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The sharp increase of research passion in the new-generation solar cells in recent years has resulted in
a new trend in combining multiple types of energy devices in a single device. In view of the enhanced
and/or diversified function of integrated devices, as compared with conventional devices with limited
performance or sole applicability, many integrated power packs have been widely developed by
combining different devices, such as a silicon solar cell (SSC), Cu(In,Ga)(Sn,Se), (CIGS), organic solar cell
(OSC), dye-sensitized solar cell (DSSC), perovskite solar cell (PSC), lithium-ion battery (LIB), nano-
generator (NG), supercapacitor (SC), photoelectrosynthetic cell (PESC), and electrolysis cell (ELC), into
one unit. In this Review, with a particular emphasis on their recent advances, we cover the integrated
solar cell device research in a broad sense and provide an overview of state-of-the-art progress on
the integrated solar cell devices based on DSSC and PSC, such as DSSC/LIB, DSSC/SC, DSSC/NG,
DSSC/LIB/NG, PSC/OSC, PSC/CIGS, PSC/PSC, PSC/SSC, SSC/SC, PSC/SC, OSC/SC, DSSC/PESC, PSC/PESC,
and PSC/ELC, for energy harvesting and storage that are significantly important for self-powering systems
and portable/wearable electronics. Finally, the challenges and future outlooks in this promising photovoltaic

Received 5th November 2017,
Accepted 3rd January 2018

DOI: 10.1039/c7ee03165c

rsc.li/ees (PV) field are featured on the basis of current development.

Broader context

The integration of devices, that is the combination of several technologies in a single unit, is a powerful means to improve the performance of a system, reduce
its size and weight, and widen its applicability. Both dye-sensitized- (DSSC) and perovskite- (PSC) based solar cell technologies have received growing attention
with respect to device integration on account of increasing performance values and their ease of processing at low temperatures. Three main areas of
integration can be distinguished depending on their combinations with (i) other solar cells, (ii) electrical energy storage devices, and (iii) electrochemical
devices for energy storage in solar fuels. This Review aims to provide a comprehensive summary of the current status and recent research trends and highlights
in the area of integrated devices employing both DSSCs and PSCs. Our concluding remarks and future outlook offer a critical evaluation of various power
systems and discuss challenges and opportunities for their successful realization and marketability.

1. Introduction

1.1. Solar energy resource and photovoltaic technologies
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Human activities strongly depended on the abundance of
natural resources (especially water, minerals, and energy). A
sustained population growth and the desire for improved living
conditions make people have an increasing energy demand
that may be far beyond the available conventional energy
supply such as coal, petroleum, and natural gas. The estimated
energy consumption of the world will reach 27 Terawatt-years
in 2050."” This means that the energy consumption pattern need
be shifted from finite energy reserves to renewable resources in a
more efficient manner, and by doing so, reduce our dependence
on traditional fossil fuels, mineral, and natural resources. In
this regard, utilizing renewable energy is of importance for a
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sustainable development of our society and the protection of
our planet/environment.

Comparing various energy resources of our planet (Fig. 1),
the potential of solar energy dwarfs the potential from any
other energy resource on the planet."”” Solar energy produced
from sunlight striking the earth in 1 h is higher than all the
energy consumed by human beings on the planet in one year.
Therefore, solar energy, as the most abundant renewable energy
source on the planet, can be harvested and transformed into
various forms of energy for practical applications by thermo-
electric, photocatalytic, photovoltaic (PV), and photoelectro-
chemical (PEC) technologies. Among them, the PV technology
as one model of solar energy utilization is generally deemed to
play a critical role in capturing solar energy and directly trans-
forming it into electrical energy.
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The PV technologies are growing in high speed in basic
research and industrialization. Historically, the development of
solar cells, from the first crystalline silicon solar cell (SSC) with
6% efficiency envisioned by Bell Lab in 1954 to today, can be
divided into three stages.’ The first-generation solar cells are
known as silicon-based solar cells (SSCs). The confirmed power
conversion efficiencies (PCE) of crystalline silicon cells have
exceeded 20% and those of single crystalline cells have reached
up to 26.6%." The SSCs have been an advanced and proven PV
technique that are completely dominating the total PV market
with a total market share of more than 90%.> The second-
generation solar cells are represented by thin-film solar cells
such as GaAs, CdTe, and Cu(In,Ga)(S,Se), (CIGS). The confirmed
record PCEs are 28.8%, 22.1%, and 22.6% for GaAs, CdTe, and
CIGS, respectively.® As compared to silicon-based and thin-film
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solar cells, the third-generation solar cells such as dye-
sensitized solar cells (DSSCs) and perovskite solar cells (PSCs)
have the potential for a lower processing cost in the emerging
PV fields. Record PCEs of 13% in DSSCs have been obtained
while accelerated lifetime tests passed with high durability
efficiencies.”® The newer PSC technology has achieved a
champion PCE of 22.1%, which has been independently
confirmed by the international authority and authenticating
institution, NREL.*° Large-area PSCs with an aperture area
exceeding 1 cm” have achieved a maximum PCE of 20.5% and
a certified PCE of 19.6%."°

Although the cell efficiencies of the third-generation solar
cells are at present still lower than those of silicon-based and
thin-film solar cells, the total cell efficiency of the hybrid devices
combining PSCs with SSCs is expected to exceed 30% in the near
future, while the estimated maximum attainable efficiency in
theory for this type of tandem device can reach up to 44%, as
predicted by Prof. Michael Gritzel, who is the inventor of DSSCs
(or Griitzel cell)."* Remarkably, both the DSSC and PSC technol-
ogies can fulfill all of the desired properties of conventional
SSCs, such as environment-friendly and earth-abundant materials,
high cell efficiency, low-cost and large-scale solution manufac-
turing processes.

1.2. Dye-sensitized solar cells (DSSCs)

Over the past 20 years, great progress has been made in
fundamental research and the technological application for
DSSCs. Recent advances and the basic working principles
of DSSCs have been summarized in several important review
papers.’>?® A sandwich-type DSSC is composed of a dye-
sensitized mesoscopic TiO, photoelectrode, an iodide/triiodide
(I'/137) redox couple electrolyte, and a platinized counter
electrode (CE). Generally, each component of a DSSC system
performs a specific task. This means that each DSSC component
must be carefully designed to meet its practical application.
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From 1991 to now, the development of alternative cell compo-
nents, such as PEs, CEs, electrolytes and dyes, has resulted in a
tremendous advancement in the PCE of DSSCs, as illustrated in
Fig. 2.%2°*° The PCEs of DSSCs have increased from 7.12% in
1991 to 14.3% in 2015.%"'° For early metal Ru dye-based DSSCs
with an iodine-mediator and a Pt CE, the best reported cell
efficiency was 11.7% while lower PCEs of 10.3% were obtained
for DSSCs with organic dyes. By contrast, the prophyrin dye can
achieve better cell efficiency in cobalt-mediated DSSCs. The
champion PCE value of 14.3% was achieved in cobalt-mediated
DSSCs with graphene nanoplatelet (GNP) CEs and combined
photosensitizers of ADEKA-1 and LEG4 dyes, close to the
standard required for commercialization (15%). It is apparent
that the superior performance of DSSCs depends strongly on the
optimized and well-matched cell components within the device.
Note that the substantial increase in PCE in the past two decades
has been far lower than that of the recently discovered PSCs.
A large amount of publications did not result in a substantial
improvement in PCE for DSSCs. This means that more focused
research is highly desirable for achieving more efficient and
more stable DSSC components. This will promote the practical
applications of DSSCs to a broader PV market.

The goal of targeted research projects related to DSSCs is to
enhance the industrial application of DSSCs. Advances made
in design, incorporation on different substrates, modules,
stability, and scalable fabrication techniques have allowed
DSSC technology to transfer from the laboratory to practical
applications.® Although the cell efficiency of DSSCs is lower
than that of silicon-based and thin film solar cells, it is a truth
that DSSC panels can deliver more electricity than their silicon-
based and thin film counterparts of similar power ratings when
they are exposed to weak light operating conditions. DSSC’s
workability under such conditions makes them become potential
market leaders in building and automobile integrated PV
and portable or indoor light harvesting PV technology. On the
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Fig. 1 Estimated finite and renewable planetary energy reserves (Terawatt-years). Note that total recoverable reserves are shown for the finite resources
whereas yearly potential is shown for the renewables. Reproduced with permission from ref. 1 and 2. Copyright 2015 International Solar Energy Society.
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Fig. 2 Advances in PCE for DSSCs with a TiO, photoelectrode reported in

the past 25 years (1991-2016). For more detailed PV parameters of DSSCs

depicted in Fig. 2,°2°7*° please refer to our recent reviews.*>1922

other hand, due to their low-cost and tenability of color and
transparency, DSSCs are well suited for BIPV and portable
devices. While the former prompts rather large area devices,
several applications in the portable device area can be envisaged
where small scale integrated devices are useful. Actually, large-
area DSSC modules suffer from performance loss and long term
stability issues compared to their lab-scale devices.'**’~*° The
above-mentioned facts are the main reasons that a DSSC system
can distinguish itself among other solar cells from building
integrated BIPV and portable electronic devices.

Commercial sales of DSSCs have started in solar modules for
building integrated PV (BIPV) and portable electronic devices.
Three examples are: (1) the energy producing glass facade made
of DSSCs in Swiss-Tech Convention Center in Lausanne,

This journal is © The Royal Society of Chemistry 2018

Switzerland,> (2) the electric power generating colored look-
through glass panels produced by G2E (www.g2e.ch), and
(3) backpacks with integrated flexible DSSCs to produce con-
tinuous electricity and stored in a power bank for powering
electrical equipment (http://Ipi.epfl.ch). Reports on integrated
devices based on DSSCs are more numerous as compared to
PSCs based on the maturity of the DSSC technology. To date,
the DSSC technology excels with inherent low toxicity, low cost,
and increased long-term stability which has been realized
by several commercial companies such as G2E, SOLARONIX,
G24 Power Limited, EXEGER, and others. On the way to
practical application of DSSC technology, the integrated DSSC
devices for energy harvesting and storage will be given a special
concern in this review.

We want to stress that the main commercial selling points of
DSSCs are (next to the choice of rigid or flexible substrates,
low cost, and scalability) their excellent performance under low
light conditions (e.g. in-door), and tenability of color and trans-
parency. This makes DSSC an excellent choice for BIPV and
portable electronic devices.

1.3. Perovskite solar cells (PSCs)

1.3.1. Structural evolution of PSCs. Perovskite materials
are well-known for their distinctive crystal structure and unique
properties in electronic ceramics (i.e. BaTiOs-based ferroelectric
ceramics).”’° Use of perovskite-structured organometal halide
materials (i.e. methylammonium-lead iodide, MAPbI;) as the
key materials to fabricate the PSCs, as illustrated in Fig. 3a and b,
has become very popular in recent years. An overview of the
historical development of the organometal halides has been
recently elucidated by Prof. Michael Grétzel in a 2014 Nature
Materials article.* In the organometal halide perovskite

Energy Environ. Sci., 2018, 11, 476-526 | 479
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(b)

Perovskite HTM

Fig. 3 (a) Crystal structure of cubic metal halide perovskite with generic
chemical formula ABXs (A site: the large organic cations; B site: the small
metal cations; and X site: halogen ions). Reproduced with permission from
ref. 61. Copyright 2014 NPG. (b) Organolead halide perovskite materials in
PSCs. Reproduced with permission from ref. 67. Copyright 2016 Wiley-VCH.
(c) Schematic illustration of the involved charge-transfer processes in PSCs.
Reproduced with permission from ref. 66. Copyright 2015 Wiley-VCH.

materials, organic CH;NH;" (MA) and HC(NH,)," (FA) cations
occupy position A whereas metal cations (Pb**, Sn**) and
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halogen ions (I, Br, Cl) occupy the B and X positions,
respectively.®' Ideal perovskite has a cubic crystal structure
while it in reality structures is often pseudo-cubic or distorted
cubic because of distortion. The distorted structure will evidently
affect the optical, electronic, magnetic, and dielectric properties
of perovskite materials.®?

The working principle of PSCs can be generally demonstrated
by the critical charge-transfer processes shown in Fig. 3c. Under
light illumination, the perovskite absorbers undergo photo-
excitation and charge separation (1), electrons are collected by
the ETL and move to the fluorine-doped tin dioxide (FTO)
conductive substrate (2), while holes move to the metal contact
through the HTM (3). Those light-generated charge carriers
(both electrons and holes) produce a potential difference at the
front and back contacts of the PSCs and can generate an electric
current through a connected external circuit. During the
charge-transfer processes, some undesirable charge recombina-
tion often occur at the interfaces of the involved layers. Light-
generated electrons can recombine with holes in the perovskite
layer (4) and at the interface of perovskite and the HTM
layer (7). The injected electrons may further recombine with the
holes at the interfaces of ETL/perovskite (5) and ETL/HTM (6).
The interfacial properties mainly determine the performance of
solar cell devices. The interface molecular engineering has
turned out to be one effective strategy to solve the charge
recombination that occurs at the interface of PSCs.®*®® For
achieving high-performance PSCs, charge generation and
extraction (1)-(3) must be on much faster timescales than charge
recombination (4)-(7).

Today, so-called PSCs originate from the solid-state DSSCs
containing perovskite as a sensitizer. The historical evolution of
device architectures for the PSCs is in detail depicted in Fig. 4a-d.
The incipient PSCs are an exact mimic of the solid-state DSSCs,
as illustrated in Fig. 4a. The N719 dye or MAPbI; perovskite
plays the role of a sensitizer that generates electrons and holes
that are injected into the conduction band of a mesoscopic TiO,
scaffold and a solid-state hole-transporter material (HTM)
(spiro-OMeTAD in most cases), respectively.’®®® In the meso-
superstructure (Fig. 4b), a film of mesoporous scaffold Al,O3
instead of TiO, is covered with an ultrathin conformal coating
of MAPbI; perovskite. It is evident that Al,O; is not able to aid
in electron extraction and transport due to its large bandgap.
Therefore, MAPDI; is regarded as a light harvester as well as an
electron conductor. This meso-superstructured configuration
sporadically suffers from the poor pore filling of the HTM.
Although a PCE of up to 10.9% has been achieved, the role of
the mesoscopic Al,O; scaffold in these PSC devices remains
unclear. It should be noted that MAPDI; also plays a role of an
hole conductor in HTM-free mesoscopic architectures.”””* This
is different from its role in the meso-superstructured configu-
ration. A certified PCE of up to 12.8% has been obtained in
HTM-free PSCs with excellent stability, as compared with many
HTM-based PSCs. Based on the HTM-free architecture, a more
advanced architecture has been developed (Fig. 4c) where the
mesoscopic TiO, scaffold is fully infiltrated with the perovskite
light harvester and poly(triarylamine) HTM while the latter

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Solid-state mesoscopic solar cell using MAPbIs as a sensitizer and spiro-OMeTAD as an HTM (9.7%). (b) Meso-superstructured Al,O3 scaffold
nanocrystals covered with an ultrathin layer of MAPbls perovskite (10.9%), (c) the mesoscopic TiO, scaffold infiltrated by the perovskite (12%). (d) A planar
pn heterojunction solar cell lacking the TiO, mesoporous scaffold (15.4%). Reproduced with permission from ref. 60. Copyright 2014 NPG. (e) Cross-
sectional scanning electron microscopy (SEM) image of typical layered common device architectures of mesoscopic (left) and planar (right) PSCs
composed of fluorine-doped tin dioxide (FTO), ETLs (TiO, or SnO,), the perovskite film, HTM (spiro-OMeTAD), and a gold top electrode. SEM image by
courtesy of Dr Juan-Pablo Correa-Baena.
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penetrates the mesoscopic scaffold to a much smaller degree.
This permeation has been confirmed by energy-dispersive
spectroscopy and X-ray diffraction depth profiling technol-
ogies.”” In this advanced configuration, the perovskite plays
the dual role of a light absorber and a hole conductor, and the
thickness of the mesoscopic MAPDbI;/TiO, nanocomposited film
can be reduced to 200-300 nm without photocurrent loss. The
high PCE of 12% that was obtained in this configuration
indicated that the MAPDbI; perovskite was very effective as a
hole conductor. An improved PCE of 15% was further achieved
by the MAPDI; infiltrated composite structure with a two-step
coating method.” Since the perovskite can play a dual role in
transporting electrons and holes, the mesoscopic TiO, scaffold
layer is not required. Based on this design idea, the planar pn
junction concept was proposed, as depicted in Fig. 4d. A thin
layer of perovskite material is sandwiched between the HTM
layer and the compact TiO, blocking layer, which made the
device fabrication much easier than the before-mentioned two
configurations. In the PSC architectures with a planar geome-
try, 300 nm-thick MAPbI; ,Cl, films were fabricated by vapour
deposition of CH3;NH;I and PbCl,, and a PCE of 15.4% was
achieved.”” By contrast, the planar configuration could achieve
a similar device performance to the mesoporous configuration.
It is noted that a thin TiO, blocking layer as the bottom electron
transport layer (ETL) is still required in the planar configu-
ration lacking the TiO, mesoporous scaffold.

