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 ABSTRACT 

Solar energy is one of the most popular clean energy sources and is a promising

alternative to fulfill the increasing energy demands of modern society. Solar

cells have long been under intensive research attention for harvesting energy

from sunlight with a high power-conversion efficiency and low cost. However, 

the power outputs of photovoltaic devices suffer from fluctuations due to the

intermittent instinct of the solar radiation. Integrating solar cells and energy-

storage devices as self-powering systems may solve this problem through the 

simultaneous storage of the electricity and manipulation of the energy output.

This review summarizes the research progress in the integration of new-generation

solar cells with supercapacitors, with emphasis on the structures, materials, 

performance, and new design features. The current challenges and future prospects 

are discussed with the aim of expanding research and development in this field.

 
 

1 Introduction 

The considerable developments in modern electronics 

raise the demand for sustainable technologies achieved 

by integrating energy harvesting and storage functions 

in a single device as a self-powering unit. Different 

integrated devices based on the conversion of solar, 

mechanical, or thermal energy by energy-harvesting 

parts and the direct charging of energy-storage parts 

have been developed during the past decades [1–7]. 

As an unlimited, widespread, and renewable clean 

resource, solar energy has long been a promising 

alternative to conventional fossil fuel. Silicon solar 

cells are by far the most successful commercialized 

photovoltaic devices and dominate more than 90% of 

the solar-cell market. However, they are rigid devices 

with a complicated fabrication process, which hinders 

their application in flexible and portable electronics. 

New-generation solar cells, including dye-sensitized 

solar cells (DSSCs), organic solar cells (OSCs), and 

the recently emerging perovskite solar cells (PVSCs), 

have the advantages of high efficiency, easy fabrication, 

low cost, and flexibility [8–18]. The integration of solar 

cells with energy-storage parts not only realizes solar 

energy storage but also can diminish the fluctuation 

of light illumination as the power output source. 
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Electrochemical systems, including batteries and 

electrochemical supercapacitors, designed for energy 

storage are especially favored because they are 

sustainable and eco-friendly [19–20]. Among these, 

supercapacitors are outstanding owing to their high 

power density, relatively low weight, quick response 

to potential changes, long cycle life, and long-term 

stability [21–23]. Thus, self-powering systems com-

prising solar cells for energy conversion and super-

capacitors for energy storage have been popular in 

the past few years. On one hand, novel-configuration 

devices based on different materials are necessary to 

improve the electrical performance of the integrated 

system, such as the power-conversion efficiency (PCE) 

of the solar cells and the energy-storage ability of 

the supercapacitors, to satisfy the increasing energy 

requirements of next-generation electronic devices. 

On the other hand, special properties, e.g., stretchable, 

flexible, bendable, smart, and transparent, have been 

well explored for expanding the applications of 

devices in portable or wearable electronics [24–27]. 

The printable property, which is compatible with the 

roll-to-roll process, offers the opportunity for directly 

integrating thin and flexible energy functions with 

printed devices [3]. Fiber-shaped solar cells and super-

capacitors are promising for weaving multifunctional 

smart clothes. A smart integrated device can have an 

automatically tunable optical transmittance during the 

photocharging process [28].   

In this review, we briefly summarize the recent 

developments of new-generation solar cells integrated 

with supercapacitors, hereinafter called solar capacitors. 

An overview of the operating mechanism and con-

figurations of the integrated system is first presented. 

The state-of-the-art research progress in solar capacitors 

based on different solar cells and supercapacitors, 

including their design configuration, electrode fabri-

cation, and device performance, is then summarized. 

Finally, the current challenges and prospects for future 

research are discussed. 

2 Overview of integrated solar capacitors 

There are two main configurations of the integrated 

device: the traditional planar structure and the newly 

emerging fiber-shaped one. The integration of the solar 

energy conversion part and the electrical storage part 

can be realized either in one device or by sharing a 

common electrode as a connection. A completed solar 

capacitor should consist of a front electrode for the 

solar cell and a counter electrode for the supercapacitor. 

Various kinds of solar cells, including silicon solar 

cells, DSSCs, OSCs, and PVSCs, have been successfully 

integrated with supercapacitors to fabricate self- 

charging energy units. Upon light illumination, the 

solar cell converts solar energy into electrical energy 

and charges the supercapacitor, which is usually 

described as a photocharging process. The discharging 

process occurs when the capacitors are connected 

with an external load to supply power, either under 

light or in the dark. 

2.1 Performance evaluation for integrated solar 

capacitors 

The overall efficiency of the integrated device is 

determined by the photovoltaic energy conversion 

part and the electrochemical energy-storage one. The 

electrical resistance between these parts significantly 

affects the overall device efficiency. The electrical 

resistance can be calculated either by multiplying  

the PCE of the solar cell and the storage efficiency  

of the supercapacitors or by dividing the energy of 

the illuminated light by the energy stored during the 

photocharging process. 

