio -Si oxidized the Br™ to Brs™ and p-Si reduced AQDS/AQDSH,, giving a
self-chargmoltage of 0.8 V and the discharge capacity of 730 mAh L™ after

photo—cham 2 h. The final overall efficiency of the dual-Si photo-rechargeable RFB

exceeds 3.0%0mltich can be attributed to the outstanding light harvesting properties of
silicon, surface cocatalysts, as well as rapid kinetics of redox couples. Jin et al. also
reported ne redox couples (AQDS/AQDSH; and BQDS/BQDSH;) based RFB

photo-charged by dual Si photoelectrode, depicted in figure 14b.""** The redox potentials for
AQDS an@ redox couples are 0.21 V and 0.89 V, respectively. The used Si
heterojuncti otoelectrodes (p’ n n'-Si/Ti/Ti0,/Pt photocathode and n" n p'-Si/Ti/TiO,/Pt
photoanom

to drive t g process. Nevertheless, the used BQDS redox couple is chemically or
electrogznstable for long-term energy storage, and the photocorrosion of

semicon&tor pgotoelectrodes in aqueous is very serious.'*” Regarding the device lifetime,

strated in figure 14¢) generated voltage of about 1V, which is high enough

Jin et al. developii an unprecedented stable photo-RFB with continuous cycling performance

over 20&1. a neutral pH aqueous electrolytes of
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bis((3-trimethylammonio)propyl)-ferrocene dichloride (BTMAP-Fc) and
bis(3-trimethylammonio)propyl viologen tetrachloride (BTMAP-Vi) and well-protected
silicon ph&toelectrodes.!'*"! The two Si photoelectrodes were both fabricated by forming
internal sd @ p-n junction: n' n p'-Si as photoanode and p’ n n'-Si as photocathode.
This phgtoghdiBginaintained a high overall efficiency during the 200h cycling test with an
average eh of 5.4%, which was a record stable efficiency in comparison with
previousl)@d photo-RFB systems. However, the demand for higher photo-charging
voltage is still'a critical challenge for narrow-bandgap photoelectrodes. Wang et al.
demonstr h photovoltage exceeding 1.4 V obtained from Ta3;Ns nanotubes
photoano aN nanowire/Si photocathode to photo-charge 2,6-DHAQ
(2,6-dihy:hraquinone)/Fe(CN)64' liquid redox systems (cell voltage 1.2 V).['"** Ag
shown in E4d, the high photovoltage was enabled by more positive VB edge position
a

of TasNs and more negative CB edge position of GaN.

4.3 Brief su
Comparing the above-mentioned two configurations, the obvious superiority for single

side phot(sechargeable RFBs is its simpler device configuration, which brings lower

appropriaf
is needed ide sufficient driving forces for the redox reactions. However, the use of the
spectruE for wide-bandgap photoelectrode, resulting in a low overall efficiency.
On the Mual side photo-rechargeable RFBs need two photoelectrodes with suitable

VB and CB, resp;tively, which can lower the requirements for photoelectrode materials.

Thus, many m0fcandidates with narrower bandgap and excellent photovoltaic performance
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could be selected. Consequently, the overall efficiency of dual side configuration is generally

higher than that of single side configuration.

solar ener

One me advantage of integrating PC units and RFBs is converting and storing

scale and in real time, which is mainly attributed to the energy storage
in flowinggelectrolyte. But, to realize efficient photo-charging, options of redox electrolytes
and semiconductors are still facing challenges, which need good energy level matching.
In-depth f@ndamental research for semiconductor-electrolyte interface should be prioritized.
Redox coygle trolyte systems with high solubility, fast kinetics, and low ionic resistance
should als d more attention. It is expected that the photo-rechargeable RFBs could be

well positioned ifithe large-scale energy storage market, and a photovoltaic energy storage

station is @le if the further breakthrough is made in addressing these challenges.