Except for the difference in the design configuration men-
tioned above, another difference between the mesoscopic and
the planar structure is that approximately 200 nm mesoporous
metal oxide (mp-TiO,) is employed as the electron transport
layer (ETL) for the former, whereas an only 10-70 nm-thick
compact metal oxide ETL is used for the latter, as illustrated in
Fig. 4e. In addition, the role of the perovskite materials changes
from an electron conductor in the meso-superstructure con-
figuration to a hole conductor in the mesoscopic-structured
configuration besides acting as a light absorber. Although
planar and mesoporous configurations have achieved champion
PCE records, the mesoporous configuration requires a high
temperature (usually greater than 450 °C) sintering process for
the TiO, scaffold, and the planar configuration based on the
TiO, ETL usually suffers from a j-V hysteresis. It should be
mentioned that based on this regular planar configuration,
an inverted planar structure, which adopted a similar device
structure to the OSC devices, was firstly proposed.”””® This
inverted planar structure uses p-type and n-type materials as
bottom and top charge transport layers, respectively, and the
charge transport layers used in OSC devices were successfully
transferred into PSC devices. The inverted planar structure of
PSCs has shown PCE values as high as 18%, lower temperature
processing, flexibility, and, furthermore, negligible /-V hysteresis
effects.”

1.3.2. Advances in the efficiency level for PSCs. Each big
breakthrough of device configuration can generate a key advance
in cell efficiency and fabrication process. The development of the
device configuration of PSCs, from DSSCs to the planar hetero-
junction PSCs, was accompanied by a dramatic advance in PCE
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from 3.81% in 2009 to 22.1% in 2016, as presented in
Fig. 52.%971774779° MAPDI, was initially used by Miyasaka and
co-workers as a sensitizer in liquid-state DSSCs with a PCE of
3.81% in 2009.%° Subsequently, a PCE of 6.5% was reported in
2011 for perovskite sensitized DSSCs in which perovskite quan-
tum dots were used as sensitizers and the triiodide/iodide redox
couple was employed.®” A major breakthrough was achieved in
2012, and PCEs of 9.7% and 10.9% were achieved by introdu-
cing organometal halide perovskite sensitizers in perovskite-
based solid-state DSSCs (or PSCs).®>°" As a milestone, these two
publications enabled a huge application potential for perovskite
materials in low-cost and high-performance solar cells. As a
result, more exciting discoveries and great progress in PSCs came
within a short period of time from 2012 to 2015. For example,
sequential deposition as a route to fabricate high-performance
PSCs greatly increased the performance reproducibility and
achieved a PCE of 15%. A dual-source vapour-deposited perov-
skite as the absorbing material yielded a PCE of 15.4% in a
simple planar heterojunction PSC. Solvent engineering resulted
in extremely uniform and dense perovskite layers for high-
performance PSCs with a PCE of 16.2% by combining meso-
scopic and planar structures.®' Compositional engineering by
incorporating MAPDbBr; into FAPbI; stabilizes the perovskite
phase of FAPbI; and improves the PCE of PSCs to 18.4%.”° With
interface engineering by controlling the formation of the per-
ovskite layer and careful choices of other materials, a PCE of
approximately 19.3% was achieved in a planar geometry with-
out an antireflective coating, and while carrier recombination
in the absorber was suppressed, good carrier extraction at the
electrodes was retained.”® The perovskite layers fabricated
through intermolecular exchange in PSCs brought about a
certified PCE of 20.1%.”” Today, the best research-cell efficiency
has reached a NREL certified PCE of 22.1% by KRICT/UNIST,
which is more than 5.8 times higher than the value achieved in
2009 (3.81%). This is an unprecedented rise in PCE for a PV
technology. Moreover, the higher efficiency level indicates that
PSCs will have a more efficient operation in the integrated
devices based on solar cells.

As discussed, early PSCs came from solid-state DSSCs that
can be dated back to 1998 (Fig. 5a), where a PCE of 0.74% was
achieved when the HTM spiro-OMeTAD and the N719 dye were
used in solid-state DSSCs.”° In 2001, the performance of solid-
state DSSCs was improved to 2.56% by controlling the charge
recombination across the interface of the heterojunction by
adding lithium bis(trifluoromethane sulfonimide) (LiTFSI) and
tert-butylpyridine (tBP).** A replacement of the N719 dye with
the metal-free organic D102 dye resulted in an enhanced PCE of
4.1% in solid-state DSSCs in 2005.%” The use of D-n-A dye C220
in solid-state DSSCs resulted in a new record of 6.08%, and a
PCE of 7.2% was further achieved by using p-type dopant FK102
in 2011.%%%° The solid-state DSSCs were not given a special
concern at early stages because of the relatively low PCE values.
No noticeable advance was made from 2005 to 2011.

A comparison of PCEs of mesoporous and planar PSC is
shown in Fig. 5b. This graph illustrates that the PCE of meso-
porous PSCs is generally higher than that of planar PSCs.
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Fig. 5 (a) Some representative PCE advances in perovskite-based and solid-state DSSCs reported in top journals. The certified cell efficiency records

resulted from the efficiency chart by National Renewable Energy Laboratory (NREL) (http://www.nrel.gov/ncpv/) and ref. 60 and 96. (b) A comparison of
PCEs of mesoporous and planar PSCs. The highest published PCE for a TiO, mesoporous infiltrated PSC (c) and a planar SnO, heterojunction PSC (d).

Reproduced with permission from ref. 94. Copyright 2017 RSC.

The current-voltage (J-V) hysteresis phenomenon depending
on the forward or backward scan direction was ignored, and
non-stabilized efficiencies were measured during the first few
years (shaded in grey in Fig. 5b). Many efforts have been made
to improve measuring protocols from 2014 to today, and slow
scan rates of the J-V curve and/or maximum power point
tracking define the record PCEs today (inset in Fig. 5c).
A stabilized efficiency of 21.6%, with remarkable V,,. values of
up to 1.24 V (for a theoretical maximum of 1.35 V), was achieved
in TiO, mesoporous infiltrated PSCs with multiple cation formu-
lations by incorporating Rb into the Cs/FA/MA perovskite.”> By
contrast, the highest stabilized PCE of 20.8% with V. values
above 1.19 V was reported in solution-processed SnO, as ETLs in
planar PSCs (Fig. 5d).>%

This journal is © The Royal Society of Chemistry 2018

Intrinsically, the high performance of PSCs can be con-
tributed by the fact that ABX; are suitable to be efficient
light absorber materials to meet desired demands for solar
cells, such as an appropriate bandgap for outstanding light-
harvesting ability, energy level/band alignment with contacting
materials, high charge carrier lifetime, and high charge carrier
mobility. High and balanced electron-hole mobility and life-
time mean that the light-generated electrons and holes can
move sufficiently large distances (the average carrier-diffusion
distance ranging between 100 nm and 1000 nm) to be extracted
as a current, instead of losing their energy as heat within the
Ceu‘60,67,95

Very recently, accelerated degradation of MAPbI; perovskites
has illustrated that the release of I, vapor can cause MAPbI;
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(including FAPbI; and FA, sCs,,Pbl;) to be severely degraded
due to chemical chain reactions.”””*® The volatile I, vapor was
produced when the MAPbI; was subjected to moisture, oxygen,
light illumination, thermal stress, and applied electric fields. In
this regard, the release of volatile I, vapor will be inevitable for
PSCs in practical applications. This means that research on
alternative perovskite materials is highly required to obtain
good long-term stable PSCs.”” Interestingly, Pb-free Sn-based
CsSnl; perovskite ingots with high-quality large single crystal
grains have recently been melt-synthesized, and long minority-
carrier diffusion lengths reaching 1 um and low surface-
recombination velocities of approximately 2 x 10> cm s "
(similar to Pb-based perovskites) were measured. A PCE of
approximately 23%, beyond the current highest certified effi-
ciency level of 22.1%, was predicted for optimized CsSnl; single
crystal solar cells, highlighting their great potential in practical
applications.”® In addition, enhanced stability and cell effici-
ency in HTM-free CsSnl;-based PSCs have been very recently
verified."® It should be noted that a road towards 25% effici-
ency and beyond has been recently proposed for tandem PSCs.'"*
Apart from developing alternative perovskite materials to solve the
degradation issue of MAPDI;, there are several reported strategies
to overcome this challenge;’®"*>'% for more details, please con-
sult recent review papers.'** 1%

All kinds of solar technologies will find their own markets,
and the new-generation perovskite PV technology is approach-
ing the performance of the existing silicon-based and thin film
PV technologies. However, the present efficiency level of PSCs is
still far behind the theoretical Schockley-Queisser limit (greater
than 34%) and can be expected to be increased further by using
revolutionary technologies in the future. In addition, the repro-
ducibility and long-term stability of the PSCs need to be
specially addressed to improve the technology’s practical utility.
Several review papers have recently summarized the progress of
PSCs.00762/64:66,67,95,96,106-129 gor more composition engineering,
interface engineering, solvent engineering, device operation,
structure evolution, efficiency achievement, charge transport
behavior, stability improvement, commercialization challenge,
open issues and pitfalls, and others, please refer to several
important paperS'GO,Gl,64,96,113—115,118

1.4. Integrated solar cell devices

Solar energy is generally intermittent and is typically installed
in remote regions which can make it difficult to connect them
directly to the national grid. In addition, solar cells cannot
directly store the electrical energy captured from sunlight.
Therefore, the intermittence of solar energy creates an urgent
demand for suitable energy storage technologies. Currently, the
universal practice for energy storage is to externally connect
rechargeable batteries to the solar module installation. For
example, silicon solar panels and solid-state lithium batteries
were conventionally developed as two independent devices.
Recent advances in energy harvesting and storage technologies
have demonstrated a new trend in harvesting multiple types of
energy using a single device.”°*° This means that an inte-
grated power pack, energy harvesting and storage technologies
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operating together in a power system, may be an effective
path to obtain a small sized, light-weight, high power density,
and high reliability energy system. In this regard, the develop-
ment of integrated energy harvesting and storage technol-
ogies, that capture and convert solar energy from sunlight with
high efficiency, and then consecutively store the electrical
energy by means of an electrochemical battery or other devices,
is of great importance to meet the special demands in the
future.

Present research on new-generation solar cells generally
focuses on improving the PCE. Other fields of research like
the integration of energy harvesting and storage systems receive
only minor attention but are significantly important for emer-
ging markets such as self-powering systems and portable/
wearable electronics. Generally, DSSCs, lithium-ion batteries
(LIBs), nanogenerators (NGs), and supercapacitors (SCs) can be
deposited on a rigid or flexible substrate, which means that
they can easily be integrated into one unit. Due to the ease of
fabrication and higher efficiency, solar cells are often chosen as
sources of electrical energy harvesting whereas LIBs and SCs
are often utilized as energy storage units. Great progresses have
been made on integrating conventional planar devices for energy
harvesting and storage. A planar-shaped integrated device for
both PV conversion and energy storage has been realized.'*"*>
As an example, the voltage of the integrated DSSC/SC device can
be charged and maintained at 0.72 V with an energy storage
efficiency as high as 84% and an entire photoelectric conver-
sion and storage efficiency of 5.12%."*' However, the planar
structure can not meet the combined requirements of light
weight, miniaturization, and flexibility of modern electronics.
To meet these requirements, flexible and fiber-shaped inte-
grated devices have been recently developed.'?*!3>143:14 The
integration of new-generation solar cells (DSSCs, PSCs, SSCs,
and OSCs) and chemical energy storage technologies (LIBs, SCs)
enable us to store flexibly and fully utilize the intermittent solar
energy.

In view of the enhanced and/or diversified function of
integrated solar cell devices as compared with conventional
devices with limited performance or sole applicability, many
integrated systems have been widely developed by combining
different devices into one unit. DSSCs as low-cost PV devices are
especially suited for building and automobile integrated PV
and portable/wearable or indoor light harvesting applica-
tions.*® Although the PCEs of DSSC systems are not on a par
with commercially available silicon-based or thin film solar
cells, DSSCs possess many features, such as transparency, light
weight, flexibility, conformability, workability under weak-light
conditions, and easy integration with other devices, that can
compel further DSSC’s development in modules. Unlike silicon-
based devices, DSSCs weakly depend on the angle of incident
light and perform much better under low light operating con-
ditions, which makes them suitable energy harvesting devices
for integration with other energy storage devices. Note that the
transparent and flexible devices deliver low PCEs at the lab
scale, which means that the devices turning into practical
applications still face many challenges. Likewise, PSCs have
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shown great promise for next-generation PV technology, due to
their intriguing optoelectronic properties (strong absorption in
the visible range,'*>'*® high carrier mobility,"*”**® bipolar
transport,'*® long photo-generated carrier diffusion length),***>!
and low cost and high efficiency, which enable realization of
highly efficient integrated PV devices. In addition, the research
enthusiasm, observed from the increasing number of papers
about PSCs, make PSC-based integrated devices a topic of
increasing popularity.

The noteworthy examples of integrated solar cell devices
based on PSCs and DSSCs are illustrated in Fig. 6. (i) PSCs can
be integrated with other solar cells (CIGS, OSCs, and SSCs) into
one unit to form a tandem device; (ii) solar cells such as DSSCs,
PSCs, OSCs, and SSCs can be integrated with LIBs, SCs, and
NGs into one unit to achieve integrated systems; (iii) DSSCs and
PSCs can be integrated with photoelectrosynthetic cells (PESCs)
into DSSC/PESC and PSC/PESC for hydrogen generation and
CO, reduction.

The challenge to review the growing research field of inte-
grated devices is the rapidly increasing number of publications
and research data. With the risk of missing some interesting
and important works for developing the integrated solar cell
technologies, the purpose of this review is to cover the integrated
solar cell device research in a broad sense and provide an overview
of trends in solar energy harvesting and storage applications.

(a) CIGS & PSC
0SC & PSC
PSC & PSC

SSC& PSC

(b)

* PSC

& pse
*CiGs g PSC
*S5Cg Psc

H
N > 4

Fig. 6 (a) Integrated devices for energy harvesting and conversion based
on PSCs. (b) Integrated solar cell devices for energy harvesting and storage.
DSSC: dye-sensitized solar cell; PSC: perovskite solar cell; SSC: silicon solar
cell; CIGS: Cu(ln,Ga)(S,Se),; OSC: organic solar cell; PESC: photoelectro-
synthetic cell: ELC: electrolysis cell.
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We will, however, mainly limit ourselves to the integrated
devices based on DSSCs and PSCs.