The PCE of a solar cell under light illumination is 

calculated using the following equation 

PCE = VocJscFF/Pin               (1) 

where Voc, Jsc, FF, and Pin are the open-circuit voltage, 

the short-circuit current density, the fill factor, and 

the incident-light power density (100 mW/cm2), res-

pectively. The energy of the light (Elight) illuminating 

the solar cell during the photocharging time (t, s) per 

unit area is calculated using the equation 

Elight = Pint                   (2) 

Typically, to evaluate the performance of super-

capacitors, cyclic-voltammetry tests at different scan 

rates are performed, and galvanostatic charge/discharge 

curves at different current densities, as well as elec-

trochemical impedance spectra, are obtained. The 
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capacitance (C, F) and areal specific capacitance (CA, 

F/cm2) can be derived from the charge or discharge 

curve according to the following equations 

C = Idt/dV                   (3) 

CA = C/A                   (4) 

where I (A) is the current, t (s) is the time, and V (V) 

is the potential window in the charge/discharge process, 

respectively. A (cm2) is the area of the tested device. 

The stored energy (Estorage, W), areal energy density 

(EA, Wh/cm2), and power density (PA, W/cm2) of the 

supercapacitor during the charging process are 

calculated using the following equations 

Estorage = 0.5CV2             (5) 

EA = 0.5CAV2/3600 = CAV2/7200        (6) 

PA = EA/3600t               (7) 

The overall efficiency (ηoverall) of the integrated device 

can be obtained according to the following equation 

ηoverall = Estorage/(ElightAsolar)              (8) 

where Asolar (cm2) is the area of the solar cell [29, 30]. 

2.2 Planar integrated devices 

Along with the development of solar cells, the concept 

of planar solar conversion and storage integrated 

devices emerged as early as 1970s. Hodes et al. reported 

a corrosion-free CdSe photoelectrochemical cell with 

a novel extension that allowed the in situ storage of 

the converted solar energy [31]. In the photocharging 

process, CdSe was excited under light radiation higher 

than its bandgap energy, inducing photogenerated 

carriers. The holes were injected into the S/S2– cathode 

to oxidize the polysulfide, and the electrons were 

transported through external circuit to provide power 

and electrochemical storage by the reduction of Ag2S 

to Ag on the anode. In the dark, the Ag anode was 

spontaneously oxidized because of the reduction of 

the photoelectrode, and the electrons flowed through 

the external load to reduce the sulfur on the cathode, 

which was the discharging process. Their initial design 

was a two-electrode device, as shown in Fig. 1(a), and 

the potential dropped quickly under a load, which  

 

Figure 1 Configurations of the initial prototypes of the solar 
energy conversion and storage in devices with (a) a two-electrode 
system and (b) a three-electrode one. (c) Voltage–time profile for 
a three-electrode system with light on and off. Reproduced with 
permission from Ref. [31], © Nature Publishing Group 1976. 

was attributed to the large resistance losses in the 

system. Figures 1(b) and 1(c) show a three-electrode 

configuration and the corresponding performance 

with light on and off. The cell was photocharged 

under light illumination and discharged in the dark 

with a photovoltage of 125–150 mV, but the storage 

efficiency was low because the storage electrode 

directly contacted the other electrodes. A cation- 

specific membrane was introduced to separate the 

electrodes, and sulfur was excluded from the storage 

compartment, yielding storage efficiencies of ~90%. 

The initial prototype of this integrated device was the 

first example of solar energy conversion and storage 

in a single device. 

Solar capacitors achieved by integrating solar cells 

with capacitors in planar forms have made rapid 

progress in the past few years. The simplest design 

involves externally connecting the two independent 

energy parts with each other; however, this structure 

suffers from power loss on the resistance. The rigid 

connections also hinder its applications to portable 

electronics. In addition, this configuration does not fit 

the concept of ”integration” for a light and compact 

device. An integrated device should have at least one 

common electrode to conduct the energy conversion 

and storage by either an in situ process or electron 

transfer. A more promising aspect of new solar cells 

such as OSCs is their ability to be fabricated on flexible 

substrates via low-temperature processing. Printable 

OSCs fabricated using layer-by-layer or roll-to-roll 

techniques have attracted considerable attention for 

large-scale fabrication. 
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2.3 Fiber-shaped integrated devices 

Fiber-shaped devices are obtained by rolling up the 

planar structure and usually have a common electrode. 

The solar-cell part and the supercapacitor part should 

be in fiber forms and integrated in the core–shell or 

twisted-configuration structure. Fiber-shaped devices 

have unique properties and the advantages of lightness, 

compatibility with weaving, and flexibility, which are 

favored in portable and wearable electronics. Fiber 

solar cells have the advantage of light incident angle- 

independent properties compared with planar ones. 

Moreover, the structured surface of fiber substrates 

can increase the absorption from scattered and reflected 

light, which can significantly expand the adaptability 

of solar cells to the environment. An aligned TiO2 

nanotube array on a Ti wire was twisted with an 

aligned CNT fiber to produce an integrated energy 

wire [29]. The electrochemical anodized obtained 

TiO2 nanotube improved the charging separation and 

transportation in a DSSC and increased the surface 

area in a supercapacitor. Two separated CNT fibers 

were wrapped on a Ti wire with pitches of 1.1 and 

0.7 mm for the DSSC and supercapacitor parts, 

respectively. The PCE of the solar cell was 2.2%, with 

a relatively low FF arising from the high resistance 

induced by the poor contact between the physically 

twisted CNT fiber and the Ti wire. The area specific 

capacitance of the energy-storage part was 0.6 mF/cm2, 

which is within the typical range of 0.4–2.0 mF/cm2 

for reported micro-supercapacitors. The voltage was 

charged to 0.6 V upon AM 1.5 G light illumination, 

which was somehow lower than the Voc (0.68 V) in the 

DSSC due to the self-discharging. The overall power 

efficiency was calculated to be 1.5%, with an energy- 

storage efficiency of 68.4%. 