©»

5. Dis 10n

5.1 Curr e of applications

Despite the enormous number of reports on photo-rechargeable ESSs are focused on
materials h device performance rather than practical applications, there are some

good case @ in the application sector. A representative form is the integrated energy

(- 11. "985 hich is beneficial to be applied in wearable devices. Some generally

wire,
integrated‘nergy wires can be seen in figurel5a and b. These energy wires have a common
characteriiic of 'coaxial PC part and EES part, which can realize energy conversion and
storage sinusly. Besides, Peng et al. fabricated an integrated energy wire with a

core-shea re, in which the PC part at the sheath and the lithium-ion storage part at

the core cted in figure 16a)."*! Compared to the general structure, the core-sheath
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structure realized more energy conversion and storage at the same length. This integrated
energy wire was lightweight and flexible, thus can be readily used in clothes. They
demonstr a smart glove based on integrated energy wire to power two light emitting
diodes co @ n parallel, as shown in figure 16b and c. Upon illumination, the energy
wire coiveit@ddight to electricity which was stored in the lithium-ion storage part. In dark

condition

[

ed electrochemical energy was converted to electric energy to light up the

light emit@ihg diddes.

G

Therggar a few reports on practical applications indicating a huge exploratory

S

space for if€grited photo-rechargeable ESSs. For future direction, simplifying the

manufacturing pr@cess, reducing the costs and improve overall efficiency are the key points.

o

5.2 Para atching and comparison

an

Among thrCe types of integrated photo-rechargeable ESS, a relatively large amount of

researches en conducted directed at photo-rechargeable SCs, particularly for individual

M

solar c SCs, probably resulting from this being the simplest device configuration

and energy storage mechanism of SCs. However, the energy and power between SCs and

1

solar cells om serious mismatch. Thus, SCs with fast charge/discharge rates and low

energy de more suitable for short-term energy storage. Photo-rechargeable SCs

would be

€

designed to provide a buffer and make the power output from solar cells

more stabl€. In comparison, photo-rechargeable static batteries have great potential as

h

self-charging devices for real applications in our daily life. Storage of electrochemistry

;s

energy in aterial allows static batteries to possess both higher energy density and

U

portability; 1 optimization of the parameter matching between solar cells and batteries

could lead gher overall efficiency. In addition, whether photocapacitors or

A

This article is protected by copyright. All rights reserved.

46



photo-batteries, choosing a photoelectrode with good photoelectrocatalysis activity and
charge storage ability can not only simplify the device configuration but also facilitate the
photo-chafging process. Also for photo-rechargeable RFBs, using photoelectrodes to build a
photoelec cell is the main approach to drive photo-charging. Integrating
photoelgctigdesgito ESSs is a simple and straightforward strategy, whereas, due to the low
efﬁciencywnt, more efforts on the fundamental research of semiconductor-electrolyte

interfacia\@ry should be devoted in future development. The properties of different

types of integfated photo-rechargeable ESS are compared and listed in Table 3.

Anothi€FndtCworthy parameter is the lifetime matching between PC units and ESSs,
which is of greatBignificance in practical application. Take the case of static batteries which
have limite life, when it is integrated with a long-lifetime silicon solar cell, the lifetime
of the wh&ated device is restricted by battery part, in which the silicon solar cell is
wasted. | ect, some highly efficient solar cells with low cost and relatively short
lifetime (lmSCs and OSCs) could be more appropriate for static batteries,'*” while
long-1i solar cells (silicon solar cells and inorganic compound solar cells) may play a
greater roles#igh-capacity and long-lifetime photo-rechargeable REBs.[** **] In brief, for
obtaining a more rational design of photo-rechargeable ESSs, and maximum economic

benefit, th@fe has to be a good lifetime matching between PC units and ESSs.

5.3 Unit-t':rall efficiency

In thggreportgd literatures, the reported overall efficiency usually takes into account the

input enezﬁli ght which is just enough to charge ESSs to a certain voltage. However,

the input actual situations is constant. In other words, for photo-rechargeable EESs,

even if % storage part has reached saturation, the PC part still converts input solar
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energy to electricity and is able to charge the energy storage part. Thus, the reported
efficiency is insufficient to evaluate performance comprehensively. Considering the
capability'ts different for various ESSs, meanwhile, the different PC devices proceed at
different p @ arging rates. We think that the introduction of time into the overall
efficiengydetea@ination is reasonable. To facilitate understanding, we make an assumption
that two dw)hoto-rechargeable ESSs have the same overall efficiency, but one is
low-capadity witRlquick photo-charging and another is high-capacity with slow
photo-chargiig. Under sunlight illumination, two photo-rechargeable ESSs obtain the same
solar ener ith#h the same time interval, but the one with slow photo-charging will output

more ene:uting to its high capacity. Consequently, we propose the use of unit-time

overall ef which can be obtained from the following formula (2):