2. Integrated solar cell devices for
energy harvesting and conversion
2.1. PSC/silicon tandem devices

Tandem solar cells present an exciting means for increasing the
PCE of solar modules thereby reducing the balance of system
cost (BOS) for PV systems and potentially the cost per watt peak
($ per W) of modules if the associated added costs can be kept
negligible. Tandem solar cells are fabricated such that one or
more p-n junctions that employ wide-bandgap absorbers are
above a p-n junction that employs a small-bandgap absorber,
in order to improve the utilization of the solar spectrum and
reduce the thermalization losses of photons.'*>'* Highest
efficiency tandem solar cells are based on III-V semiconductors
and fivejunction cells have achieved up to 38.8% efficiency
under one sun."” However, the high material cost and expen-
sive epitaxial layer growth of III-V semiconductors limit
tandem devices to special markets such as concentrated PV
or extra-terrestrial applications. PSCs are highly suitable for
their integration in tandem devices as they exhibit wide band-
gap tunability and low sub-bandgap absorption while allowing
for the use of economical solution processing methods with low
processing temperatures, which is indispensable for their use
as top cells.">"*° Moreover, the lack of a liquid electrolyte in
solid-state (p-i-n) PSCs allows for easier manufacturing and
increased stability of integrated tandem devices as reduced
emphasis has to be devoted on leaking and hermetic sealing."°

The combination of large-bandgap perovskite and small-
bandgap SSCs in an integrated or tandem device is a highly
popular research field and widely regarded as a market entry point
for the perovskite technology.>*®* With the leading market share
of over 90% for Si modules, any improvements to the existing
technology can have a major impact on the consumer market.'®
The nearly ideal band gap for tandem bottom cells of 1.12 eV
makes Si devices a good match in conjunction with perovskite top
cells having large band gaps between 1.7-1.8 eV.'%"'%371% while
optimal top cell band gaps can be obtained by the substitution of
I” with Br™ in typical MAPbI; absorbers,'®*'®® increasing research
is devoted to address the reported photo-induced instability of
mixed halide composition.'®~""*

Mechanically stacked, monolithic, as well as spectrally split
tandem devices have been explored with various types of Si
cells, device architectures, top cell band gaps, transparent con-
tacts, and light trapping schemes. Simulations predict tandem
device efficiencies over 30-35% for two-terminal'®>'”*""”° and
four-terminal devices'®®'71176177:180181 with optimized light
management, bandgap tuning, layer thicknesses, and architec-
ture, surpassing the record for single junction c-Si at 26.6%.%"%*
Jiang et al. estimated highest tandem performances for two-
terminal devices, recommending the use of indium tin oxide
(ITO) as top contacts as compared to graphene or thin metal
layers.'”®
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Several Si cell technologies have been employed for
integrated devices such as polycrystalline, monocrystalline
homojunction, passivated emitter rear contact (PERC),"8*'8¢
heterojunction technology (HJT),"®” and inter-digitated back
contact (IBC) cells,'®® and the choice has major ramifications
for tandem efficiencies, device processing, and the choice of
architecture.””" Four-terminal, mechanically stacked architec-
tures are inherently easier to manufacture and can be readily
amended to the existing Si technology.'”® Requirements for
monolithic devices, such as current matching, flatness of the
bottom cell, suitable contacting layers, and choice of adequate
processing temperatures and reagents to allow fabrication on
prior deposited films, can be omitted. Additionally, the energy
yield of monolithic devices in real time operation can be affected
by up to 5% by variations in spectral irradiance distribution,
incident angle of light, and temperature, due to non-ideal
current-matching.'®*'®® Recently, Braly et al. investigated the
impact of phase segregating mixed halide perovskite top cells on
the performance of current-matched tandem devices. Notably,
the authors found that despite the induced phase segregation
and the accompanied dramatic decrease in output current in the
top cell, the current output of the PSC-shaded bottom cell was
left unaffected, which could point to an additional advantage for
four-terminal devices."®

The biggest hurdle in the manufacturing of mechanically
stacked tandems is the replacement of opaque contact layers
in the perovskite top cell. Lang et al. used a flexible transfer
process of a single graphene layer to fabricate up to 6.2%
efficient semi-transparent PSCs, which resulted in 13.2% effi-
cient tandem devices when stacked on HJT bottom cells. The
reduced FF in the MAPDI; device as compared to the Au
contacted cell was attributed to the high sheet resistance of
graphene, which was estimated to be 350 ohm sq~"."*" The use
of a MoO,/ITO hole transport layer (HTL) yielded a slightly
reduced top cell transmittance of around 55% but enabled
MAPDI; devices with a similar performance at 6.2% PCE
and tandems up to 13.4% when combined with HJT cells.'”®
McGehee and co-authors employed transfer-laminated Ag
nanowire (NW) electrodes with 90% transmission and around
10 ohm sq~' sheet resistance to develop semitransparent
MAPDI; top cells with up to 12.7% efficiency. These cells were
mechanically stacked on both polycrystalline and monocrystal-
line Si cells to obtain 17.0% and 17.9% PCE, respectively.'>
Transparent top cells with improved stability and efficiency of
up to 12.3% were fabricated by sputtering ITO contacts on an
Al-capped ZnO nanoparticle layer on PCBM ETLs. This inverted
architecture was seen to exhibit an improved temperature
stability as compared to opaque cells with Al/Ag contacts with
a temperature coefficient as low as 0.22% per °C. In combi-
nation with 17.0% efficient mono-Si bottom cells, up to 18.0%
efficient tandem devices were achieved."”

Sputtered ITO was also used by Duong et al. to obtain 12.4%
semi-transparent top cells with a high transmission of 80% at
around 900 nm wavelength. When these cells were stacked on
high performance PERC Si cells with 19.6% PCE, up to 20.1%
efficient tandems could be measured."” McMeekin et al.
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investigated larger band-gap (FA,Cs)Pb(I,Br); perovskite mate-
rials for optimum band-gap matching with bottom Si cells and
increased light stability and achieved stabilized 16.0% efficient
opaque devices with a band gap of 1.74 eV. An ITO nanoparticle
layer allowed the sputter deposition of ITO on a spiro-OMeTAD
HTL for 15.1% efficient (12.5% stabilized) semi-transparent top
cells. 19.2% efficient HJT bottom cells enabled up to 19.8%
steady-state PCE while up to 25.2% was projected from best
performing opaque devices assuming 100% transparent
electrodes.'® Employing thin metal layers as transparent top
contacts, i.e. 7 nm Au on 1 nm Cu seed layer, 16.5% semi-
transparent MAPDbI; PSCs were presented by Chen et al. In
combination with 21.2% HJT cells as bottom absorbers, 23.0%
efficient tandem devices were obtained.'*® Ren et al. presented
semi-transparent PSCs with a MoOs/Au/MoO; multilayer stack
that was evaporated on a spiro-OMeTAD HTL to achieve 18.1%
efficient top cells. The combination with 19.1% efficient mono-
crystalline Si cells resulted in 23.6% efficient tandem devices."®”
Peng et al. introduced indium doping of state-of-the-art TiO,
ETL layers to improve conductivity and band alignment at
the ETL/perovskite interface. ITO and Au gold fingers were
deposited on MoO; and spiro-OMeTAD HTLs to enable 16.6%
stabilized PCEs for (Cs,MA,FA)Pb(I,Br); devices. In combination
with 24.0% highly efficient, IBC Si bottom cells,"®® up to 24.5%
tandem devices were achieved."”® Ballif and co-workers devel-
oped near-infrared (NIR) transparent MAPbI; perovskite top
cells with transmission values over 70% between 800-1200 nm
wavelength and stabilized efficiencies up to 16.4% with
IO:H/ITO layers that were sputtered on MoO,. An optical cou-
pling liquid was used between the subcells to optically connect
cells and reduce reflection losses (see Fig. 7a). Tandem efficien-
cies of up to 25.2% were obtained in combination with 22.1%
SHJ bottom devices."***°° Close to the current single junction
Si record at 26.6% PCE, a recent publication by Duong et al.
presented highest mechanically stacked, four-terminal PSC/Si
tandem devices of up to 26.4% efficiency.”* Multi-cation
MA/FA/Cs/Rb perovskites with a bandgap of 1.73 eV and quartz
glass substrates were used to obtain semi-transparent devices
with steady state PCEs of up to 16.0% and an average trans-
mittance of 84% between 720 and 1100 nm wavelength.
Silicone gel was employed to improve the optical coupling
between the perovskite top cell and the 23.9% efficient IBC Si
cell bottom cell.

A few results were reported for mechanically stacked two-
terminal devices. Two separate subcells are thereby individually
processed and finally electrically connected by enabling a
direct contact between the cell top electrodes. Matteocci et al.
reported up to 14.5% efficient devices using a stacked ITO
interlayer to connect a MAPbI; and HJT cell. 14.5% PCE was
reported with V,. of up to 1.56 V confirming good voltage
addition of the subcells. However, large hysteresis of the
devices was observed.”®® Similar devices with ITO interlayers
but on monocrystalline Si bottom cells and with the addition
of a thin Au layer between spiro-OMeTAD and ITO were pre-
sented by Kanda et al., showing reduced hysteresis and up to
13.7% PCE.**”
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Fig. 7 (a) Four-terminal HJT Si-perovskite tandem device architecture
that yielded up to 25.2% efficiency. An optical coupling liquid was used
between the subcells to optically connect cells and reduce reflection
losses. Reprinted with permission from ref. 200. Copyright 2016 ACS.
(b) Monolithic devices on polished HJT Si substrates have achieved up to
23.6% efficiency to date. Reprinted with permission from ref. 220. Copyright
2017 Wiley-VCH.

Another means of mechanically connecting tandem devices
is spectral beam splitting.”°**°®> The inherent advantage in this
architecture is a higher degree of freedom in manufacturing as
compared to stacked devices as the need for a semi-transparent
top cell is omitted. Uzu et al. employed a dichroic mirror that
was positioned at 45° with respect to a 25.2% efficient HJT and
a 15.3% MAPDI; perovskite device to gain combined efficiencies
of up to 28.0%.%°° Sheng et al. used a similar architecture with a
beam splitter to combine large-band-gap MAPDbBr; solar cells
with both multicrystalline Si and PERC devices to arrive at up
to 18.8% and 23.4% efficiency, respectively.””” Duong et al.
reported on a reflective tandem configuration, in which the PSC
acts as a spectral filter and reflects the long wavelength light to
a Si cell. In this setup, a combined efficiency of up to 23.1% was
obtained using 22.4% and 15.2% efficient IBC Si and perovskite
devices, respectively.’®® A similar performing tandem device

This journal is © The Royal Society of Chemistry 2018

View Article Online

Energy & Environmental Science

was reported by Li et al. using a 16.4% efficient (FA,Cs)Pb(I,Br);z
PSC and a 21.3% efficient PERC Si cell in a reflective tandem
configuration.>*®

There are also several reports on two-terminal, monolithic
tandem devices with perovskite and Si absorber layers. Reduced
resistive and optical losses stemming from the omission of an
additional substrate and/or charge transport layers should
enable monolithic devices to reach more superior performance
than mechanically stacked devices.'”>"”%'”® However, the more
stringent requirements on current matching, device inter-
connection, and consecutive processing steps add complexity
to the realization of such devices. The direct deposition of
perovskite top cells on Si substrates requires feasible manu-
facturing and high cell performance in the substrate configu-
ration. SSCs can be fabricated with both n-type and p-type
wafers leaving some flexibility on the device polarity of the top
cell. The use of certain high efficiency Si technologies, however,
such as HJT devices with n-type wafers or PERC cells with p-type
wafers, can dictate the use of conventional or inverted cell
architecture, respectively, as well as operation of the top cell in
the superstrate or more commonly the substrate configuration.
As highest PSC device efficiencies are typically obtained in the
superstrate configuration, additional research and optimiza-
tion is required to mitigate performance losses in inverted
device operation. The thin layers of perovskite layers might
further require a planar surface of bottom cell substrates, which
can lead to increased reflection losses in the Si device.?'° Light
trapping structures for high PCE Si devices receive major
attention to improve the inherently weak light absorption in the
NIR.>"?"* High efficiency Si cells therefore typically employ
sophisticated light trapping schemes with textured front and/or
rear surfaces. Other limitations on processing can arise from
temperature restrictions of the Si cell. While diffused junction
silicon devices undergo diffusion and oxidation steps around
800-900 °C and should therefore be compatible with processing
temperatures around 500 °C (as can be required by NiO, or TiO,
layers in PSCs),>'*?' thin HJT cells might necessitate much
lower temperatures below 150-200 °C to avoid performance loss
due to passivation degradation and substrate warping.8”-2*3"21?
Additionally, typically used ITO or indium zinc oxide (IZO)
transparent conducting tin oxide (TCO) layers in HJT cells are
neither electrically nor optically stable upon annealing at
500 °C in an oxygen containing environment.”"* With record
efficiencies up to 26.3% and their use of TCO top contacts,
HJT Si cells are nevertheless highly attractive and commonly
used for monolithic tandem applications with perovskite top
cells.®'%?

McGehee, Buonassisi, and co-workers reported first mono-
lithic Si-perovskite devices with up to 13.7% stabilized effici-
ency by employing a Si-based n"*/p"* tunnel junction between
an n-type Si wafer and a perovskite top cell. The semi-
transparent top cells were manufactured in the conventional
architecture with high temperature processed TiO, layers and
transparent Ag NW mesh top electrodes.”'®*"” Werner et al.
reported increased PCEs of up to 16.4% with homojunction Si
bottom cells utilizing zinc tin oxide (ZTO) as a high temperature
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stable recombination layer for mesoscopic TiO,-based perovskite
top cells.””® Albrecht et al. employed HJT bottom cells and
replaced TiO, ETLs with low-temperature-processed tin oxide
layers by the atomic layer deposition (ALD) technique, which
formed the recombination contact together with ITO. MoO; and
ITO were used as HTLs for semi-transparent (FA,MA)Pb(I,Br);
perovskite devices to enable up to 19.9% efficient (18.1%
stabilized) monolithic tandem solar cells.'*>*'® Werner et al.
presented low-temperature-processed IZO films as recombina-
tion layers between HJT bottom cells and MAPDbI; top cells.
Highly transparent top cells with up to 16.4% stabilized power
output were enabled by sputtering of IO:H and ITO layers on
MoO, HTLs. Monolithic two-terminal tandems from this archi-
tecture resulted in up to 21.2% and 20.5% stabilized efficiency
for 0.17 cm” and 1.43 cm? large devices, respectively.'***'® Bush
et al. recently presented monolithic perovskite-HJT devices
with up to 23.6% certified PCE with stable power output and
no hysteresis (see Fig. 7b). Encapsulated, semi-transparent
(Cs,FA)Pb(I,Br); cells with SnO/ZTO buffer layers and sputtered
ITO exhibited up to 14.5% PCE and withstood a 1000 hour
damp heat test at 85 °C and 85% relative humidity, which is the
international electrotechnical commission (IEC) standard for
crystalline Si modules.**°

2.2. PSC/CIGS tandem devices

Chalcopyrite Cu(In,Ga)(S,Se), (or CIGS) solar cells are a highly
attractive technology for the incorporation into integrated or
tandem devices due to their thin film nature, high PCE, and
tunable bandgap. PCEs of up to 22.6% have been achieved for
single junction devices, which exceeds PCEs of market leading
pc-Si and all other thin film PV technologies.?****> The thin
film nature allows for a wide choice of deposition methods
and substrates which opens the door for low-cost printing
techniques, roll-to-roll deposition, and flexible tandem
modules.?***?* The bandgap of CIGS can be tailored from
1.0 eV up to 2.4 eV by increasing the gallium and sulfur content
in the absorber.?*® Both highest performing devices at a band
gap of 1.15 eV and lower band gap variants down to 1.0 eV are
gaining increasing attention for the use as bottom cells in
tandem devices with perovskite top cells.?*?*” Simulations
predict theoretical tandem PCEs of up to 42% for a combi-
nation of a 1.6-1.9 eV band-gap top cell with a 0.9-1.2 eV band-
gap bottom cell, which is well accessible for perovskite and
chalcopyrite absorbers, respectively.>**>*?

Most reports on PSC/CIGS tandem devices to date have
focused on the mechanically-stacked architecture. A semi-
transparent perovskite solar cell is thereby stacked on top of
a CIGS device to increase the utilization of the solar spectrum.
The low capital investment of this method allows upgrading of
existing technologies, providing a simple pathway for com-
mercialization.'> The typically employed four-terminal con-
figuration omits the need for sophisticated current matching via
the bandgap, absorber thickness, or area of in-series-connected
cells, which is crucial for two-terminal devices. The use of two
separate substrates further reduces restrictions on processing
parameters, reagents, and device architecture.
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The biggest hurdle for four-terminal devices has been the
fabrication of semi-transparent perovskite devices. Typically
used opaque metal contacts, such as gold,***"**¢ silver,?*” 4 or
aluminum,******> have to be replaced by transparent contacts.
Bailie et al. developed a transparent contact in the form of a
spray-coated Ag NW film that was transferred via a lamination
process onto the spiro-OMeTAD layer of the perovskite cell.
While this method posed a high risk of shorting or incomplete
transfer, low sheet resistances (12.4 ohm sq ') and high trans-
mission values (90%) were obtained. Due to the poor stability of
mixed-halide perovskites,'®® semi-transparent MAPbI; devices
with 12.7% PCE and a band-gap of 1.6 eV were stacked on
17.0% CIGS solar cells (E; = 1.1 eV) to produce up to 18.6%
tandem devices.'*> Improved tandem PCEs of up to 19.5% were
obtained by Tiwari and co-authors by using a transparent
contact composed of evaporated MoO; and sputtered ZnO:Al
to yield 12.1% semi-transparent MAPbI; PSCs and stacking
them on 18.4% efficient CIGS bottom cells (see Fig. 8a).>**
Substitution of the ZnO:Al TCO by sputtered In,O3:H led to
14.2% efficient PSCs and 20.5% tandem devices due to higher
NIR transmission of the TCO.>** By moving to a substrate
configuration and inverting the architecture of the PSC, up to
16.1% transparent PSCs were obtained without any additional
anti-reflective (AR)-coating. Amongst others, substitution of
MoO; with PTAA HTL resulted in over 80% transmission of
the PSCs in the NIR region. The combination with 1.15 eV
bandgap CIGS and 1.0 eV bandgap Culn(S,Se), (CIS) devices
resulted in up to 22.1% and 20.9% efficient tandem devices. It
is noteworthy that the bottom cells thereby had a stand-alone
PCE of 19.2% and 13.0% for CIGS and CIS, respectively.>*®
A 20.7% efficient tandem device was recently presented by
Guchhait et al. The group utilized a 1 nm thin Ag buffer layer
together with sputtered ITO to obtain 16.0% semi-transparent
MAPDI; devices; bottom cells exhibited a stand-alone PCE of
12.3%.>*® First tandem modules of up to 17.8% efficiency have
been reported for a mechanically stacked 3.76 cm? sized mini-
module, surpassing individual module efficiencies for both
subcell technologies.**”

The thin film nature of both perovskite and chalcopyrite
absorbers allows for the employment of low-cost printing
methods which are expected to further reduce cost for tandem
devices. Lee et al. have reported four-terminal tandem devices
with solution-processed absorbers and electrode layers that
achieved up to 10.8% PCE. CIGS absorbers with an absorption
edge at 1250 nm were thereby formed from a methanol solution
with polyvinyl acetate (PVA) binder that was converted with Se
vapors and H,S gas. Semi-transparent PSCs with up to 8.3%
PCE were obtained using Ag NW films that were transferred
onto spiro-OMeTAD. For the 8.0% efficient CIGS device, ZnO
and ZnO:Al layers were spin-coated from sol-gel solutions with
embedded Ag NWs to improve the conductivity.**® Yang et al.
reported solution-processed tandem devices with up to 15.5%
efficiency. Hydrazine solutions were employed to fabricate
12.4% efficient CIGS devices while semi-transparent PSCs with
up to 11.5% PCE were obtained by thermally evaporating MoO,/
Au/Ag/MoO, layer stacks that served as the transparent HTL.>*’
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Fig. 8 (a) Four-terminal CIGS-perovskite integrated device architecture
that yielded up to 19.5% efficiency. Further advancements by the same
group led to up to 22.1% efficient devices. Reprinted with permission from
ref. 243. Copyright 2015 ACS. (b) Solution-processed monolithic devices
have achieved up to 10.9% efficiency to date. Reprinted with permission
from ref. 260. Copyright 2015 Wiley-VCH.