Solar cells under illumination generate heat. However, 

most supercapacitors have liquid or gel-like electrolytes. 

In general, a moderate increase in the operating tem-

perature improves the performance of supercapacitors, 

mainly because of the decrease in the size of solvated 

ions (for liquid or gel-like electrolyte-based electrical 

double-layer capacitors) and the increase in the 

electrical conductivity of the electrolytes. The decrease 

in the size of solvated ions and the increase in the 

electrical conductivity of the electrolytes lead to a larger 

specific capacitance and smaller equivalent series 

resistance (and higher discharge voltage), respectively, 

improving the energy and power densities of the 

supercapacitor. 

3 Integrated solar capacitors with different 

configurations 

3.1 Integrated solar capacitors based on DSSCs and 

supercapacitors 

Since the breakthrough work by Gräztel and O’Regan 

in 1991, DSSCs have been extensively studied as pro-

mising alternatives to conventional solar cells [11, 32]. 

A typical DSSC has a sandwich structure incorporating 

two face-to-face electrodes—a working electrode and 

a counter electrode—separated by an electrolyte. The 

working electrode is usually a transparent glass or 

plastic substrate with a thin layer of transparent 

conducting oxide for depositing the mesoporous 

TiO2 layer. Another substrate coated with a thin layer 

of Pt or C materials is used as a cathode. The electrolyte 

is usually an iodide/triiodide redox pair in an organic 

solvent. A monolayer of dye is attached to the surface 

of the working electrode for light absorption and 

charge transfer in the electrolyte. Upon illumination, 

generated electrons are injected into the conduction 

band of TiO2, leaving the dye in an oxidation state. 

Then, electrons are collected by the anode and flow 

into the external part to reduce the triiodide into 

iodide, which releases electrons to restore the oxidized 

dye molecules to the ground state. In past years, the 

highest PCE for DSSCs was ~14%, which is comparable 

to that of commercialized amorphous silicon solar 

cells [33–35]. Owing to their low-cost and simple 

process, diversity of colors, and good performance 

under low illumination, DSSCs have become a popular 

energy-conversion part in integrated devices (Table 1) 

[1, 2, 30, 36–44]. 

In 2004, Miyasaka et al. reported for the first time a 

two-electrode integrated planar device comprising a 

DSSC and a supercapacitor that achieved the in situ 

conversion and storage of solar energy [1]. The device, 

which was called a photocapacitor, was constructed on 

a multilayer photoelectrode comprising dye-sensitized 

TiO2/hole-trapping layer/activated carbon particles 
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in contact with an organic electrolyte solution, as 

shown in Fig. 2(a). The photoinduced positive and 

negative charges in the solar cells accumulated on 

the microporous surface of the activated carbon. The 

device had a charging voltage of 0.45 V, a charge– 

discharge Coulombic efficiency of 80%, and an area 

specific capacitance of 0.69 F/cm2. However, the internal 

resistance during the discharge process was relatively 

large because the electrons passed through the Schottky 

barrier in the TiO2 layer. To overcome this problem, 

the same group reported a three-electrode configuration 

employing an internal dual-functional Pt electrode 

between the previous electrodes to conduct redox 

electron transfer and charge storage simultaneously 

[36]. As shown in Fig. 2(b), the improved photo-

capacitor was realized with an activated-carbon layer 

deposited on one side of the Pt as the internal electrode. 

Pt-sputtered conducting glass acted as a counter 

electrode. In the discharging process, the electrons 

moved to the active carbon more efficiently on the 

internal electrode without the potential barrier. As a 

result, the internal resistance significantly decreased 

from 2.6 kΩ to 330 Ω compared with the two-electrode 

device. This three-electrode configuration exhibited 

an energy density per area five times higher than that 

of the counterpart, with a high charge-state voltage 

of 0.8 V. However, the Coulombic efficiency was 

relatively low owing to the back electron transfer at 

the internal electrode caused by the partial quenching 

of the holes that accumulated in the active carbon 

because of iodide anions. This configuration has 

become the prototype for the following integrated 

photocharging devices with improved electrical and 

mechanical properties, as well as for the fabrication 

process towards self-charging units. 

For supercapacitors, various materials have been 

investigated as electrodes, such as carbon nanotubes 

(CNTs), graphene, metal oxides, and conducting 

Table 1 Integrated solar capacitors based on solar cells and supercapacitors 

Year Device  
structure 

Solar cell (max. PCE  
if provided, %) 

Storage configuration Photocharged  
cell voltage (V) 

Overall  
efficiency (%)

Ref.