C Tunie—time overatt = s X 100% @)
where the mination time. For example, for overall efficiency evaluation of a daily-used
portabl device, the illumination time of one or five hours as a unit under one sun
condition % and 100 mW cm™) is suggested. This formula emphasizes time, which is
differe formula (1). The unit-time overall efficiency not only reflects the ability of

energy comversion and storage within a certain illumination time frame, but also highlights

the power matching and energy matching between PC units and ESSs. Based on this concept,

the perforig of photocapacitors and photo-batteries can be clearly differentiated. For
example, ifdusimgathe same PC devices to constantly charge SCs and batteries within the same
illumingg jon, the unit-time overall efficiency of photocapacitors will be obviously

lower tMphoto-batteries, which is caused by the generally lower capacity of SCs.

Moreover, the pligto-batteries may show higher unit-time overall efficiency, indicating less

waste of inpu efirgy.
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1

6. Outlo

Curr esearch and development for photo-rechargeable ESSs are still in an

I\'

]
early expagimental stage, presenting numerous problems and challenges that need to be

I

addressed such @s lack of fundamental insights, complex manufacturing process, and poor

device pe e. Thereby, we make some suggestions for the future development of

C

photo-rec ESSs.

S

1) M onesi pth theoretical research focusing on parameter matching (i.e., voltage

U

matching, matching, energy matching, power matching, and lifetime matching)

between t unit and energy storage part should be the first priority. To achieve high

£

performance on integrated devices, whether solar cells or photoelectrodes, the parameter

matching Bet @ PC units and electric energy storage units is crucial. Simulation or

d

modeli ould be beneficial to better predict the performance of these systems.

2) ciency photoelectric conversion and energy storage materials play an

M

important role in photo-rechargeable ESSs to achieve outstanding performance. As

mentionedipreviously, perovskite materials as the alternative with spectacular photoelectric

[

properties itable for portable integrated photo-rechargeable ESSs, provided they can

O

reach the level of stability.

3) Futither study should be done on solar cells or photoelectrodes working under

I

non-optimal biasgyoltage conditions during the photo-charging process. Energy level
structure :rs transporting behavior of PC materials could be affected under bias

voltage ¢ , resulting in decreased photo-charging performance. However, this issue

has bar&scussed at present.
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4) Regarding solar cell charged ESSs, the investigation on the lifetime of whole device

is practically significant. Generally, the lifetime of solar cells is different from that of

t

Y

batteries, thus, once one of them reaches its lifetime, the highly integrated device will face

scrapping! @ , lifetime matching between solar cells and batteries is a crucial concern.

5)1' re ettorts for real-world applications should also be paid more attention. The

different features of above-mentioned photo-rechargeable ESSs may open their own

Crl

applicatiofidirections, such as the use of photocapacitors as a stabilizer for solar cells, the

applicatio to-batteries in portable electronic device and photo-rechargeable RFBs for

S

the long-teff affd large-scale solar-driven energy storage power station.

U

In su in the context of the increasingly severe energy problem, we believe that

the integr o-rechargeable energy storage systems are expected to be the

next-gene wer source. More efforts will be devoted to this end.
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Schematic illustration of integrated solar cell with double-anodized titanium plate.”* Copyright 2012,

WILEY-VCH.

(b) light

electrode]

CAAAAA switch

XX AKX i

= COMMOon
electrode

— e ———

EraC o dra~

- = = > o = EEMWCNT
FTO glass Compact Perovskite TiO, ZrO, PEDOT- Electrc
layer Carbon -lyte
(c) (d)

il +JVofPSC1 | &
& +JVof PSC 2 g Free -standing CNT Network (20pm)
g ——Qutput power 18 =
E 84 47 g_ PVA-H,PO,(0.5 mm)
= le 2 .
Zeldv_ N ? @ : Supercapacitor
a h 153 Drop-cast
g : las CNT Network Al Cathode (100 nm)
E 4 ! pls 5 Z 4 P3HT:PCBM (100 nm)
£ I ml'o PEDOT:PSS (30 nm)
O 24 : L= ITO Anode( 40 nm)

i 44 8 Glass or PET
Vi
o _— Organic Photovoltaic
00 01 02 03 04 05 06 07 08
Voltage (V)