Uhl et al. used a combination of spin-coated Cg/bisCg bi-layers
together with sputtered ITO as the ETL to gain semi-
transparent PSCs with up to 13.6% PCE (without AR-coating).
CIGS absorbers were obtained from a molecular ink with
dimethyl sulfoxide (DMSO) and thiourea to yield up to 14.3%
efficient CIGS and 13.0% efficient CIS devices. Mechanically-
stacked tandems with various top and bottom bandgap combi-
nations showed highest tandem stabilized efficiencies of up to
18.8% for CIGS bottom cells with MAPbI; top absorbers and up
to 18.7% for CIS with MAPDbI;. Current-matched, two-terminal
tandem devices were also projected which resulted in up to
18.5% PCE when combining low-bandgap CIS with MAPbI;
absorbers, highlighting the excellent suitability of low-bandgap
CIS devices for the application in monolithic bottom cells. Best
current matching was thereby obtained for 1.15 eV and 1.70 eV
devices as well as 1.0 eV and 1.51-1.59 eV devices. The authors
also highlighted potential fill factor (FF) losses for CIS bottom
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cells under UV-filtered light, which were shown to be mitigated
by a slight adjustment to the sulfur content.>*°

To date, there has only been one report of monolithic
tandem devices with CIGS and perovskite absorbers, which
points to the increased difficulty of device manufacturing.
Processing temperatures, layer compatibilities, film roughness,
and device architectures have to be considered carefully. The
formation of the CIGS absorber typically requires temperatures
between 400-600 °C,****'>% which is incompatible with
perovskite devices.>**>*® Similarly, high temperature calcina-
tion steps that are used for typical charge transport layers in
perovskite cells are incompatible with CIGS solar cells. The
TiO, ETL and NiO, HTL, for example, that are used for highest
efficiency perovskite devices in the conventional and inverted
architecture, respectively, require annealing steps around
400-550 °C for 30-60 minutes.'?®19%234237:241 Kiiima et al. have
shown that temperatures over 320 °C can lead to a dramatic
breakdown of the CIGS device performance due to the counter-
doping of the absorber by Cd or Zn diffusion from the buffer
layer.”®” Low temperature air-annealing at 200 °C is typically
regarded to be harmless (or even beneficial) for CIGS devices
when conducted for several minutes, while extended durations
can result in cation diffusion as well.**®**° Todorov et al. found
that the proximity of ZnO layers in CIGS devices can lead to
deterioration of the perovskite at temperatures as low as 60 °C,
while ZnO-free CIGS devices allowed annealing at 120 °C for
several hours without damage.”®® The planarization of the
bottom cell might also have to be addressed due to the inherent
roughness of polycrystalline CIGS absorbers.'*?** Lastly, the
electrode polarity of CIGS devices in the substrate configuration
with a bottom anode and a top cathode demands the perovskite
top cells to be fabricated in substrate configuration and inverted
architecture when monolithic tandem devices are desired, which
can impose severe constraints on device processing and limit
the electronic quality of the absorber and charge selective
contacts.>>**** The list of practical disadvantages, however, might
be offset by economic benefits from cost savings in manufactur-
ing (i.e. monolithic integration and omission of an additional
substrate and electrode) and improved performance (i.e. reduced
optical and resistive losses), which can make monolithic two-
terminal devices economically advantageous,'”%22%228232

Todorov and co-authors have addressed these issues and
reported on up to 10.9% efficient monolithic tandem devices
(see Fig. 8b). Semi-transparent PSCs were developed with ETLs
composed of PCBM and thin Al layers (50% transmission)
or Ca-based electrodes (80% transmission), respectively. The
polystyrenesulfonate doped poly(3,4-ethylenedioxythiophene)
(PEDOT:PSS) was employed as a recombination layer between
ITO and the perovskite. CIGS solar cells with a band gap of
1.04 eV were fabricated with a hydrazine-based solution process
and covered with mixed-halide PSCs with a band gap of 1.72 eV
to achieve monolithic tandem devices with up to 8.0% PCE for
Al contacts and 10.9% PCE for Ca-based contacts. From single
junction device performances, two-terminal PCEs of up to
15.9% were projected assuming an ideal top electrode with
100% transmission, which highlights the potential for further
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improvements.>®® Detailed optical modeling and optimization
for planar CIGS/hybrid perovskite tandems claims possible
PCEs as high as 29% without any antireflection (AR)-coating
or light scattering structures.>>

2.3. PSC/PSC tandem devices

Tandem solar cells based on two perovskite subcells are
receiving increasing attention due to their high potential for
achieving high performance at very low cost and energy pay-
back time.”>*** Simulations show that PSC/PSC devices could
attain efficiencies of over 35%, which would be competitive to
tandems with other bottom cell technologies.”** The main
hurdle for PSC/PSC tandems so far has been the absence of
stable low-bandgap perovskite compositions. Hao et al. pre-
sented lead-free compositions by substituting Pb with Sn that
achieved up to 5.73% PCE.>® It was shown that MASn(I,Br);
absorbers can cover a band-gap range from 2.15 eV down to
1.30 eV for pure bromide and iodide compositions, respectively.
Liao et al. investigated (FA,MA)PbSnlI; absorbers and achieved
PCEs of up to 15.0% with a perovskite band-gap as low as
1.2 eV.”®° Sn-based perovskites were reported to exhibit poor
atmospheric stability as compared to their lead-based analog.>*®
However, several alternative low-bandgap compositions have
since been explored with the addition of FA*, Cs", Pb**, and CI~
that show improved performance and stability,>*%264266:267
Bottom cell absorbers with a band-gap of 1.2 eV are well matched
with top cell absorbers with 1.75-1.85 eV and 1.6-1.9 eV in two-
terminal and four-terminal architectures, respectively.**®

Heo et al. presented mechanically-stacked PSC/PSC devices
that were connected via a lamination technique. Wet poly(3-
hexylthiophene) (P3HT) and PTAA top contact layers on MAPbI;
devices were pressed onto the PCBM top contacts of MAPbBr;
bottom devices to obtain two-terminal tandem cells with a V.
of 2.25 V and up to 10.4% PCE.**® Eperon et al. reported
remarkable four-terminal devices of up to 20.3% efficiency
(see Fig. 9). In this work, (FA,Cs)(Sn,Pb)(I,Br);-based absorbers
allowed bandgap tailoring and improved device stability.
Bottom devices with 1.2 eV bandgap and up to 14.8% efficiency
were combined with semi-transparent top cells of 1.6 eV
bandgap and 15.8% efficiency to reach the highest efficiency
tandems.>*?

Jiang et al. were the first to report on bottom up, solution-
processed, two-terminal tandem devices. A multilayer of
spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI (poly(ethyleneimine)
is abbreviated to PEI) was thereby employed as a charge recom-
bination layer. Monolithic tandem devices in the substrate con-
figuration exhibited up to 1.89 V, but PCE (7.0%) and short circuit
current density (/) values were limited due to the use of two equal
band-gap MAPDI; absorber layers with non-complementary absorp-
tion spectra.>®® Eperon et al. combined 1.2 eV (FA,Cs)(Pb,Sn)I;
bottom cell absorbers and 1.8 eV (FA,Cs)(Pb,Sn)(I,Br); top cell
absorbers to gain monolithic tandem efficiencies of up to 17.0%
(see Fig. 9). It was seen that the top ITO contact of the bottom
devices acted as a protection layer to avoid solvent damage from
consecutive layer processing. Forgacs et al. deposited 1.55 eV
MAPDI; bottom cells on 2.0 eV band-gap (FA,Cs)Pb(I,Br); top cells.
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Fig. 9 (a) Two and four terminal tandem configuration that yielded up to
17.0% and 20.3% PCEs. (b) SEM micrograph of the two-terminal perovskite
tandem device with 1.2 eV and 1.8 eV band-gap subcells. (c) Stabilized
power output of the two- and four-terminal tandems and subcells. Reprinted
with permission from ref. 263. Copyright 2016 AAAS.

Monolithic tandems in the superstrate configuration achieved up
to 18.1% PCE in reverse scan (17.4% in forward scan) using small
molecular weight organic semiconductors as selective charge
transporting layers. Notably, all layers were vacuum evaporated,
except for the wide-bandgap perovskite and the TiO, ETL.>”°

2.4. PSC/organic solar cell (OSC) tandem devices

Usually, solar radiation below a wavelength of about 800 nm
can be utilized in most state-of-the-art PSCs with MAPDbI; or
FAPbI; whereas the majority of the NIR range cannot be
efficiently used, which hinders the efficient harvest of photons
and further advance in PCE. Therefore, one promising way to
improve the cell’s performance is to broaden the light absorp-
tion of the perovskite layer to the NIR spectral region (higher
than 800 nm). Very successfully, the photo-response of hybrid
halide perovskites as light harvesters for PSCs has been pushed
to 950 nm (MASnI;) and 1060 nm (MASn, sPb, 5I3) by replacing
Pb with Sn. However, the corresponding PCE (5.73% and 4.18%)
and open circuit voltage (V,.) (0.82 V and 0.42 V) of the
MASn,Pb; _,I; PSC with poor stability were much lower as
compared with the typical MAPbI; PSC.>*>*”" Another alter-
native strategy is to broaden the light absorption to the NIR
spectral region by integrating PSCs with other solar cells to
enhance the PV performance of PSCs. As we reviewed above, the
overwhelming majority of work has focused on integrating PSC
with CIGS or SSCs. Here, we will highlight another type of
integrated devices based on PSCs and OSCs.

The integration of PSCs and OSCs into one unit means to
integrate both a perovskite and a bulk-heterojunction (BHJ) in
an interlayer-free tandem cell. More exactly, some examples
cannot be regarded as an integrated system; it is just the
modification of PSCs. The BH] is a photoactive layer composed
of a NIR absorbing conjugated polymer and small molecule or a
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fullerene derivative usually used as light absorbers in OSCs that
have exhibited superior PV performance. The electrons and
holes produced in perovskite films and BH]J films can be
collected at each electrode based on their ambipolar charge
transporting properties. It is highly desirable for capturing
full-range solar light from ultraviolet-visible (UV-vis) to NIR
solar spectrum by integrating a perovskite layer as a UV-vis
absorber and a BHJ layer as a NIR absorber in an interlayer-free
tandem cell. The PCE value of the as-fabricated integrated
device can be expected to increase to the one approaching the
Shockley-Queisser limit.””>>73

Until now, there have been several interesting reports that
investigated integrated PSC/OSC devices, and their perfor-
mances, including FF, Ji., photo-response, and NIR harvesting,
which are greatly improved by the integration pattern.?”*">”8
These innovative designs present huge potential to achieve high
PCEs in the development of new-generation PV technologies.
Poly(diketopyrrolopyrrole-terthiophene) (PDPP3T) is a typical
low-bandgap polymer with an optical bandgap of 1.33 eV, lower
than that of MAPbI; (approximately 1.55 eV).®”*”® Integrating
PDPP3T into a PSC forms a structure of ITO/PEDOT:PSS/MAPbDI;/
(PDPP3T-PC¢;BM)/Ca/Al (PCs;BM stands for [6,6]-phenyl-Cq;-butyric
acid methyl ester), as illustrated in Fig. 10a, in which both
perovskite and PDPP3T serve as the light absorber. The bilayer
absorber film can efficiently enhance the light absorption of the

(a) Ca/Al

Ca/Al
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integrated cells, resulting in an expanded photo-response of the
integrated cell to 970 nm, higher than that of the single BHJ cell
or single PSC. The external quantum efficiency (EQE) spectrum
(Fig. 10b) of the integrated cell in the 300-755 nm section mainly
stems from the PSC due to the strong absorption of MAPbI; in
that region while beyond 755 nm it mostly comes from the BHJ
cell. Although the photo-response of the integrated cell has been
greatly broadened, the average PCE (6.63%), FF (0.60) and V.
(0.86 V) values of the integrated cell have not achieved an evident
increase as compared with the single PSC (9.46%, 0.80, and
0.90 V) (Fig. 10c).>™

Through introducing a wide-band gap, small-molecule
DOR3T-TBDT as a donor into the BHJ film, and integrating
perovskite with BHJ together, Y. Yang’s group developed an
integrated perovskite/BHJ device with a structure of ITO/TiO,/
perovskite/BHJ/MoOs/Ag, as illustrated in Fig. 11a and b.>”®
This improved planar structure is an interlayer-free parallel
tandem solar cell based on both PSC and OSC subcells for
efficient light harvesting. The MAPbI; ,Cl, perovskite layer
absorbs UV-vis light while the DOR3T-TBDT/PC,;BM or
PBDTT-SeDPP/PC,;BM (PC,;BM stands for [6,6]-phenyl-C,;-
butyric acid methyl ester) BH]J layer absorbs the light that has
not been fully absorbed by the perovskite or NIR light. The
efficient integrated PSC/OSC device using the PBDTT-SeDPP/
PC,;BM BH]J film achieves a higher PCE (12%) and a higher
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Fig. 10 Structures (a), EQE spectra (b), and J-V curves (c) for the OSC (BHJ solar cell), PSC and the integrated PSC/BHJ cell. Reproduced with

permission from ref. 274. Copyright 2015 RSC.
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device. (d) EQE spectra of the corresponding PV device and absorption spectra
with permission from ref. 276. Copyright 2015 ACS.