2004 Planar DSSC ACa/(CH3CH2)4NBF4/AC 0.46 N/A [1]

2005 Planar DSSC AC/(CH3CH2)4NBF4/AC 0.8 N/A [36]

2010 Planar DSSC PProDOT-Et2/LiClO4/PProDOT-Et2 0.75 0.6 [37]

2010 Planar DSSC (4.37) PEDOT/LiClO4/PEDOT 0.69 N/A [45]

2011 Fiber DSSC (0.02) Cu/H3PO4-PVAb/graphene N/A N/A [2]

2012 Fiber DSSC (2.5) Ti/H3PO4-PVA/CNT 0.6 1.5 [29]

2013 Fiber DSSC (5.41) PANI-SSc/H2SO4/PANI 0.621 2.12 [38]

2013 Planar DSSC (6.1) MWCNT/H3PO4-PVA/MWCNT 0.72 5.12 [39]

2014 Planar DSSC (3.17) ATOd/LiSO4/ATO 0.61 1.64 [30]

2014 Fiber DSSC (6.47) MWCNT/H3PO4-PVA/MWCNT 0.65 1.83 [40]

2015 Planar DSSC (4.8) Porous Si-Carbon/ 
PEO-EMIBF4

e/porous Si-carbon 
0.64 2.1 [41]

2011 Planar OSC (3.39) CNT/H3PO4-PVA/CNT 0.6 N/A [3]

2014 Fiber OSC (1.01) Ti/H3PO4-PVA/MWCNT 0.4 0.82 [5]

2016 Planar OSC (7.6) Carbon black/BMIM BF4/ 
carbon black 

0.87 2.92 [46]

2015 Planar PVSC (13.6) BC/PPy nanofibers/MWCNTs 0.71 10 [47]

2016 Planar PVSC (12.54) WO3/PVA-H2SO4/WO3 0.68 N/A [28]

2016 Planar PVSC (6.37) PEDOT-carbon/LiClO4/ 
PEDOT-carbon 

0.71 4.7 [48]

aAC: active carbon; bPVA: polyvinyl alcohol; cPANI-SS: polyaniline-stainless steel; dATO: anodic titanium oxide; ePEO: poly(ethylene-oxide). 
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polymers [49–53]. Supercapacitors using CNT films 

as electrodes had good performances; e.g., a printable 

thin-film device had a gravimetric capacitance of 

~120 F/g [54]. Although CNTs are widely used in 

DSSCs and supercapacitors, they were not effectively 

integrated until Peng et al. reported an all-solid-state 

device using freestanding and aligned multiwall CNT 

(MWCNT) films as co-shared electrodes [39]. The 

large surface area of the MWCNTs resulted in a  

fiber solar cell with a PCE of 6.10%, a gravimetric 

capacitance of 48 F/g, a storage efficiency of ~84%, and 

an overall efficiency of ~5.12%. Polyaniline (PANI) 

was incorporated into an MWCNT film to increase 

the gravimetric capacitance from ~26 to 208 F/g. The 

cyclic stability of the integrated devices was tested 

for over 100 cycles, during which the discharge 

capacitances of the bare MWCNT remained nearly 

constant. More recently, an individual crystal silicon 

substrate was integrated into a multifunctional platform, 

where one side served as the photocathode of the 

DSSC and the other side provided onboard charge 

storage for the supercapacitor [41]. A two-step process 

was implemented to transform the silicon substrate: 

the doubled-sided electrochemical fabrication of porous 

silicon and the thermal carbon passivation catalyzed 

by the porous silicon. The silicon substrate simul-

taneously provided Faradaic charge transfer for a 

DSSC as well as non-Faradaic double-layer charge 

storage for the supercapacitor. The device stored 80% 

of the energy in 1.2 s and achieved an overall efficiency 

of 2.1%. Compared with other reports, silicon was 

used for both the energy storage and conversion 

electrodes. This eliminated the need for Pt in the 

DSSC, which may enable the large-scale application 

of the integrated device. Additionally, a CdS/CdSe 

quantum-dot DSSC was integrated with a mesh-based 

carbon supercapacitor by a shared double-sided mesh- 

typed electrode [55]. 

Conducting polymers, such as polypyrrole (PPy), 

polythiophene, and poly(3,4-ethylenedioxythiophene) 

(PEDOT) are popular capacitor materials that undergo 

a fast redox reaction to provide a capacitive response 

with a higher power capability [49, 50]. Ho et al. 

proposed a flexible integrated solar capacitor combining 

0.5 mm-thick PEDOT and a dye N710-TiO2 photoac-

tive layer [45]. The plastic-based DSSC had an  

overall efficiency of 4.37% with an 11-μm-thick TiO2 

photoanode. The supercapacitor provided an area 

specific capacitance of 0.52 F/cm2. They also reported 

another polymer-based solar capacitor device using 

an N3-dye adsorbed photoelectrode and poly(3,3- 

diethyl-3,4-dihydro-2H-thieno-[3,4-b] [1,4] dioxepine) 

(PProDPT-Et2) films as a capacitor electrode. This device 

achieved an area-specific capacitance of 0.48 F/cm2 

and a photocharged voltage of 0.75 V, with an overall 

efficiency of 0.6% [37]. PEDOT exhibited a slightly 

higher mass specific capacitance than PProDOT-Et2 

because of the smaller molar mass of the monomer. 