Figure 3. W‘cic illustration and working mechanism of a perovskite photocapacitor device
constructe the C10, -doped PEDOT electrode.*”! Copyright 2016, WILEY-VCH. b)
Schematic otocapacitor based on CNT bridge. c) J-V curves of the PSC part before (PSC 1)
and after irffegration (PSC 2), and power output of PSC 2. Copyright 2017, The Royal Society of
Chemistry. ematic representation of an OSC-photocapacitor fabricated using the

layer-by-la ach, with the thickness indicated for each layer of components.”” Copyright

2011, The Royal S@ciety of Chemistry.

<

This article is protected by copyright. All rights reserved.

63



(a) - Conducting  Activated + (b)

Dye polymer Carbon
| / \

I )

— MVimv* = m
O . B Fenen e S SRR
- TiO, nanoparticles
¢ Putentlal

j ectrolyte &
hy
1Y @ n—' v h'+ e “

Branch growth

¢

TiO2 nanorod arrays Core/shell nanorod array Pseudocapantm H, evolution

Figure 4.

&Photochromics

(f)

TiO2

EG|ucoIactone!Glucose

ENioOH/Nio

Schematic of an electrochemical device with a composite of a conducting polymer and a

dye as ﬂWitive anode electrode.”” Copyright 2014, Elsevier B.V. b) Schematic illustration

for the fabri

Copyrlght

f a carbon/TiO, micro-supercapacitor with photo-rechargeable capability.[*”’

e Royal Society of Chemistry. c) Synthesis of the core/shell nanorod arrays by a

two- ste{ethod hydrothermal for TiO, core, followed by chemical bath deposition or

This article is protected by copyright. All rights reserved.

64



electrodeposition for the branch. d) Concept of the device based on TiO, and transition metal
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ethylene glycol solution. B: Detailed structure and working principle of the DSSC-charged LIB.™"

Copyright 2012, American Chemical Society. b) Charge/discharge test cycle of the LIB connected to

the triple J*ctlon solar cell. Voltage of the solar cell, charging current, voltage and capacity of the

storage cell§a

o§ented on the time scale.® Copyright 2016, Elsevier B.V. ¢) Schematic

represepfatigigeigthe internal structure and operating principle of the Si-LIB device under sunlight

illuminatio%yright 2017, The Royal Society of Chemistry. d) Schematic diagram of the

fabricated

stem §f PSC-LIB."*" Copyright 2015, Nature Publishing Group. ¢) Schematic illustration

of the working Mechanism of PSC based photo-battery under illumination.® Copyright 2019,

Elsevier B
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ear to its CB).””! Copyright 2015, The Royal Society of Chemistry. ¢) The voltage of



LFP/dye electrode after a plateau at 3.40 V increased to 3.75 V under Neon light exposure and in the
dark using a black box (blue line), the voltage slightly decreases from 3.44 to 3.41 V in 500 h. The
inset shows'the change in voltage upon illumination with a solar simulator (green line).*” Copyright
2017, Natu @ ing Group. d) Bandgap excitation, photo-oxidation, and Li" reduction when the
device iggexpesedste incident light. €) Comparison of CV under dark and illumination for Li,TiO,

photoelectr%opyright 2018, WILEY-VCH. f) Schematics of the charge generation, transfer,

and storaggfmechafiisms in perovskite electrode under light illumination.” Copyright 2018,

American Chemical Society.
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PSC. In the PSC, ITO, PTAA, PCBM, and BCP represent the indium-doped tin oxide,

poly(triarylamie), phenyl-Cq;-butyric acid methyl ester, and bathocuproine layers, respectively. d)
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Device strifeture of the PSM-AIB system with the photo-charging mechanism.!"”"! Copyright 2019,
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designed hybrid charging strategy, integrated by a typical charging process upon low overpotential

stage and a subsequent photo-assisted Li,O,-scavenged charging process.!'” Copyright 2017,

WILEY-VEH.
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Energy band structure of BiVO, and a-Fe,O; photoelectrodes.’®™ Copyright 2019, Nature Publishing