Jse (20.6 mA cm™?), compared with a PSC using PBDTT-SeDPP
alone (9.7%, 18.1 mA cm™?) (Fig. 11c). The EQE data confirms
that the photo-response of the integrated perovskite/BH]
device with a structure of ITO/TiO,/MAPbI;_,Cl,/PBDTT-SeDPP/
PC;;BM/Mo0O;/Ag is extended to 900 nm whereas that of the
PSC shows no photo-response higher than 800 nm (Fig. 11d).
The extension to 900 nm can be attributed to the contribution
of PBDTT-SeDPP which exhibits high light absorption in the
UV-vis-NIR region. However, it should be noted that the neat
small molecule or polymer HTM cannot contribute to the
photocurrent whereas the PBDTT-SeDPP blended with PC,,BM
acceptor in BHJ forming an integrated device structure with
perovskite will generate higher photocurrent and higher PCE.
A full-range absorbing integrated solar cell composed of
UV-vis absorbing MAPbI; perovskite layer and an NIR absorbing
organic BHJ was recently developed by Lee and co-authors.””” As
shown in Fig. 12a-c, the BHJ is composed of a diketopyrrol-
opyrrole (DPP)-based low-bandgap polymer DT-PDPP2T-TT,
PC,;BM and N2200 (poly[N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-al¢-5,5'-(2,2'-bithiophene) is
abbreviated as N2200). Thereby, the DT-PDPP2T-TT acts as a
donor whereas PC,;BM and N2200 serve as acceptors. The
integrated device was fabricated based on a planar architecture
with a structure of ITO/PEDOT:PSS/VO,/MAPb(I; _,Br,);/BH]J/N-
doped TiO,/Al, where the PEDOT:PSS/VO, layers are the hole
transport/collection layers. A nitrogen-doped TiO, layer was
used to enhance the electron selectivity and decrease the
contact resistance between the BHJ film and the Al electrode.
By introducing a novel n-type polymer N2200 as an electron
transport enhancer and diphenyl ether (DPE) as a solvent
processing additive, the BHJ morphology was optimized.
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(a) Schematic structure and (b) cross-sectional SEM image of the integrated PSC/OSC device. (c) J-V curves of the integrated PSC/OSC(perovskite/BHJ)

of the HTL (PBDTT-SeDPP) and BHJ (PBDTT-SeDPP/PC;BM) film. Reproduced

The optimized integrated perovskite/BH] devices generate a
dramatically increased J,. from 17.61 to 20.04 mA cm~ > because
of the additional NIR harvesting, retaining a higher FF of
0.77 and a V,. of 1.06 V. As a result, a PCE of 16.36% was
achieved in the integrated device based on PSC and OSC. This
PCE value is so far the highest value for the reported integrated
perovskite/BH] devices, which is far higher than that value
using the optimized reference PSCs (14.70%). In addition, a
low-temperature-processable flexible integrated perovskite/BH]
device was also fabricated. Polyethylene terephthalate (PET)/ITO
thereby served as flexible substrates. All of the processes
were performed below 150 °C, and a PCE of 12.98% was
achieved in the optimized flexible integrated perovskite/BH]J
device (Fig. 12d).

Compared with the previous integrated PSC/OSC devices by
Ding’s group and Yang’s group,””’**”® Lee’s group used the low-
bandgap polymer DT-PDPP2T-TT to absorb NIR radiation up to
920 nm that is above the absorption edge of the perovskite
(800 nm). Importantly, the optimized BHJ layers in Lee’s work
effectively provided additional light harvesting in the NIR
without sacrificing V,. and FF of the PSCs.>”” Similarly, an
extended PV response up to 900 nm has been demonstrated by
Sun’s group in the integrated perovskite/BH] device with a
structure of FTO/c-TiO,/m-TiO,/(FAPDbI;), s5(MAPbBr3)0.15/BHJ/
V,0s5/Au using a small molecule/PC,;BM BH]J layer. Through
careful interface engineering, the (FAPbI;),g5(MAPDbBI3), 15/
HTM/PC,,BM (PC,,BM stands for [6,6]-phenyl-C,y-butyric acid
methyl ester) integrated devices showed an optimized PCE of
16.2%.%”® Sun group’s work is based on the narrow band-gap
acceptor-donor-acceptor (A-D-A) type small molecule HTM and
PC;,BM as the BHJ layer in the PSC/OSC integrated device,
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Fig. 12 (a) Device architecture of the integrated PSC/OSC device. (b) Chemical structures of DT-PDPP2T-TT, PC,BM, and N2200. (c) Cross-sectional
SEM image of the integrated PSC/OSC device. (d) J-V curve of a flexible integrated PSC/OSC device. Reproduced with permission from ref. 277.

Copyright 2016 Wiley-VCH.

generating an improved photo-response. Note that the photo-
response of the PSC/OSC integrated device with an architecture
of ITO/PEDOT:PSS/MAPbI;/PCg;BM/Cygo-SB/Ag/M0O,/Polymer
BHJ/Cgo-N/Ag (Cgo-SB stands for tris(sulfobetaine)-substituted
fulleropyrrolidine, and Cgo-N stands for tertiary amino-fullero-
pyrrolidine) is not broadened even though a PCE of 16%,
including a maximum V,. of 1.80 V and a maximum FF of
0.77, has been achieved, which can be attributed to an efficient
graded recombination layer.*””

It is clear from the above-mentioned results that the inte-
gration of a UV-vis absorbing PSC layer with a NIR absorbing
BH] layer into a tandem solar cell is an effective strategy for
extending the absorption bandwidth of the perovskite, thus
advancing the PCE of the integrated PSC-based devices. Those
results show the feasibility and potential for integrated devices
to improve cell efficiency, meanwhile, provides significant
design principles for this novel PV architecture. It should be
stressed again that, in terms of the commercialization of solar
cells, the development of the integrated PSC/OSC device has
three advantages: one is the achievement of high PCEs by
broadening absorption to the NIR region; the second is the
reduction of the thermalization losses resulting from the current
and/or voltage mismatch among subcells; and the third is that it
is much easier to manufacture the device by monolithically
stacking the perovskite layer and the BH]J layer. These advantages

This journal is © The Royal Society of Chemistry 2018

for such an interlayer-free parallel tandem cell are among others
similar to integrated devices for energy harvesting and storage,
which is discussed in the next section.

3. Integrated solar cell devices for
energy harvesting and storage
3.1. DSSC and LIB integrated devices

Solar cells are devices to convert sunlight into electricity (energy
harvesting), while LIBs can convert electricity into chemical
energy (energy storage). The fabrication of an integrated power
system that hybridizes energy harvesting and storage, such as
solar cells and LIBs, is a growing field of research and especially
important for mobile electronics, as the supply of electric energy
can be bridged over the intermittent periods of light harvesting.
Typically, these energy harvesting and storage devices are
developed as independent technologies but ultimately com-
bined by the user to create a power system. Traditionally, this
system is based on commercial silicon-based solar panels and
solid-state LIBs, and with both independent parts usually being
rather large, heavy, and inflexible. In order to satisfy the special
needs in some fields such as mobile electronics, integrated
power packs with properties such as small size, light-weight,
and high energy density have to be developed. In particular,
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with advancements in nanomaterial science and technology,
various nanostructures have been developed and widely applied
in energy harvesting, conversion, and storage devices due to
their superior efficiency and reduced weight.

Guo et al. demonstrated the successful fabrication of an
integrated power pack consisting of tandem DSSCs and a LIB
on the same Ti foil that employed double-sided TiO, nanotube
(NT) arrays."*® As illustrated in Fig. 13, the upper part used
solar cells based on TiO, NTs, while the lower part is a LIB for
storing the generated energy by the DSSCs, utilizing TiO, NTs
as the anode and LiCoO, as the cathode. When sunlight is
irradiated on the DSSCs, the photo-generated electrons will be
injected into the conduction band of TiO, NTs from dye
molecules and transported along the Ti foil to the TiO, anode
of the LIB, while the photo-generated holes accumulate at the
Pt electrode. Thus, the LIB is in a charging process during
which the electrons produced by DSSCs will promote the anode
reaction of TiO, + xLi" + xe~ — Li,TiO,. Simultaneously, the
cathode reaction of LiCoO, — Li;_,C00, + xLi* + xe™ releases
free electrons, which will flow to the Pt CE of the DSSC through
an external circuit and combine with the holes there. Thus the
entire process for charge generation, separation, and storage is
complete. In order to provide a high enough voltage for char-
ging the LIB with the solar cells, tandem solar cells are needed.
An open-circuit voltage of 3.39 V and a short-circuit current
density of 1.01 mA cm™> have been reached, and the power
pack can be charged to about 3 V in around 8 min, exhibiting a
discharge capacity of about 38.89 pA h under the discharge
density of 100 pA. However, the total energy conversion and
storage efficiency for this system is still very low (only 0.82%)
and further improvements are needed, especially with respect
to the conversion efficiency of DSSCs, the energy density of
LIBs, as well as the integration mode design.

As promising alternatives for conventional lithium ion
batteries, lithium-oxygen (Li-O,) and lithium-sulfur (Li-S)
batteries have recently received considerable attention owing

A < > \ ."'“: BL ]

=]
Electrolyte Elachon

Fig. 13 Design and principle of an integrated power pack system based
on double-sided TiO, NT arrays. (A) TiO, NT arrays grown on the Ti foil
substrate by anodization in fluoric ethylene glycol solution. The top seg-
ments of the Ti foil are tandem DSSCs which are utilized to harvest sunlight
from the environment, and the bottom segment is a typical LIB which is used
to store energy converted from DSSCs. (B) Detailed structure and working
principle of the integrated power pack system. Reprinted with permission
from ref. 133. Copyright 2012 ACS.
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to their high specific energy density.”*>*** The latter provide a
new platform for developing integrated devices via photochar-
ging to directly convert solar to electrochemical energy.*$* 284
In Li-O, batteries, charge is stored at the cathode by the
reversible formation/decomposition of Li,O, on discharge/
charge.”® However, the insulating Li,O, and the sluggish
kinetics of the Li,O, oxidation reaction hinder the efficient
electrochemical decomposition of Li,O,, which leads to a
severe charging overpotential issue. Wu et al. proposed a new
concept of a ‘“photoassisted charging process” by integrating a
triiodide/iodide redox-coupled dye-sensitized TiO, photoelec-
trode with a Li-O, battery.*®*® As shown in Fig. 14a-c, upon
charging under illumination, the reduced form of the redox
shuttle (M™9) is first converted to M on the oxygen electrode,
which in turn oxidizes the Li,O,. Owing to the generation of
photovoltage and the efficiently shuttling charges between Li,O,
particles and the oxygen electrode surface, the oxidation of Li,O,
is facilitated and the charging overpotential is greatly reduced.
More importantly, the use of a redox shuttle to couple a photo-
electrode and an oxygen electrode offers a unique strategy to
address the overpotential issue of non-aqueous Li-O, batteries
and also a distinct approach for integrating solar cells and
batteries.

In Li-S batteries, charge is stored at the S cathode by the
reversible formation/decomposition of Li,S on discharge/
charge. However, the reduction of S into the final Li,S product
is accompanied by a series of intermediate species: Li,S,
(2 < x < 8) and insulating S.>*®> Note that the sulfide/poly-
sulfide electrolytes are widely used in quantum dot solar cells
(QDSCs), and the S>7/S,”~ redox species are able to strongly
adsorb at the metal chalcogenide quantum dot surface, which
can efficiently scavenge holes from quantum dots.”®® As a
consequence, Zhou et al. designed a new prototype of a solar-
driven chargeable Li-S battery, in which the capture and storage
of solar energy was realized by oxidizing S*~ ions to polysulfide
ions in aqueous solution with a Pt-modified CdS photocatalyst,
whose working principle is as shown in Fig. 14d and e.*®" This
device delivered a specific capacity of 792 mA h g™ during the
2 h photocharging process with a discharge potential at 2.53 V
(vs. Li'/Li). Moreover, the charging process could proceed under
natural sunlight irradiation. The developed device realized the
direct storage of solar energy in a Li-S battery without using PV
cells while also being accompanied by hydrogen generation.

3.2. DSSC, SSC, and NG integrated devices

Harvesting solar energy via solar cells is an important way
to respond to the energy crisis and environmental pollution.
However, in some circumstances, such as a cloudy day or for
indoor applications, solar energy may be very weak or even
impossible to access. In contrast to this, mechanical energy is
ubiquitous. Taking advantage of a solar cell and a NG to form
a hybrid cell is a promising way for energy harvesting. In 2009,
Xu et al. developed a hybrid cell composed of a piezoelectric
nanogenerator (PENG) and a DSSC on a common substrate as
shown in Fig. 15a-c.”®” As for the PENG, a ZnO vertical NW
array was grown on a GaN substrate by the vapor deposition
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Fig. 14 (upper row) The photoassisted charging process of a solar battery. (a) Schematic drawing of a three-electrode solar battery consisting of a
Li anode, an oxygen electrode and a photoelectrode. On charging, the photoelectrode and Li anode are connected to the outside circuit, while on
discharging, the oxygen electrode and Li anode are connected to the outside circuit. (b) The proposed photoelectrochemical mechanism of the
photoassisted charging process: on charging under illumination, the redox shuttle (M™9) is oxidized to M®* on the photoelectrode and then diffuses to the
Li»O, particles that are deposited on the oxygen electrode. By oxidizing the Li,O, to O, and Li*, the M®* is reduced back to M™. (c) Corresponding
energy diagram of a solar battery ('SC" stands for semiconductor and 'S’ stands for sensitizer). The photoassisted charging voltage is determined by the
energy difference between the Li*/Li redox potential and the quasi-Fermi level of electrons in the semiconductor electrode (at best close to its
conduction band (CB) edge). Reprinted with permission from ref. 280. Copyright 2014 NPG. (lower row) (d) In a different setup, the battery consists of a Li
anode with an organic electrolyte, a Li-ion conductive LATP (Liy 35Ti175Alg.25P27Si0 3012) glass ceramic separator, and an aqueous Li>S, (1 < n < 4)
alkaline catholyte containing the Pt/CdS photocatalysts (coated on Ti mesh). (e) The discharging process is the same as that of a common aqueous Li-S
battery while the charging process is different: The discharged $2~ ions are oxidized to polysulfide ions by photoexcited holes from the CdS photocatalyst
driven by light irradiation. Meanwhile the photoexcited electron, freed from the Coulomb attraction of the hole, transfers to the Pt particle, where it then
reduces protons to hydrogen. Reprinted with permission from ref. 281. Copyright 2015 Wiley-VCH.

process as the working component, while the ZnO continuous
film deposited simultaneously with the ZnO NW array was used
as the bottom electrode. A Pt-coated silicon substrate, with one
side possessing the zig zag structure, was used as the top
electrode of the PENG. The flat side of the silicon was used
as the cathode of the DSSC. The ITO substrate acted as the
anode of the DSSC while the dye-decorated ZnO NW array was
used as the working component. This hybrid cell can harvest
the solar energy and ultrasonic wave energy simultaneously or
individually. By integrating these two cells in series or parallel,
the hybrid cell can either enhance the output voltage from
0.591 V to 0.60 V or output current from 44 pA cm 2 to 45 HA cm 2,
However, the utilization of a liquid electrolyte may cause the
DSSC to suffer from evaporation and leakage as the back to
back physical integration of these two cells on the same sub-
strate was not a compact design. In order to solve these
problems, Xu et al. developed a solid-electrolyte-based compact
hybrid cell as shown in Fig. 15d.>®® The ZnO NWs are grown via
the hydrothermal method on the ITO substrate. After the dye
was decorated on the ZnO NWs, the solid electrolyte was spun
on the dye sensitized ZnO NWs followed by a baking procedure
to remove the organic solution in the electrolyte. After depositing

This journal is © The Royal Society of Chemistry 2018

a layer of Au, a cone-shaped cathode, which can also be used
as the top electrode of the PENG, was prepared. By stacking a
GaN substrate with a ZnO NW array onto the DSSC, a compact
teeth-teeth hybrid cell was fabricated. After incorporating the
PENG into the device, the cell’s optimum power could be
enhanced by 6%. In order to harvest solar energy for remote
locations, Pan et al. developed an optical fiber based hybrid cell
as shown in Fig. 16.”®® The ITO layer and ZnO seed layer were
deposited on the optical fiber in sequence. After growing the
ZnO NW array on it, the fiber was placed in a Pt-coated stainless
steel capillary tube. The liquid electrolyte was introduced
between the tube and the optic fiber via a capillary effect. ITO
and Pt functioned as the photoanode and photocathode,
respectively. On the outer side of the stainless steel tube, a
densely packed ZnO NW textured film was fabricated by a wet
chemical method while on top of it a conductive carbon tape
was used as the electrode of the PENG. The hybrid cell’s voltage
was dominated by the PENG while its current was dominated by
the DSSC which benefited the power output of the hybrid cell.
With the development of wearable electronics, the development
of lightweight, flexible, and sustainable power sources is highly
desirable. Pu et al. developed a wearable power textile by
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Fig. 15 (a) Schematic structure of a serially integrated hybrid cell. (b) SEM image of the DSSC unit. (c) SEM image of the PENG unit. The SEM image
inserted between (b) and (c) is a low-magnification cross-section view of the hybrid cell. Reproduced with permission from ref. 287. Copyright 2009 ACS.
(d) Schematic illustration of a hybrid cell consisting of a solid-state DSSC and a vertically aligned ZnO NW array grown on a GaN substrate using the high-
temperature vapor deposition method for fabricating the PENG. Reproduced with permission from ref. 288. Copyright 2011 Wiley-VCH.

integrating a grating-structured textile-based triboelectric nano-
generator (TENG) and a fiber-based DSSC into a cloth as shown
in Fig. 17a.2°° The TENG, aimed to harvest the swing energy of
arms during walking and running, was made up of a slider
fabric located at the sleeve and a stator fabric located under-
neath the arm (Fig. 17b). Both interdigitated electrodes on the
stator and parallel striped electrode on the slider were

496 | Energy Environ. Sci., 2018, 11, 476-526

ZnO NWs
Dye
Spiro-MeoTaD
Au

-—— (GaN substrate

fabricated by a route of laser-scribed masking and subsequent
electroless deposition. For the stator fabrics, an additional layer
of parylene used as an electrification layer was deposited on the
top of Ni via chemical vapor deposition. The relative sliding
between the slider and stator fabric can generate alternative
electricity between the interdigitated electrodes in the stator
fabric. The fiber-based DSSC was fabricated by winding the Pt
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Fig. 16 (a) A demonstration of using the hybrid cell beneath a bridge.
(b) Enlarged view of the hybrid cells mounted beneath the bridge. (c) The 3D
HC is composed of an optical fiber-based DSSC with a capillary tube as the
counter electrode. Reproduced with permission from ref. 289. Copyright
2012 Wiley-VCH.

wire around the TiO, coated Ti wires in a flexible plastic tube
(Fig. 17c). After combining the TENG and DSSC via a bridge
rectifier (Fig. 17d), the hybrid power textile can generate
an additional short circuit current as shown in Fig. 17e. Chen
et al. developed a compact hybrid textile composed of a TENG
and DSSC.”°' In this design, Cu-coated polymer polytetra-
fluoroethylene (PTFE) stripes, and a wire-shaped photoanode
were woven on an industrial weaving machine to form the
hybrid cell via a shuttle-flying process. By this hybridization,
next to the enhanced output power, the load range can be
tailored, which is useful for powering small electronics with
varying resistance.