However, the latter had a higher specific capacitance 

with a porous thick film. Jiang et al. modified the 

counter electrodes of DSSCs by using poly (vinylidene 

fluoride) (PVDF)/ZnO nanowire array nanocomposites 

for energy storage. The stored charge density was  

as high as 2.14 C/g, and the overall efficiency of the 

 

Figure 2 Schematic of the sandwich multilayer integrated device with (a) two electrodes (reproduced with permission from Ref. [1],
© AIP Publishing LLC 2004) and (b) three electrodes (reproduced with permission from Ref. [36], © Royal Society of Chemistry 2005).
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device was as high as 3.70% [44]. 

In addition to carbon-based materials and polymers, 

metal oxide has been utilized as a capacitor material. 

Kulesza et al. integrated a solid-state DSSC with 

ruthenium oxide as a charge-storage material into a 

solar capacitor [56]. Ruthenium oxide is widely known 

as a mixed-valence redox conducting material with 

fast charge transportation in solids [57]. The three- 

electrode planar electrodes included a conjugated 

polymer layer of poly-(3-hexylthiophene-2,5-diyl) (P3HT) 

for the DSSC and an evaporated silver electrode as an 

intermediate bipolar electrode. The device yielded a 

Coulombic efficiency of 88% and an overall efficiency 

of 0.8% under light illumination, with an area specific 

capacitance as high as 3.26 F/cm2. Li et al. reported  

an anodic TiO2 nanotube array-based integrated thin- 

film device with an overall efficiency of 1.61% [30]. 

Plasma-assisted hydrogenation treatment was con-

ducted on TiO2 nanotube films to increase the electrode 

surface area, enhancing the capacitance in the storage 

device. As a result, the areal specific capacitance 

increased from 0.215 to 1.1 mF/cm2. 

Wang et al. reported the first fiber system that could 

simultaneously harvest both solar and mechanical 

energy, which were both stored in a nanowire-based 

supercapacitor [2]. The multifunctional power fiber 

consisted of a ZnO nanowire piezoelectric nano-

generator, a DSSC, and a supercapacitor. ZnO 

nanowires were radially synthesized on a single 

polymethyl-methacrylate layer as the acting units for 

the nanogenerator to scavenge mechanical energy, as 

well as for the core of the solar cell and the large-area 

supercapacitor. Graphene on a Cu mesh was wrapped 

around the plastic wire used as cylindrical electrodes 

for the three units. The maximum output current and 

Voc of the nanogenerator with a strain of ~0.1% were 

2 nA and 7 mV, respectively. The fiber-shaped DSSC 

exhibited a Jsc of 0.35 mA/cm2, a Voc of 0.17 V, and an 

FF of 0.39, yielding a PCE of 0.02%. The low PCE was 

attributed to the poor transparency of the Cu mesh, 

which resulted in a low Jsc. The solid gel electrolyte- 

based supercapacitor showed a linear specific capaci-

tance of 0.025 mF/cm. This device used graphene  

as an electrode and a ZnO nanowire for the 

nanogenerator and DSSC. However, the fabrication 

process was relatively complicated. In addition, the 

graphene on the Cu mesh reduced the electrode 

transparency, decreasing the light-harvesting capability 

of the DSSC. 

Another integrated power fiber with a similar 

configuration was reported in 2013 [38]. A stainless- 

steel wire coated with PANI was used as the common 

electrode of the DSSC and supercapacitor. A Ti wire 

was coated with a TiO2 layer as the photoanode. The 

two fiber electrodes were sealed in parallel in a tube 

filled with liquid electrolytes (Fig. 3). The PCE of the 

PANI-based fiber-shaped DSSC was as high as 5.41%, 

and the area specific capacitance of the supercapacitor 

was 41 mF/cm2, which is almost two orders of 

magnitude higher than that in previous reports. The 

overall efficiency of the integrated power fiber was  

as high as 2.1%. Compared with previous reports, 

this device achieved high energy conversion and 

storage efficiencies and has an inexpensive and facile 

manufacture process [2]. TiO2 was coated as an anode 

instead of the ZnO nanowire, increasing the chemical 

stability. However, the two-wire structure still suffered 

from the disadvantages of electrode separation and 

liquid-electrolyte leakage under bending. 

Compared with the two-wire devices, which usually 

suffer from a high internal resistance, the single wire- 

based core–shell integrated system might overcome 

this issue. Peng et al. developed a novel coaxial energy 

fiber based on a Ti wire modified with vertically 

aligned TiO2 nanotubes on the surface and a horizontally 

aligned MWCNT sheet serving as the two electrodes 

(Fig. 4) [58]. The TiO2 modified Ti wire was the common 

electrode for the DSSC and supercapacitor, and CNT 

sheets were wrapped onto the Ti wire as the other 

electrode. To solve the leakage problem, they fabricated 

an all-solid-state device, for which a melted solid-state 

electrolyte was used for the DSSC and gel PVA/H3PO4 

coated on a TiO2-modified Ti wire was used as the 

electrolyte of the supercapacitor. The DSSC achieved 

a PCE of 2.73%, and the energy-storage efficiency   

of the integrated fiber device reached 75.7% with an 

area specific capacitance as high as 3.32 mF/cm2 and 

power densities as high as 0.013 mW/cm (0.27 mW/cm2) 

at a current of 50 μA. The flexible-shaped energy fiber 

showed promising mechanical and thermal stability. 