Group.
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Elsevier B.V. ¢) Schematic depiction of the photo-battery based on CdS-sensitized WO;.'"!
Copyright 2018, WILEY-VCH. d) Configuration and electron transfer scheme of the designed
quasi-soMar rechargeable battery with PEO gel electrolyte."'® Copyright 2019, American
Chemical § @ Photo-assisted charge process in aqueous Li—I, cells using a hematite
photoelggtrgdeseghic,O:;/FTO substrate).!'*”! Copyright 2016, American Chemical Society. f)

Schematic Mf the fabricated PSC-Li-S battery.''”! Copyright 2019, WILEY-VCH.
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Figure 16. a) Schematic illustration to the fabrication process of the integrated energy wire. b) and ¢)
Photographs nergy wire being woven into a sport glove for photocharging (under AM1.5
illumin wering two light emitting diodes in the dark, respectively.!'*! Copyright 2016,

The Royal Society of Chemistry.
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Table 1. Several of reported photocapacitors based on solar cells.

Solar ci Cha' storage materials Characteristics Noverall Ref
DSSCs ted carbon Two-electrode configuration, where Dye-coated / [15]
TiO, layer attached activated carbon directly
I
Activated carbon Three-electrode configuration, with a Pt / [18]
electrode contacting with activated carbon
‘ ’ directly
NT, MWCNT- The MWCNT film acted as common electrode 5.12% for MWCNT [20]
ANBfilms replacing Pt electrode
4.29% for MWCNT-
s PANI
ne nanoplatelets Flexible configuration 1.02% [21]
1.46% at 0.3 Sun
% ed graphene oxide  Flexible configuration with array of three DSSCs ~ / [22]
could be charges to ~1.8V
OT-Et, Thick PProDOT-Et2 films possessed higher 0.6% [25]
conducting polymer electrode specific capacitance than PEDOT
PEDOP@MnO; films PEDOP@MnO?2 films simultaneously acted as / [26]
s catalytic electrode for DSSCs delivering a PCE
of 6.11%
QZNWA Pt/Au catalytic electrode was modified by 3.7% [30]
PVDE/ZNW A nanocomposites to realize charge
storage
Hodiﬁed PVDF SDS modification enhanced the dielectric 3.78% [31]
constant of PVDF
OT and ClO; doped PEDOT acted as catalytic electrode for DSSCs 0.1% [32]

<
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PPy

==

and charge storage electrode simultaneously;

Ppy acted as counter electrode of SC

ble-sided TiO, Plasma-assisted hydrogenation treatment 1.64% [35]
be arrays enhanced areal capacitance
B EEEERR-sided TiO, Flexible configuration 6.5% [36]
be arrays
CusS acted as catalytic electrode for DSSC
delivering a PCE of 7.73%
OH), Solid-state DSSC with polymeric hole conductor  0.8% [37]
P3HT
PSCs PED@II-carbon The PEDOT-carbon electrode was doped by 4.7% [45]
osite electrode ClO4 ", with fast charge—discharge kinetics;
CNT CNT bridge effectively prevented the 0.77% [47]
CH3NH;Pbl; from degrading
mrbon materials High operation voltage of 0.91 V 7.1% [42]
Nanoporous carbon All-inorganic CsPbBr; PSC; 5.1% [48]
Silica-gel-electrolyte based SCs
OSCs CNT network P3HT:PCBM BHJ OSC with a PCE of 3.39% / [50]
L and V,. of 0.6V
ﬂ bne Eight series connected P3BHT:PCBM BHJ OSCs ~ / [53]
provided a high V,. of ~5V
! PEDOT:PSS Foldable integrated photocapacitor 2% [54]
H Large area P3HT:ICBA BHJ OSC
Carb@n-black PCDTBT: PC;;BM BHJ OSC reached a PCE of 2.92% [55]