Abide by the DSSC/NG integrated device, Wang et al. devel-
oped a hybrid integrated device based on a silicon solar cell
(SSC) and a NG in 2016 that was designed for simultaneously or
individually harvesting solar and wind energy.>**> The structure
of the hybrid NG is shown in Fig. 18a. A Si-based solar cell was
fixed on the top surface of a TENG. The TENG was composed of
a middle vibrating Kapton/Cu/FEP film, top and bottom acrylic
substrates with Cu electrodes. The TENG’s operation was based
on the middle film’s periodic contact and separation with the
top/bottom electrodes under the wind. The solar cell reached
its optimal output power of 8 mW under an external resistance
of 600 Q, while the TENG achieved its optimal output power of
26 mW under an external resistance of 1 MQ. After solving this

This journal is © The Royal Society of Chemistry 2018
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impedance mismatch problem via a transformer, the hybri-
dized NG exceeded the output current of the individual solar
cell or TENG, as shown in Fig. 18b. Finally, four hybrid NGs
were integrated together to power a temperature-humidity
sensor, as shown in Fig. 18c.

3.3. DSSC and SC integrated devices

In recent years, the solar rechargeable SCs have been designed
for the efficient utilization of solar energy by integrating the
solar cells and SCs."®*?*% Combining the energy storage
devices with solar cells to generate on-grid and off-grid systems
can provide the temporal flexibility to balance local power
generation and consumption, and improve the overall energy
utilizations.?**2°® Electrochemical SCs,>*°3°* as mentioned
previously, are promising candidates to sustain the power
stability management for on-grid applications. Generally, the
photo-energy conversion and energy storage devices are operated
independently and are connected externally,***°® resulting in
additional space and energy consumption from the external
connection systems and consequently a lower energy storage
efficiency. The direct integration of the solar cells and SCs
into individual units is a prospective way to develop highly
efficient, light-weight, and portable rechargeable solar SC
devices, which can convert solar energy in situ into electrochemical
energy.3°6'3°7

Most of the solar rechargeable SC research is based on the
DSSCs, since DSSCs are very powerful even under diffuse and
low intensity light conditions. An integrated DSSC/SC device
generally comprises a DSSC photoanode, shared CE, and cur-
rent collector of the SC in conjunction with two electrolytes.
Under light illumination of the photoanode, the photo-active
material is excited to form an electron-hole pair. The electrons
move to the charge storage electrode where they are retained.
The holes in the photoanode are counterbalanced by the
electrons of the CE when the whole device is under the charged
state. The electrons move back from the charge storage elec-
trode to the CE during the discharging process. The overall
efficiency of the integrated devices is dependent on both the
energy conversion and storage materials, and the connection
between solar cells and SCs. Firstly, the energy conversion and
storage parts should be matched ideally for an efficient electron
transfer, e.g. the voltage match and the geometrical size match.
For example, organic PV systems can offer a voltage of about
800 mV, requiring a corresponding battery with fitting voltage.
Also, geometrical restrictions limit the efficiency of the devices.
The size of the DSSC and the SC determines the size of the
corresponding counterpart, resulting in a possible capability
mismatch. Secondly, the connection structure of the energy
conversion and storage device should be designed for the optimal
overall efficiency.

Early integrated DSSC/SC systems are based on a two-
electrode configuration. In 2004, Miyasaka et al. developed a
two-electrode integrated device with activated carbon as the
storage material (Fig. 19a).>°* The photo-generated positive and
negative charges at the semiconductor-electrolyte interface are
directly stored as double layer charges on the surface of active
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Fig. 17 (a) A photo of a power-textile with a pair of TENG fabrics and seven fiber-based DSSCs in series on the shoulder. (b and c) Are the scheme of
textile TENG and fiber-based DSSC, respectively. (d) An equivalent circuit of a self-charging system. (e) The short circuit current of fiber-based DSSCs,
TENG fabrics, and the hybrid power textile. Reproduced with permission from ref. 290. Copyright 2016 Wiley-VCH.

carbon. A problem of this method is a high internal resistance
that slows the discharge process as electrons returning to the
photo-electrode are supposed to go through the space charge
Schottky barrier at the TiO, layer. The device achieved a voltage
of 0.45 V in the charged state, and a discharge capacity of
75 mC cm 2. Nagai and Segawa have developed a bridging
three-electrode system that used an additional electrode for
operation of efficient discharge by a redox reaction (Fig. 19b).>*®
Subsequently, researchers proposed a new configuration; further
advancements were reported for a high-voltage DSSC/SC inte-
grated system by introduction of an internal bifunctional elec-
trode between the photoelectrode and CE, which conducts the
redox electron transfer on one side and charge storage on the
other side (Fig. 19¢).>* This three-electrode configuration fabri-
cated by Miyasaka et al. achieved a charge-state voltage of 0.8 V
and high energy density per area of 47 uW h ecm ™2, which is five
times larger than those of the previous two-electrode system.>**
Because the planar format in such stacked devices has only
limited application, other structures, such as wire-like

498 | Energy Environ. Sci., 2018, 11, 476-526

integration (Fig. 19d), have been developed to enhance the
flexibility and lightweight of the integrated devices.*'® Such wires
can be potentially woven into textiles or other deformable
structures for self-powering applications, such as medical bio-
monitoring devices or implants, or safety and construction gear
like illuminated vests and wearable electronics.

Many reports of the three-electrode integrated DSSC/SC
devices were devoted to the development of electrode materials
for SC counterparts. A highly popular material for integrated
DSSC/SC devices is the carbon nanotube (CNT). A DSSC/SC
integrated device using a CNT film as the CE shows a PCE of
6.1%, a specific capacitance of 48 F g ", and a storage efficiency
of about 84%, with an entire photoelectric conversion and
storage efficiency of about 5.12% (Fig. 20a)."*' To enhance
the flexibility and lightweight of the integrated devices, Peng
et al. utilized CNT/Ti wire composites and developed an inte-
grated energy wire-shaped device, where the Ti wire was modi-
fied with TiO, NTs.>'® One part of the Ti wire was coated with a
N719 dye, and the other part was covered with the electrolyte.

This journal is © The Royal Society of Chemistry 2018
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The wire achieved an entire photoelectric conversion and
storage efficiency of 1.5% (PCE is 2.2%) with a wire thickness
of 10-30 pm (Fig. 20b and c)."** Peng et al. modified the
Ti substrate with perpendicularly aligned TiO, NTs on the
surface and horizontally aligned CNT, which served as two
electrodes in the fiber device.>'* The aligned NTs thereby
offered a high performance and an effective pathway for the
charge transport. The PCE reached 2.73% with an energy
storage efficiency of 76%.%°* Further, a self-powered energy
fiber with energy conversion in the sheath and storage in
the core was developed by using Ti/TiO, as the photoanode
within the energy-storage component while the electrolyte was
sandwiched between two aligned CNT sheets (Fig. 20d). The
CNTs remained highly aligned after being wound around
the fiber substrate. This alignment enabled high photoelectric
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conversion and storage performance under bending and
stretching of 10% and 20%, respectively, despite a slight
decrease in the photovoltage when the fiber was stretched
beyond 30%.*"*

Other charge conversion-storage systems employ photo- and
electro-active materials like some metal oxides. Bi-polar anodic
TiO, NT arrays and a selective plasma-assisted hydrogenation
treatment were employed to construct integrated DSSC/SC
devices with improved SC performance (Fig. 20e-g).>°® The
optimized integrated device exhibited an overall photoelectric
conversion and storage efficiency of 1.64%, with a fast response
and superior cycling capability for more than 100 photocharge/
galvanostatic discharge cycles without any decay. Compared
with TiO,, WO; exhibits a lower conduction band and unique
optical/electrical performance.*"* Gao et al. utilized WO; coated
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CNTs as the electron storage electrode, common DSSC photo-
anodes with N719 dye, and an electrocatalytic CE consisting of
a TiN/Ti mesh for the reduction of I3~ to I to take place
(Fig. 20h).>"* The photo-charge efficiency of the three-electrode
integrated DSSC/SC device can reach 69.5% compared with the
electrochemical charge process.’’> In addition, an integrated
DSSC/SC device reported a specific capacitance of 46 F g * for a
single SC device. By studying the individual electrodes, redox
peaks were observed in the voltammogram of the cobalt-doped
NiO electrode, ensuring the effective energy storage within the
electrode/electrolyte interface ascribed to the redox transition.
Nevertheless, a 14 F g~ ' capacitive reduction of the asymmetric
SC was observed, resulting in a capacitance of 32 F ¢~ " and an
efficiency of 0.6% for the integrated device (Fig. 20i).'®

Apart from carbon materials and transition metal com-
pounds, organic conjugated polymers such as polypyrrole (PPy)
were utilized by Segawa et al. as capacitor materials in a three-
electrode integrated conversion-storage system. The PPy films on
an indium tin oxide (ITO) slide were used as a charge-storage
electrode to achieve capacitances of up to 1.91 mC cm > and
charge storage efficiencies of up to 22%.>°® Gao et al. utilized
the dye-sensitized TiO,/PEDOT photoanode as positive charge
storage while a p-doped PPy CE acted as electron storage
in LiClO, electrolyte. The total photoelectric conversion and
storage efficiency was about 0.1%.>°® Another conducting
polymer film-based integrated device was fabricated by using a

Fig. 21
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poly(3,4-(2',2'-diethyl)-propylenedioxythiophene) (PProDOT-Et,)
conducting polymer thick film as an energy storage material
and an N; dye-TiO, DSSC as an energy conversion device, which
showed an energy storage efficiency of 0.6%.>"”

Notably, in a hydrogenated single crystal ZnO@amorphous
ZnO doped MnO, core shell nanocable (HZM), flexible SC
showed a specific capacitance of 1260.9 F g~ under inductively
coupled plasma atomic emission spectroscopy when the load-
ing of MnO, reached 0.11 mg cm 2. Furthermore, a stand-alone
self-powered system was composed of their newly fabricated all
solid-state SC, DSSC, and light emitting diode (LED). This
novel, self-powered system successfully lit up a blue LED using
three series-connected SCs. A red LED was lit for more than
30 min by a SC after being charged for 2 min using four series-
connected DSSCs (Fig. 21a).>"® The three series-connected SCs
were charged at 0.5 mA to a potential of 2.4 V and kept at 2.4 V
for 5000 s (the current profile), indicating a small leakage
current (Fig. 21b). It attained ~2.3 V after 120 s of charging
when it was charged by four in-series-connected DSSCs (the
voltage profile).

Further, an all silicon electrode integrated DSSC/SC device
for integrated energy storage and conversion was developed by
Pint’s group (Fig. 21c and d).*"® Authors demonstrated a simple
wafer-scale process by which an individual silicon wafer could
be processed into a multifunctional platform where one side
was adapted to replace Pt and enable triiodide reduction in a
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(a) Schematic illustration of integrated four series-connected DSSC and three series-connected flexible SC devices based on hydrogenated

single crystal ZnO@amorphous ZnO doped MnO, core shell nanocable (HZM), and (b) leakage current curve of three series-connected SCs. The inset is
the voltage profile for three SCs in series. Reproduced with permission from ref. 318. Copyright 2013 ACS. (c) Scheme of the integrated device
configuration, showing the three-electrode architecture utilized in testing of the integrated solid-state DSSC/SC system with the porous silicon layer
responsible for both the energy storage and conversion active materials. (d) Band diagram of the integrated device and charge transport processes
occurring under illumination. Reproduced with permission from ref. 319. Copyright 2015 ACS.
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DSSC, while the other side provided on-board charge storage as
an electrochemical SC. The utilization of this silicon multi-
functional platform as a combined energy storage and conver-
sion system yielded a total device efficiency of 2.1%.

3.4. DSSC and SC and NG integrated devices

Bae et al. integrated a DSSC, SC, and NG simultaneously on a single
micro sized fiber to realize solar and mechanical energy harvesting
and subsequent storing, as shown in Fig. 22.**° The NG, SC, and
DSSC share a common substrate which is an Au-coated polymethyl-
methacrylate (PMMA) fiber of diameter ~220 pum. The Au layer
serves as the common inner electrode. Then, ZnO NWs were radially
grown on the fiber as the active piezoelectric material of the NG,
core material of the DSSC, and large surface area SC. As for the NG,
graphene coated copper meshes were wrapped around the fiber to
serve as the outer electrode. Under a shear stress driven by a push
action at 5 Hz, the peak output current and voltage were 2 nA and
7 mV, respectively. To facilitate the SC, a PVA/H;PO, gel electrolyte
was filled in after the graphene-coated copper meshes were wrapped
around. The fabricated SC has a capacitance per unit length of
0.025 mF cm™'. As for the DSSC, the grown ZnO NWs were
sensitized with a N719 dye solution, a ZnO NW-grown graphene
sheet was wrapped around the fiber as the outer electrode, and
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finally a liquid electrolyte was filled in. The Ji, Vo, FF and PCE of
the DSSC were 0.35 mA cm ™2, 0.17 V, 0.39, and 0.02%, respectively.

3.5. PSC and SC integrated devices

For the integrated energy conversion-storage systems, one of the
critical issues that needs to be addressed is the enhancement of
the PCE of current solar cells. In this regard, the recent avail-
ability of high-performance PSCs could not only facilitate the
development of highly efficient (up to 20%) and low-cost solar
cells for practical applications but also allow for the integration
of PSCs into various energy systems. Some efforts were devoted
to the connection between PSCs and SCs. In 2015, Wang’s group
integrated MAPDI;-based PSC and PPy-based SC as an energy
pack (Fig. 23) and realized a high output voltage of 1.45 V and an
overall output efficiency of 20% when the voltage of SC was set at
0.6 V. This system affords continuous output of electric power by
using MAPbI;-based solar cells as an energy source, mitigating
transients caused by light intensity fluctuations or the diurnal
cycle.®*' In 2016, Chai et al. developed a perovskite photo-
voltachromic supercapacitor (PVCS) with all-transparent
electrodes.’®® They integrated the semitransparent PSC and
electrochromic WO; SC into the PVCS in a vertically stacked
configuration, which improved the integration level, achieved
widely and automatically tunable optical transmittance of the
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Fig. 22 (a) SEM image of graphene. (b) Raman spectra of the graphene film. (c) The schematic diagram of the hybrid power cell and the SEM image of
Au-coated PMMA fiber covered with ZnO NWs. Reproduced with permission from ref. 320. Copyright 2011 Wiley-VCH.
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Fig. 23 (A) Structural scheme and photograph of an integrated energy
pack containing a MAPbls-based PSC and a PPy-based SC, and (B) the
performance of the integrated device. Reproduced with permission from
ref. 321. Copyright 2015 ACS.

integrated device, and could store the electrochemical energy
accompanied by a color change. The power conversion efficiency
of the PV component in the co-anode (co-cathode) PVCS was 8.25%
(11.89%), while the energy density, average power density, and areal
capacitance of the integrated device were 359 mW h m 2,
461.5 mW m 2 and 459.6 F m™ 2, respectively. Peng et al. presented
a fusible device, where the SCs and PSC are fused to integrated
devices by connecting the composite electrode from a SC with the
composite electrode from a PSC.*** The energy storage was based
on CNT/polyaniline (PANI) composites while the energy conversion
was based on TiO,, MAPbI; and spiro-OMeTAD. Compared with
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the traditional connection by external conducting wires, these
fusible energy devices can be fused into various patterns at room
temperature with high stability, high efficiency and low cost.