The entire efficiency remained at 88.2% after bending 

for 1,000 cycles and at 90.6% after 1,000 h of light  
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Figure 4 (a) Schematic of a core–shell elastic energy fiber with a 
DSSC and a supercapacitor. (b) and (c) Cross-section schematics 
of the DSSC and the supercapacitor, respectively. (d) Optical image 
of the energy fiber. Reproduced with permission from Ref. [58], 
© Royal Society of Chemistry 2014. 

illumination. Regarding to the application of fiber- 

shaped devices in portable and wearable electronics, 

both the bending property and the stretching property  

have great influence on the performance. The afore-

mentioned device was modified by fabricating a coaxial 

energy fiber that converted the solar energy in the 

shell and stored it in the core, instead of connecting 

the two separate parts [40]. An aligned CNT sheet was 

wrapped around an elastic rubber fiber acting as the 

internal electrode, followed by coating with a thin layer 

of PVA/H3PO4 gel as the electrolyte.  

The device was completed into a supercapacitor 

with another CNT sheet wrapped outside the fiber. 

The fiber-shaped storage component was then inserted 

into an elastic plastic tube, outside of which was the 

DSSC part. This core–shell structure and aligned 

nanostructure at the interface resulted in a significantly 

improved PCE of 6.47% for the solar part, with a Jsc 

of 14.31 mA/cm2, which was almost enhanced by a 

factor of 2. The overall efficiency of the elastic energy 

fiber was 1.83%, and it was well-maintained after 

bending and stretching. The photocharging and 

discharging processes were almost unaffected by 

bending at a radii of curvature ranging from 5 to 

0.5 cm. The fiber device maintained a high performance 

after being stretched by 20%. With a far larger effective 

contact area and more efficient charge transport than 

the twisted structure, the coaxial structure enabled 

 

Figure 3 (a) Structural schematic and photograph of an integrated power fiber consisting of a fiber-shaped DSSC and a supercapacitor.
(b) Cross-sectional schematic of the supercapacitor. (c) Cross-sectional schematic of the DSSC. Reproduced with permission from Ref.
[38], © Royal Society of Chemistry 2013. 
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the conversion of the solar energy into electrical 

energy in the sheath and stored the electrical energy 

in the core, resulting in high overall energy conversion 

and storage efficiencies with a good bending and 

stretching ability.  

3.2 Integrated solar capacitors based on OSCs and 

supercapacitors 

OSCs are photovoltaic devices fabricated via a solution 

process involving carbon-based organic semiconductors 

with large molecules. These solar cells are attractive 

owing to their advantages of a low cost, good 

mechanical flexibility, low weight, and tunable pro-

perties. They possess advantages over DSSCs for 

being all-solid state and compatible with roll-to-roll 

printing techniques on flexible substrates for large- 

scale production. An OSC is normally constructed on 

a bulk heterojunction involving donor–acceptor blends, 

having a transparent electrode/hole transporting 

layer/active layer/electron transporting layer/metal 

electrode structure. Single-junction and tandem OSCs 

with an efficiency higher than 10% have been frequently 

reported in recent years [10, 59–61]. 

A printable, all-solid state integrated solar capacitor 

was demonstrated by utilizing a single-walled CNT 

network as a common interface between the OSC  

and the supercapacitor [3]. P3HT was blended with 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as 

the active layer. The CNT solution was drop-casted 

on top of the Al cathode, as well as the electrode    

of the supercapacitor, to form a CNT network as the 

integration platform (Fig. 5). The integrated device 

was less than 0.6 mm thick, weighed less than 1 g, 

and exhibited a 43% reduction in the internal resistance 

compared with the external wire-connected device. 

The OSC achieved a Voc of 0.6 V and a PCE of 3.39%. 

After being photocharged for 70 s, the device exhibited 

a gravimetric specific capacitance of 28 F/g. By 

connecting two OSCs in series to charge the 

supercapacitor to the maximum storage capability, a 

capacitance of 79.8 F/g was achieved, which was 

almost three times of that for a single solar cell. 

Improving the photocharging voltage by connecting 

the solar cells in series is a general strategy for fully 

utilizing the energy-storage capacity of the super-

capacitor, which is important for the output power 

 

Figure 5 Schematic and circuit illustrations of a planar OSC-based integrated device during (a) the photocharging process and (b) the
galvanostatic discharging process. Voltage/current–time profile for the (c) photocharging and (d) discharging processes of an OSC.
Reproduced with permission from Ref. [3], © Royal Society of Chemistry 2013. 
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supply in applications in the modern electronics 

because most electronic devices are operated at several 

volts. The layer-by-layer architecture is compatible with 

the roll-to-roll printing process, creating opportunity 

for printed electronics. 