A

7.6% under indoor condition
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Graphene oxide Polymer electrolyte (PVA/H;PO,) for SCs 5.07% [56]
PTB7-Th: PC;;BM BHJ OSC reached a PCE of
H 9%
H I
Table 2. SSeral of reported photo-rechargeable static batteries.
Static battery materials PC unit Features of PC Noverall Ref.
Li-ion battery mm: LiCoO, Tandem DSSC Vo= 3.39V 0.82% [84]
- Li, TiO,
Cath;: LiFePO, Triple-junction Si solar cell J=2.0mA cm™ 8.5% [85]
: LisTisO1, Vo=2.09V
athode: LiCoO, 25 units of c-Si solar cells Output voltage of 7.61% [86]
14.1V
Li4Ti50]2
e: LiFePO, Four PSCs in series J.=4.82mA cm? 7.8% [87]
ode: LiyTisOp, Voi=3.84V
PCE=12.65%
h: LiMn,O4 Cs0.0sFA0siMAg14PbL ssBross  Ji=19.6mA cm? 9.25% [88]
PSCs
@ LiTin(POy)s V,=1.1V
g PCE=16.8%
: LiFePO4 TiO, photoelectrode Reducing charging / [79]
H connected with LiFePO, voltage
. Li metal
electrode
Cathode: LiFePO4 LiFePOy electrode mixed Photo-assisted 0.08% [89]

delithiation of

A
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Anode: Li metal with dye molecules LiFePO,

Half cell Li, TiO, electrode Li-ion deinsertion / [93]
H reaction under
igihiO, electrode
photoexcited
Cathode: perovskite 2D perovskite as Photo-charged voltage ~ 0.034% [95]
I
photoelectrode of nearly 3V
s Li metal
Na-ion battery @ O4); Na ions Dyed-TiO, photoanode Stable photo-charged / [97]
storage electrode battery voltage of
w 0.63V
Iand TiO, photoelectrode Reducing charging / [98]
Na a,S redox voltage to 0.07V by
ﬂ photo-assisted
SnS, SnS, photo-cathode capacity augmentation ~ / [99]
of 2.5-fold under
illumination
Cathode: Graphite PSCs module including three ~ V,.=3.28V 12.4% [101]
connected identical PSCs
Anode: Al metal PCE=18.5%
Li-air battery Triiodide/iodide redox Dye-sensitized TiO, Reducing charging / [105]
s shuttle photoelectrode voltage under
illumination
Qie/iodide g-C;Ny photoelectrocatalytic ~ Achieved low / [107]
electrode charging voltage of
1.9V
Zn-air batttwe: pTTh pTTh photoelectrode Photo-inducing ORR / [111]
at the pTTh cathode;

Increasing discharge

AU
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voltage to 1.78V

Cathode: BiVO, or BiVO, or a-Fe,O3 Decreasing charging / [80]
-1'¢,03 photoelectrode voltage
Li-I battery @ Li metal Dye-sensitized TiO» Reducing charging / [114]
photoelectrode voltage by TiO,
L m“:d catholyte
photo-assist
Anbdg; WO, Dye-sensitized TiO, Charging process was / [115]
photoelectrode totally accomplished
w by photoelectrode
Andde: AQ Dye-sensitized TiO, 0.3% [118]
photoelectrode
el rolyte
s EEoEe: Li metal a -Fe,0; photoelectrode Delivered a charging / [120]
voltage of ~ 3.43 V
Li-S battery E BU metal PSCs module (three PSC Voe=2.8V 5.14 [123]
units) in series
: PCE=12.38%
Table 3. (Smparison of three types of photo-rechargeable ESS
EESs Qmits Effect Superiority Overall efficiency Application

h

olar cells

Fully
Charged at a fast rate Over 7%
photo-charging
Fully Charged at a fast rate Still low
ctrodes
photo-charging Simple configuration Rarely report

Stabilizer for solar

cells,

Wearable

Electronics

Aut
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High volumetric energy

Fully .
Solar cells density.

photo-charging
H Better energy matching

Batteri . . rtabl
attere High volumetric energy portable power

Over 12%

Self-charged

Photo-charging or sources

density.
I I . .
Photoelectrodes  photo-assisted Still lower 1%
charging Photo-assist reduces
c ) overpotential
Photo-charging or Photovoltaic
RFBs Warodes photo-assisted High energy capacity Reach 14% energy storage

charging station

| !|
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TOC

mechargsms or each photo-rechargeable ESS in detail. Moreover, matching of parameters

between pllotoelectric conversion (PC) and ESS are emphatically discussed. At the end,

d

several peggheciyges on the future development of photo-rechargeable ESSs are listed.
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