3.6. SSC and SC integrated devices

The most well-known and established solar cell device is the
crystalline silicon solar cell (SSC).****>* This technology still
dominates the field of commercial PV modules despite its
inflexibility, high weight, and high production cost.*****” $sCs
are generally suitable for an integrated energy storage system.
As depicted in Fig. 24, a direct integration of a SC into the
backside of a SSC has been demonstrated by Pint et al.**® First,
a commercial polycrystalline SSC panel (400 mA, 22 W, 14.8%
cell efficiency) was pre-treated with a 1 M KOH solution to
remove the Al current collector from the silicon absorbing layer.
Following that, electrochemical etching using a 3:7 v/v HF and
ethanol solution was performed directly into the backside of
the polycrystalline SSC to fabricate porous silicon SC with
84% Coulombic efficiency. A mixture composed of polyethylene
oxide (PEO), 1-ethyl-3-methyl imidazolium tetrafluoroborate
(EMIBF,), and propylene carbonate (PC) in a 1:1:8 ratio by
weight was subsequently cast onto the SC electrode, and was
sandwiched with an equivalently prepared single crystalline
porous silicon counter-electrode. Finally, an integrated solid-
state SC and SSC was fabricated by removing the PC in a
vacuum oven for 24 h at 50 °C. The porous silicon SC coupled
with solid-state polymer electrolytes was used to achieve a
solid-state architecture that sustained mechanical integrity
and required no external electrolyte packaging. This design
demonstrated that the SSC can charge the SC under an external
load and that a constant current load can be maintained
through periods of intermittent illumination, showing the
feasibility of this integration concept as a way to advance the

Fig. 24 (a) Scheme demonstrating key steps for fabrication of a solid-state integrated SC with a commercial SSC, including KOH dissolution of the
Al collector material, and HF electrochemical etching to produce porous silicon. (b) Photographs of the polycrystalline SSC after HF etching showing the
dark circular porous silicon material, (c) SEM image of the interface of the porous silicon energy storage material and the absorbing layer of the solar cell.

Reproduced with permission from ref. 328. Copyright 2014 AIP.
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device performance and a practical scheme for integrated solar
storage and application.

Since present solid-state PV cells and traditional PEC cells
cannot directly store the converted energy, a kind of direct solar
energy conversion and storage by coupling between PEC and
ferroelectric effects has been developed by Jiang et al.>*® In this
paper, solar energy could be converted to electrical energy and
directly stored in the form of mobile charge in a single struc-
ture by using an intrinsic coupling between the PEC material of
Si and ferroelectric material of poly(vinylidene fluoride) (PVDF).
The device consisted of a transparent electrode, a current
collector, a LiPF, containing electrolyte, and ferroelectric PVDF
particles, which were bound on silicon particles and a ferro-
electric PVDF membrane. The integrated device configuration
was photo-charged under 1000 W m™? of white light to reach a
Ve Of 0.47 V with a capacity of 37.62 mC cm ™ 2. The open-circuit
output voltage was seen to be stable over 24 hours while its
mobile charge was stable for more than 8 h in a dark environ-
ment. This new type of integrated device is based on the PEC
and ferroelectric effects that holds the dual roles of solar energy
harvesting and storage, and can be applied in a broad range of
applications.

3.7. Organic solar cell (OSC) and SC integrated devices

The development of a number of modern portable devices and
sensors requires the realization of flexible devices and long
term off-grid power. In this respect, devices that are capable of
performing different functions in a single unit, simultaneously
realizing energy conversion and storage would be advanta-
geous. OSCs are solution-processable, potentially low-cost,
and suitable for ubiquitous deployment. SCs exhibit high power
densities (15 kW kg~ ') with rapid charge-discharge cycles, and
are inherently safe while posing a relatively low environmental
impact. Polymer OSCs and electrochemical SCs, being promis-
ing options for energy harvesting and storage devices, have
been realized as flexible films which expands their application
in various portable electronic areas. Similar to other integrated
devices, such as DSSC/SC, PSC/SC, or SSC/SC, integrated
OSC/SC devices can also offer energy on demand for off-grid
applications. As illustrated in Fig. 25a-d, an integrated OSC/SC
device can be realized by eight-series connected OSCs based on
P3HT:PC¢,BM (P3HT stands for poly(3-hexylthiophene), and
PC4,BM stands for [6,6]-phenyl-C60-butyric acid methyl ester)
BH] with Al electrodes and SCs based on graphene ink on a
single substrate, using graphene as a common platform. The
series-connected OSCs provide the energy harvesting capability
and achieve a V,,. of about 5 V and a PCE of approximately 1.6%.
The SCs provide the energy storage capability and generate
approximately 2.5 mF cm > capacitance. Together, the inte-
grated OSC/SC device yields an overall system voltage of up to
4 V, which is suitable for driving red, green, and blue LEDs.
The design of a graphene-based integrated OSC/SC device
realizes a lighter and more flexible power pack with a mass of
0.35 g (including the substrate) for low-cost, self-powered
electronic systems. The solution-processable, integrated
device can be envisioned to be printed onto a single flexible
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substrate, which makes the process compatible with roll-to-roll
manufacturing.

Since integrated devices with a conventional planar struc-
ture cannot meet the ongoing demand in the modern electro-
nics of being lightweight, small, and weaveable in the modern
electronics, it is highly desirable to develop flexible integrated
devices. As mentioned in the previous sections, wire-shaped
DSSCs can be integrated with SCs. However, as the wire-shaped
DSSC part was sealed separately, the resulting devices were still
planar. Sealing DSSCs and SCs together was seen to render
devices ineffective and contribute to poor mechanical stability.
This means that at this point in time the flexible integration of
DSSCs for lightweight, fiber-like, and portable devices cannot
be realized. In contrast, an all solid-state, coaxial, and self-
powered ‘“energy fiber” has been developed based on polymer
OSCs without liquid electrolytes while integrated electrochemical
SCs have been developed, which can simultaneously convert
solar energy into electrical energy and store it in the SC part
(Fig. 25e and f).**' The coaxial structure in flexible devices can
provide a much higher effective contact area that favors a rapid
charge transport as well as stable performance, while the use of
flexible, transparent, strong, and conductive CNT sheets can
greatly improve the photoelectric conversion and energy
storage. The combined photoelectric conversion and storage
efficiency of the integrated fiber-shaped OSC/SC device reached
0.82%, which remained nearly unchanged with further increasing
of the CNT layer thickness. This promising flexible fiber-shaped
integrated device can be further scaled up for practical application
in flexible electronics and in combination with the well-developed
textile technology.

4. Integrated photoelectrochemical
cells (PECs) based on DSSCs and PSCs

The application of dye-sensitized electrodes for the direct
generation of solar fuels is a relatively new aspect of photoelec-
trochemical cell (PEC) research while substantial progress has
been achieved in the last ten years. This technology has still a
long way before reaching a higher PCE comparable to the one
achieved in electricity-generating regenerative DSSCs. Such
chemical-producing cells can be termed as dye-sensitized
photoelectrosynthesis cells (PESCs) as distinguished from the
well-known electricity-generating regenerative DSSCs. More
information on the basic principles and the detailed operation
of the various dye-sensitized PESCs as well as the underlying
molecular chemistry concepts is available in a number of
reviews.**%° With respect to photooxidation reactions at
n-type dye-sensitized PESCs, the reaction attracting most atten-
tion is water oxidation to oxygen. Another aspect is the dye-
sensitized photooxidation of organic compounds; effluent
water remediation is a related application aspect. With respect
to photoreduction reactions at dye-sensitized PESCs, two reac-
tions attracting substantial interest are the H,O reduction to H,
and the CO, reduction, the latter targeted at both the genera-
tion of useful carbonaceous fuels and the reduction of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 25 The front (a) and the back (the inset) view of an integrated OSC/SC device photograph. (b) Schematic illustration of an integrated device based
on a graphene ink SC with ITO/glass and Al foil current collectors. (c) A graphene ink SC with ITO/glass and Al foil current collectors. (d) OSCs with a
structure of ITO/PEDOT:PSS/P3HT:PCgoBM/AL Reproduced with permission from ref. 330. Copyright 2015 Wiley-VCH. (e) Schematic illustration of an
integrated OSC/SC device in a flexible and stable fiber format and (f) the circuit connection state of an integrated OSC/SC device in the process
of charging and discharging. Reproduced with permission from ref. 331. Copyright 2014 Wiley-VCH. OPC: organic PV cells; GSC: graphene ink

supercapacitor; PC: photovoltaic conversion; ES: energy storage.

amount of CO, in the atmosphere. In addition to dye-sensitized
PESCs, two alternative options, to which the present section is
devoted, consist of either (a) coupling one or more electricity-
generating DSSCs or a PSC to a PESC needing an additional
bias potential or (b) coupling one or more PSCs to an electro-
synthetic cell with dark electrodes.

4.1. DSSC/PESC coupled cells for hydrogen generation

To date, dye-sensitized PESCs incorporating direct water oxida-
tion to hydrogen and/or reduction to hydrogen at the dye/
semiconductor interface are at best by one order of magnitude
less efficient than DSSCs converting light to electricity. There-
fore, a preferable solution, from the efficiency point of view, is
to couple two or three DSSCs, the number depending on the
DSSC voltage, to a traditional electrolysis cell. However, at
present, DSSCs would not be mature enough for this
technology-oriented approach in terms of reaching simulta-
neously both a high PCE (exceeding 10%) and long-term
stability. There is interest in investigating the combination of
PESCs, needing an external bias voltage, and DSSCs providing
this voltage. Such PESCs can be based on the direct irradiation

This journal is © The Royal Society of Chemistry 2018

of semiconductor materials, e.g. n-Fe,0;, n-WOj3, n-BiVO,, or
p-Cu,O. Alternatively, a PESC with an n- or p-type PE and a dark
CE can be coupled to a DSSC in order to cover the external
voltage bias requirement. First, the basic principles of the
coupling of a DSSC to a PESC will be discussed, and then
literature examples will be presented. For the sake of brevity,
the case of a PESC based on direct semiconductor excitation
will be considered but the analysis can be readily extended to
an alternative option of a PESC with dye-sensitized electrodes.
Additionally, CEs and conductive semiconductor substrates
with electrons, not holes, as carriers of electricity will be
considered. Several reviews present the basic concepts of
coupling DSSCs to PESCs.**% 7%

The overall photoelectrode (PE) reaction at the DSSC can be
written as

1%
CTM"(PEpssc) —% CTM " (PEpssc) +¢ (PEpssc) (1)
where CTM (PEpssc) is the charge-transport species between

the photoelectrode and CE in the DSSC, which can be a redox
mediator in a liquid electrolyte or a solid-state hole conductor.
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The CE reaction of the DSSC part of the tandem cell is
e (CEpssc) + CTM™ — CTM° (2)

The overall DSSC process can be written by adding the last
two equations as

%
e (CEDSSC) ZDSs¢ e (PEDSSC) (3)

The two redox couples in the PESC interacting with the
anode (oxidation electrode) and cathode (reduction electrode)
will be termed M$/M; and M3/M3, respectively, with the corres-
ponding half-reactions summarily formulated as one-electron
reactions, as explained in the section devoted to n-PESCs:

M) & Mj +e”
M) < Mj +e (4)
Additionally,
Ex(MY/M?) < Ex(MYM}) (5)

For water electrolysis in acidic solutions

1 1
M{/M| = EHZO/ZOLH*

| (6)
MS /M3 = EHQ/H+

Here, H' means the generation of hydronium ions as the
product.

First, the case of an n-type PESC, henceforth to be designated
as n-PESC, will be considered. If SEMpgsc is the directly irradiated
semiconductor electrode of the PESC, then the photoexcitation
reaction generating an electron in the conduction band and a
hole in the valence band is

hy,
(SEMPEs(_‘)O LSC h* (SEMpEsc) +e (SEMpEsc) (7)

Holes are driven to the surface and react with M? toward Mj,
while electrons are driven to the conductive PE support

MY + h*(SEMpgsc) — M7
€ (SEMpgsc) = M; + e (PEpgsc) + (SEMpgsc)’  (8)
The overall n-PESC photoelectrode reaction is
MY PSS M | e (PEpgsc) (9)
The n-PESC CE reductive reaction is
M; + e (CEpgsc) — M3 (10)

By adding the last two equations, the overall n-PESC reaction
is derived:

_ hvpEs _
MY + M7 + e (CEpgsc) —=S My + MY + ¢~ (PEpesc) (11)
The processes coupling the DSSC and the n-PESC are

e_(PEPEsc) i e_(CEDSSC)

ei(PEDssc) - ei(CEPESC) (12)
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In this respect, the photoelectrode of the PESC is short-
circuit connected to the CE of the DSSC, and the CE of the PESC
to the photoelectrode of the DSSC.

By adding together the last three equations, the overall
tandem cell reaction consisting of a DSSC coupled to an n-PESC
is derived as

M(l) + M; hvpssc+hvpesc MT i Mg (13)

Fig. 26 shows the energy diagram for the coupling of an
n-PESC and an n-DSSC. The case of a DSSC coupled to a p-type
PESC photoelectrode can be similarly described, with the
essential difference that photo-generated electrons are driven
toward the electrolyte and holes toward the semiconductor
bulk

hvpg
(SEMpgsc)’ —25 h* (SEMpgsc) + ¢ (SEMpgsc)
e (SEMpgsc) + M3 — M9 (14)
h* (SEMpesc) + ¢ (PEpesc) — (SEMpgsc)”

with 0 in the last equation indicating the hole originating from
SEMpgsc being annihilated by an electron e (PEpggc) originating
from the conductive support of the PESC.

The overall p-PESC photoelectrode reaction is derived by
adding the last three relations:

hvpg
M7 + e (PEpgsc) ——s M) (15)

The p-PESC CE oxidative reaction is
M{ — M + e (CEpgsc) (16)

By adding the last two equations the overall p-PESC reaction
is derived:

hvpgsc
M;r + M(l) +e (PEPESC) AN Mg + MT +e (CEPESC) (17)
The processes coupling the DSSC and the p-PESC are
€ (CEpgsc) — € (CEpssc)

e (PEpssc) — € (PEpgsc) (18)

In this respect, the photoelectrode of the p-PESC short-circuit
is connected to the photoelectrode of the DSSC, and the CE of
the p-PESC to the CE of the DSSC.

By adding together the last three equations to that for the
overall DSSC process the overall tandem cell reaction consisting
of a DSSC coupled to a p-PESC is derived as

hu, Y/
M(l) +M§r VpssCHIVpESC MT +Mg (19)

which is identical to eqn (13) derived for the n-PESC/DSSC
hybrid system. As regards the practical aspects of connecting
the two devices, the PESC can be totally separated from the
DSSC, being connected in series with the DSSC as indicated
above. However, in principle a more compact configuration is
desired. The first configuration is the so-called artificial leaf
(see Fig. 27) in which the photoelectrode and the CE of the PESC
are placed at the outside of the DSSC, directly on top of the CE
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Fig. 26 Schematic of the DSSC/PESC tandem cell with an n-type PESC in series to a DSSC. The energy was supplied by DSSC to PESC. The long
horizontal arrow pointing to the right indicates electrons flowing from the PESC's photoelectrode to the short circuit-connected DSSC's CE. The short
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Fig. 27 Schematic of an artificial leaf-type compact n-PESC/DSSC tandem
cell. lllumination from the PESC may be sufficient in the case of transparent
CEpssc. Alternatively, in the case of transparent CEpgsc illumination from
both sides is possible, i.e. by means of a beam splitter.

and photoelectrode of the DSSC, respectively. The assembly is
dipped into a single external compartment of an electrolyte, which
wets both the CEpgsc and PEpgsc. The DSSC charged-transport
medium is prevented from contacting the external electrolyte by
appropriate sealing.

The assembly can be illuminated from one side or from
both sides. In the latter case all electrodes should be deposited
on TCO glass. One possibility is to use a glass plate coated on
both sides with TCO layers which are appropriately connected
by a short circuit, e.g. by means of conductive Ag paint.
Alternatively two single-sided-coated TCO-supported electrodes
are brought into contact, with the uncoated sides touching

This journal is © The Royal Society of Chemistry 2018

one another, while the conductive sides are short-circuit
connected.

@ | gLecrroytE | ¢ e —> ELECTROLYTE
H*,0y H,
hy §
o o
SHE-N - G g
s
H,0

< e

T current ——

(b) e e—

ELECTROLYTE e —> ELECTROLYTE
H*, 0, H,
hy g
o
2 g 8
s |E|& oF
(] B o
o
e be-

S =

— = e e
current

Fig. 28 Schematic of the modification of the cell in Fig. 27 with CEpgsc
detached from the compact assembly of DSSC and PEpgsc and with PEpssc
positioning (a) either immediately next to PEpgsc or (b) next to a sufficiently
transparent CEpgsc.