Peng et al. developed a fiber-shaped, coaxial OSC- 

supercapacitor-integrated device [5]. The energy fiber 

was constructed with a Ti wire modified with TiO2 

nanotube as the core and an aligned MWCNT sheet 

as the two electrodes. For the OSC part, the TiO2 

nanotube-modified Ti wire was coated with P3HT:PCBM 

and PEDOT:poly (styrene sulfonate) (PSS), then the 

MWCNT sheet was wrapped around the surface as 

the cathode. The maximum PCE was 1.01%, obtained 

at a TiO2 nanotube length of 1.8 μm, and 90% of this 

PCE was maintained after the device was placed in air 

for ten days. For the energy-storage part, MWCNT 

was wrapped on the same modified Ti wire, and then 

a PVA/H3PO4 electrolyte was injected between them. 

The linear specific capacitance was 0.077 mF/cm, 

with a stable energy-storage efficiency of 65.6%. The 

overall efficiency of the integrated fiber-shaped device 

was 0.82%. The all-solid-state device structure had 

good mechanical stability during bending deformation, 

retaining 90% of the efficiency after 1,000 bending 

cycles without sealing. Although the efficiency of the 

fiber device was lower than that of the planar one, 

the fiber device had unique advantages, such as 

being easily woven into flexible textiles. 

A device integrating an OSC and a fully printed 

supercapacitor was recently optimized for indoor 

light energy harvesting [46]. The OSC was fabricated 

on glass with a classic structure using poly[N-9′- 

heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2′, 

1′,3′-benzothiadiazole)] (PCDTBT):[6,6]-phenyl-C71- 

butyric acid methyl ester (PC71BM) as active layer, 

where PEDOT:PSS and polyethylenimine ethoxy-

lated (PEIE) were the hole- and electron-transporting 

layers, respectively. A PCE of 7.6% was achieved 

under simulated indoor light by optimization of the 

thickness of the PEIE layer, which decreased the dark 

current. The printed supercapacitor consisted of two 

carbon-black electrodes on a stainless-steel foil 

substrate and an ionic liquid electrolyte butyl- 

methyl-imidazolium tetrafluoroborate (BMIM BF4). 

The highest capacitance was 130 mF/cm2 at a charge/ 

discharge rate of 0.25 mA/cm2. The photo-rechargeable 

system yielded an overall efficiency of 1.56% under 

light irradiation of 1 sun. The indoor-optimal system 

achieved an overall efficiency of 2.92% when placed 

under indoor light for 3,090 s, exhibiting potential for 

autonomous application in various light conditions. 

3.3 Integrated solar capacitors based on PVSCs and 

supercapacitors 

PVSCs with hybrid inorganic–organic compounds 

(CH3NH3PbX3, X = Cl, Br, I) have been very promising 

in the photovoltaics field in the past few years, with 

efficiencies ranging from 3.8% to 22.1% [62–69]. Upon 

light illumination, the absorber becomes photoexcited, 

and carriers are created and driven towards the 

transport layer to be collected by the electrode. Because 

of the superior properties of perovskite—including a 

tunable bandgap, low-cost precursor materials, a high 

carrier mobility, and a simple solution or evaporation 

process—PVSC is superior to all of the other new- 

generation solar cells. It was not until 2015 that   

the first use of a PVSC packed with energy-storage 

devices was reported [47]. A PVSC was fabricated 

with a structure of fluorine doped tin oxide (FTO)/ 

mesoporous-TiO2/CH3NH3PbI3/2,2’,7,7’-tetrakis(N,N-

di-p-methoxyphenylamino)-9,9’-spirobifluorene (spiro- 

OMeTAD)/Au, which had a PCE of 13.6%. A sym-

metric supercapacitor with a bacterial-cellulose (BC) 

membrane/PPy/MWCNTs as the electrodes was used 

as the storage part. The supercapacitor had a maximum 

area specific capacitance of 572 mF/cm2 at a discharge 

current of 1 mA/cm2. Although the PVSC and the 

supercapacitor were associated simply by connecting 

the two devices in series using external lead wires,  

a very high overall energy conversion and storage 

efficiency of 10% was achieved for the first time, 

which originated from the high performance of the 

PVSC due to the resistance of the external connection. 

Notably, the first photocharging Li-ion battery using 

perovskite was demonstrated by directly packing 

four series-connected PVSCs with a battery, and a 

high efficiency of 7.80% was achieved with excellent 

cycling stability, outperforming the other reported 

solar battery systems [6]. With regard to their cost, 

efficiency, and fabrication process, PVSCs have far 

more promise for integrated solar capacitors than 
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DSSCs and OSCs. For portable electronic applications, 

full integration without an external connection is 

always favorable. 

Chai et al. fabricated co-anode and co-cathode 

solar capacitors by vertically integrating a PVSC  

with a MoO3/Au/MoO3 transparent electrode and a 

supercapacitor [28]. Their structures differed from all 

of the other integration systems. A semitransparent 

supercapacitor, which could automatically tune the 

optical transmittance of the device and store the 

electrochemical energy with the color change (Fig. 6), 

was installed on top of the PVSC. Regarding the co- 

anode device, under light illumination, electrons were 

injected into the WO3 cathode, and charges were then 

stored during the H+ insertion (WO3 + H+ + e →HWO3). 

The electrode color changed from transparent to blue 

as the chemical state changed from +6 (bleached state) 

to +5 (color state). During the discharging process, 

the reversible H+ extraction released the charges 

(HWO3→ WO3 + H+ + e), and the WO3 film became 

transparent. As a result, the color of the energy- 

storage part switched between blue and transparent 

during the photocharging and discharging. The energy 

density, power density, and areal capacitance of the 

co-anode devices were 13.4 mWh/m2, 187.6 mW/m2, 

and 286.8 F/m2, respectively. These values were almost 

doubled for the co-cathode system. The tunable color 

state could also be an indicator of the amount of 

stored energy in the capacitor, which changed from 

semitransparent to dark blue with a reduction in the 

average visible transmission from 85% to 35.1% for 

the co-anode integrated devices during photocharging. 

The photocharging was thus switched off automatically, 

as the dark color blocked most of the light. The smart 

design differs from all the previous reports in that it 

cannot only realize real-time indication of the energy 

stored and consumed but also improve the photos-

tability by blocking the light once the capacitor     

is fully charged. This work expanded the integrated 

device for multifunctional smart windows, in addition 

to energy conversion and storage. 

Fan et al. fabricated an integrated device with a two- 

electrode structure based on PVSC and PEDOT/carbon 

supercapacitors [48]. The solar cell was constructed 

with an FTO/TiO2/ZrO2/mesoporous carbon electrode, 

where ClO4
–-doped PEDOT was electrodeposited on 

the mesoporous carbon electrode before the electrode 

was filled with perovskite (MAPbI3). Another PEDOT- 

carbon electrode was assembled against the counter 

electrode by a separator, along with an electrolyte 

composed of LiClO4 and CH3NH3I (MAI) in isopropanol, 

which acted as the supercapacitor. The MAI served 

as the stabilizer for the MAPBI3. The PVCS in its 

integrated form exhibited a Jsc of 18.62 mA/cm2, a Voc 

of 0.71 V, an FF of 0.48, and a PCE of 6.37%, well 

matching the single device. The capacitance of the 

supercapacitor remained at 95% after 2,000 charge/ 

discharge cycles. The energy density was calculated to 

be 0.783 mWh/cm2 at a discharge current of 1 mA/cm2. 

The overall efficiency reached its maximum of 4.7% 

within 1 s with an energy-storage efficiency of 73.77%. 

Although this configuration indeed improves the 

integration of the two energy parts and facilitates real 

applications, the efficiency is largely limited by the 

 
Figure 6 (a) Schematic of the co-anode, PVSC-based transparent integrated device. (b) Voltage–time curves of the co-anode PVCS 
device for the photocharging process within 100 s and the discharging process at a current density of 0.1 mA/cm2, along with the color 
change of the device during different processes. Reproduced with permission from Ref. [28], © American Chemical Society 2016. 
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poor performance of the PVSC. Additionally, the work 

function of PEDOT decreased as the doping content 

increased under oxidation, which the researchers 

attributed to the dipole effect of the positive and 

negative charges located in the thin film.  

4 Conclusions and prospects 

We provided a brief overview of integrated solar 

capacitors that combine solar cells and supercapacitors 

as self-powering units. We focused on different new- 

generation solar energy conversion parts, i.e., DSSCs, 

PSCs, and PVSCs, with planar or fiber-shaped con-

figurations. Excellent properties, such as flexibility, 

stability, intelligence, and transparency, have been 

demonstrated in integrated systems, which largely 

expand the applications of these devices in functional 

textiles or portable electronics. The overall efficiencies 

have exceeded 10% owing to the emergence of high- 

efficiency PVSCs and supercapacitors. Other com-

binations also show good performance with specific 

characteristics.  

Although considerable progress has been made in 

this promising research field, the device performance 

is still low compared with that of the commercial 

inorganic counterparts and is far from the level needed 

for application in powering real electronics. The 

planar devices have a facile fabrication process and 

high efficiency but a rigid configuration that limits 

their applications. In contrast, fiber-shaped integrated 

solar capacitors are flexible and weavable but have  

a lower performance and complicated fabrication 

process. Another bottleneck for fiber-shaped devices 

is that their high resistance degrades their efficiency, 

which raises the demand for a highly conductive 

fiber electrode. On the device level, the efficiency of 

the solar-cell part should be as high as possible, and 

the supercapacitor should be well matched to decrease 

the energy loss during the energy storage, with 

consideration of the electrode materials, the size of 

the energy parts, and the stability. The supercapacitor 

should be fully charged very quickly by the solar  

cell because the energy-storage capability is very low. 

Thus, strategies for power management to balance 

the energy generation and consumption and for 

improving the capacity of the supercapacitor or using 

batteries with a high power density are necessary. To  

overcome the leakage problem of the DSSC-based 

solar capacitor, all-solid state devices are required. 

Integration of the planar devices can be accomplished 

on flexible substrates that allow for the printable   

or roll-to-roll process, which facilitates large-scale 

production and feasibility.  
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