Energy Environ. Sci., 2018, 11, 476-526 | 507


http://dx.doi.org/10.1039/c7ee03165c

Published on 03 January 2018. Downloaded by University of Reading on 7/15/2018 11:06:51 AM.

Energy & Environmental Science

In the case of one-side illumination, the properties of the
materials between the photoelectrodes should be adjusted so
that minimal light absorption takes place in the interior of the
tandem assembly. In the case of two side illumination, two

View Article Online

Review

Park and Bard described an artificial-leaf type cell of the
general configuration of Fig. 27.%°> A weakly acidic aqueous

electrolyte was in contact with a WO; photoelectrode and a Pt
CE according to the configuration was

DSSC

ELpEsc/WO3 /Tl /pt/ELDSSC (177 I~

approaches can be considered. Each of the photoelectrodes can
be exposed to full sunlight. Alternatively, a beam splitter is used
to appropriately divide the incident light into two parts so that
the spectrum of each part matches the absorption properties of
the photoactive substrate to which it is directed.

A modified artificial leaf assembly is depicted in Fig. 28a,
with sunlight impinging only on the PEpgsc. For practical reasons,
the CE of the PESC unit is kept at some distance from the
photoelectrode of the DSSC unit, being separated from the
DSSC electrode by an electrolyte layer. Another variety of
the above cell involves the order of placement of PEpgsc
and CEpgsc reversed, as indicated in Fig. 28b with the light
emerging from PEpgsc directed first through CEpgsc and then
through PEpgsc. It should be noted that the configuration of the
electrode connections is thereby somewhat different from the
previous case.

In the following paragraphs of this section the literature
examples of tandem DSSC/PESC systems will be classified
according to the type of the photoactive electrode.

(a) WO; and hematite Fe,O;. Both Fe,0; and WO; semi-
conductors absorb a substantial amount of light in the 400-500 nm
region, Fe,0; being a stronger light absorber (band gap 2.1 eV)
compared to WO; (2.6 eV). Polycrystalline WOj; attracted a lot of
attention for PESC applications in the polycrystalline form back
in the 1980s. Contrarily, substantial efforts have been devoted
in the last 20 years toward the synthesis of polycrystalline
Fe,0; in the hematite form to produce materials with desirable
photocurrent density values in PESCs, i.e. exceeding 1 mA cm >
under full sun. Therefore, systematic work in the latter started
appearing in the literature only from the year 2000 onward.
The main disadvantage of both materials is that the conduc-
tion band edge (E.p) lies significantly below Ex(H,/H'). Addi-
tionally, at electrode potentials positive of the photocurrent
onset, the photocurrent increases gradually due to substantial
recombination reactions, competing favourably with O, evolu-
tion, so that a substantial difference Ex(H,/H") — Ex(PE), larger
than that accounted of the E., position, is needed. Therefore
for photocurrents exceeding 1 mA cm > the applied bias
potential may exceed 0.5 V so that two DSSC cells could be
needed.

,MeCN)/(dye — TiO,)/ Ti/Pt/ELppgc (20)

with ELpgsc indicating the electrolytes in the DSSC and PESC
subunits. The composition of ELpgsc was 0.25 M Na,SO, at
pH = 4 (fixed with HClO,). Under illumination provided
by a Xe lamp of 100 mW cm™ 2 the photocurrent onset was
+0.33 V/gue (vs. a reversible hydrogen electrode in the same
solution). The energy storage efficiency was 1.9% for a DSSC based
on the well-known N719 dye, of the Ru/(bpy),(SCN),-type, and the
I"/I;~ mediator; the current density was 1.6 mA cm™>. A higher
of 2.6% was obtained by applying an external bias potential of
0.2V, to the tandem solar cell. In fact, the output of the traditional
I" /I;” -based DSSCs is not sufficient for a single DSSC cell to cover
the voltage requirements of the PESC under consideration. A
similar system was investigated by Kim et al. with the tandem cell
having the modified artificial leaf configuration of Fig. 28a.>>° In a
1 M H,S0, electrolyte the onset of photocurrent was 0.6 V/ryg. The
unbiased tandem cell achieved a current density of 0.4 mA cm™>
under irradiation with a 150 W Xe lamp-based solar simulator,
which increased to above 2 mA cm™> under additional bias
voltage.

Arakawa et al. investigated a tandem system with a WO;-
based PESC in series with two DSSCs; the sensitizer was a
Ru(terpyridine)(SCN);-based dye, known as “black dye”, with
significant absorption in the NIR of the solar spectrum. The energy
conversion efficiency was 2.6% under simulated solar light
irradiation.®” A tandem system with a Fe,O-based PESC and two
DSSCs, with chromophores having complementary light absorption
spectra, has been proposed by Brillet, Cornuz et al.**® One of these
dyes was the well-known sensitizer N749, of the Ru(bpy);(SCN),-type,
and the other a squaraine-type dye (SQ1).”>>° The tandem Fe,03/
SQ1 dye/N749 dye illuminated from the Fe,O; side produced
an energy storage efficiency of 1.36%.

Brillet et al. investigated a tandem cell based on WO; or
Fe,0; as a PESC photoelectrode in series with a DSSC based
on a cyclopentadithiophene-bridged charge-transfer organic
metal-free dye (Y123) and a Co(bpy);-type complex as a redox
mediator.>*® This type of DSSC was seen to exhibit higher
photovoltages, approaching 1 V at open-circuit, than cells with
I"/I;~ as the mediator. Their configuration was analogous of
the modified artificial leaf in Fig. 28a and 29. In sum, the cell
configuration was

‘WO3; and CEpggc in the same electrolyte

DSSC

CE EL INS/CE EL PE TCO /INS/TCO/PE EL 21
pesc /E Lpesc/INS/ CEpssc /ELpgsc/ PEpssc / JINS/ / PEpesc /ELpggc (21)

1 2
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where 1 was short-circuit connected to 1* and 2 to 2°. INS
indicates a transparent insulating phase (i.e. glass) separating
the PEpgsc layer from the electrolyte wetting the CEpgsc. The
ELpgsc was 1 M NaOH for the Fe,O; and 1 M HCIO, for the WO,
photoanode. Under irradiation of a 450 W Xe lamp with
appropriate filters to simulate sunlight, a . of 3.1% and 1.2%
was obtained for the WO,- and the Fe,0;-based system, respec-
tively, with respective photocurrents for the tandem connection
of 3.1 and 1.2 mA cm >, respectively.

(b) CdS quantum dots on TiO,. An alternative photoelectrode
option is that of a TiO, electrode decorated with CdS quantum
dots which is coupled to a Hj-evolving dark electrode. This
electrode operates with a sulfur-based sacrificial donor system.
The related photoelectrode reaction is

1 1 1
-8~ 4+ SO~ +h* — 28,04~ 22
7> TPy A 550s (22)

and the overall PEC reaction is

1 1 1 1
552* + 55032* +H" — zszof* +5H (23)

(a)

) v
Pt
*,
S+/S*
i CBrio,,” A i
- j_qEO(H*/Hz)
hv
CBwos
hv
S+/S0 -qE°(H,0/0,)
VByyo,
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with a standard free enthalpy of 0.21 eV per absorbed photon.
This system was studied by Gonzales-Pedro et al. and by Shin
et al. in the tandem PESC/DSSC configuration.*¢"%?

In the study of Gonzales-Pedro et al. CdS dots were deposited
on colloidal TiO,, with the additional feature of a ZnS overlayer.
The light source on the PESC was a Xe lamp providing
100 mW cm ™ ? light, and the aqueous electrolyte composition
was 0.25 M Na,S0;-0.35 M Na,S. The DSSC was fabricated with
a N719 sensitizer and a I" /I3~ mediator in an acetonitrile-based
electrolyte. The cell configuration is depicted in Fig. 28a. For
the tandem system #y was 0.8%, based on the free energy of the
overall reaction as stated above, and the corresponding current
density was 3.8 mA cm™ 2 These values compare very favourably
with 54 = 0.3% and short-circuit current of 1.6 mA cm ™2 for the
stand-alone short-circuited PESC.

In the study of Shin et al. the substrate was in the form of a
TiO, nanorod array; both the PESC cell electrolyte and the DSSC
was the same as in the report by Gonzales-Pedro et al. The cell
configuration is shown in Fig. 28b, with a double-side-coated
TCO plate supporting both the PESC photoelectrode and the
DSSC CE layer. A short-circuit photocurrent of 5.5 mA cm™> was

(b)

Fig. 29 Schematic of the tandem DSSC/PESC coupled cells with (a) WOz and (b) Fe,Oz photoanode. Reproduced with permission from ref. 360.

Copyright 2014 Wiley-VCH.
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generated. The DSSC was based on the N719 sensitizer and the
I'/I;~ mediator in an acetonitrile-based electrolyte.

() BiVO,/WO;. In the article by Shi et al**® the photo-
electrode of a PEC generating hydrogen and oxygen was a
BivO,/WO; bilayer electrode, with the BiVO, layer generated
on top of a previously deposited WO; on TCO. Additionally, a
FeOOH-NiOOH oxygen evolving catalyst was overlaid. The
configuration was that of Fig. 28b, with a double-coated TCO
plate supporting both the PESC composite photoelectrode and
the DSSC CE layer. The PESC electrolyte was 0.5 M Na,SO, at
pH = 7 fixed with phosphate buffer. The DSSC was based on
a donor-acceptor metal-free chromophore (JK-306) and a
Co(bpy)s-based redox mediator-containing electrolyte. Under
illumination by a solar simulator, a 55 of 5.7% was obtained
for the tandem cell corresponding to a short-circuit photo-
current of 5.7 mA cm™ 2.

(d) PESC coupled to DSSC. As already discussed previously,
PESCs based on direct semiconductor excitation usually require
an additional external bias voltage for efficient operation,
which can be supplied by an electricity-generating DSSC placed
in series. Two related studies have been published by Sherman,
Bergkamp et al.>** and by Sherman, Sheridan et al.>®®

In the article by Sherman, Bergkamp et al. the electron-
donating reaction at PEpggc is not oxygen evolution but the
oxidation of hydroquinone (H,Q) to benzoquinone (BQ). The
PESC electrolyte was 0.1 M Na,SO, buffered at pH = 5.8 with
Na,SiF containing 20 mM H,Q in the PE compartment while
the photoelectrode and CE compartments were separated by a
Nafion ion-exchange. With regard to photooxidation, Ex(H,Q/BQ)
was seen to be higher by 0.15 eV compared to Ex(H,0/0,, H') at
pH = 5.8. The chromophore of the PEpgsc was a metal-free
porphyrin attached onto SnO, via -COOH. The DSSC was based
on a Si-centered porphyrin on TiO, attached via -COOH, and the
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Fig. 30 Schematic of the tandem DSSC/PESC coupled cells consisting
of a DSSC and a PESC with back irradiation of the PESC photoelectrode.
Reproduced with permission from ref. 364. Copyright 2014 Wiley-VCH.
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I'/I;” mediator in an acetonitrile-based electrolyte. The tandem
cell configuration is depicted in Fig. 30, analogous to Fig. 28a,
with the difference that light is directed to the glass side and not
the electrolyte side of the photoelectrode while the DSSC is placed
between PEpggc and CEpggc.

In the article by Sherman et al., as indicated in Fig. 30, the
PEpgsc reaction was O, evolution. The chromophore was a
Ru(bpy);-based complex attached via the phosphonated groups
on TiO,. The substrate of PEpggc was of the SnO, and TiO,
core-shell configuration. The catalyst for O, evolution was of
the (bipyridine)bis(isoquinoline)Ru-type, electrodeposited onto
the PEpgsc. In the DSSC two dye-mediator combinations were
considered: N719 sensitizer with the I /I;7 mediator in an
acetonitrile-based electrolyte and a metal-free donor-acceptor
organic dye (D35) with a Co(bpy); mediator, also dissolved
in acetonitrile. The same configuration as used by Sherman,
Bergkamp et al, as depicted in Fig. 30 (upper part), was
employed.*®* Under white-light illumination of 100 mW c¢m ™2,
H, evolution was detected in both cases; however, n, was
below 0.1%.

4.2. PSC/PESC coupled cells for H, evolution

For the description of tandem systems involving PSCs two options
can be distinguished. On the one hand, a PSC can be coupled with
a PESC in need of an external bias potential. On the other hand,
one or, usually, two perovskite cells can provide the voltage
needed for the operation of an electrolysis with dark electrodes
(not needing illumination for their operations). In this respect,
several equations discussed earlier in this section with respect to
the photoelectrochemical DSSC applications can be applied, with
dye (D) replaced by perovskite in the kinetic equations; the overall
equation at the PE will be

CTMC(PEpsc) 25 CTM™ (PEpsc) + e (PEpsc)  (24)

where CTM is the charge-transport medium, alternatively
denoted as the hole conductor. The subscript PSC now replaces
DSSC, and correspondingly, the CE and overall PSC reactions
are expressed as

e (CEpsc) + CTM ' — CTM

, 25)
e (CEpsc) WLSS(; e (pEPSC)

The above formalism applies to all PSCs mentioned in this
section apart from one case, based on the inverted planar
architecture. The latter system is kinetically analogous to the
p-DSSC described previously. The essential features of the
tandem PSC-based systems appearing in the literature are
presented below, classified according to the type of the PESCs
coupled to the PSCs.

(a) PESC based on n-BiVO, and n-BiVO,-composites. The
most efficient system in this category was reported by Qiu et al.
As illustrated in Fig. 31a, the tandem PSC/PESC cell consists of
separate PESC and PSC cells connected by cables. The PEpgsc
was a specially structured Mo-doped BiVO, layer deposited on
top of a Sn0,/Si0, truncated microcone substrate layer.**® The

This journal is © The Royal Society of Chemistry 2018
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Fig. 31 (a) Schematic of the configuration of the PSC/PESC tandem cell.
Reproduced with permission from ref. 366. Copyright 2016 AAAS. (b) Schematic
of the tandem PSC/PESC coupled cell based on an n-PESC coupled to a PSC.
Reproduced with permission from ref. 367. Copyright 2015 ACS.

latter substrate was generated by first creating a SiO, layer on
FTO and then covering it with a thin SnO, coating. This particular
electrode structure facilitates the separation of photo-generated
electrons and holes. A Fe(Ni)OOH O,-evolution catalyst was
deposited on top of Mo-BiVO, while the CE was Pt. In a 0.5 M
(pH = 7) phosphate buffer electrolyte, the maximum photo-
current for the PEpgsc at 1.23 V/gue was 4.3 mA cm™ > under
simulated AM1.5 irradiance. The PSC was employing the
inverted (p-i-n) planar device architecture, based on CH;NH;Pbl;
as the photoactive material, which is connected on the one side
to NiMgLiO as the hole-accepting contact and on the other
side to a PCsBM layer as the electron-acceptor CTM, with
the configuration of glass/FTO/NiMgLiO/CH;NH;PbI;/PCBM/
Ti(Nb)O,/Ag. This type of PESC is different from the ones
described in the rest of this section by the fact that it is based
on a CTM of the electron-conductor rather than the hole-
conductor type.

The incident simulated AM1.5 beam was divided by a beam
splitter into two portions, each appropriate to the cell to which
it is directed, with wavelength below 515 nm for the PESC and
above 515 nm for the DSSC. The energy storage efficiency was
6.2% corresponding to a maximal operating current density for
the tandem cell jph(candem) = 5.01 MA cm 2. The jph(tandem) is the
current density obtained by series-connecting the PESC and
PSC, without any external resistance in the circuit, and corre-
sponds to the intersection of the DSSC and the PESC current-
voltage curves.

This journal is © The Royal Society of Chemistry 2018
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Two other systems in the 3-5% efficiency range were investi-
gated by Baek et al.>*® and by Kim et al.*®” In the former report,
the PESC was based on a triple-junction BiVO,/WO;/WO; + SnO,
triple-layer planar heterojunction (TPH) photoanode (PEpgsc)
for O, evolution and a Pt CE for H, evolution. The PEpggc was
constructed by first depositing a porous SnO, layer and then a
WO, layer penetrating into the pores of the SnO, layer. The
amount of WO; was adjusted so that an overstanding layer
was formed above the mixed layer WO; + SnO, layer. Finally,
a BiVO, layer was added on top of the WO; + SnO, layer. The
TPH layer was covered with a cobalt oxide-based (CoO,) catalyst
for O, evolution. The electrolyte was 0.5 M phosphate buffer
at pH = 7. In the PSCs, the photoelectrode was based on the
CH;3NH;PbI;/mp-TiO,/ul-TiO,/TCO, with mp-TiO, denoting the
mesoporous TiO, support, ul-TiO, denoting the TiO, ultrathin
compact layer (blocking layer or underlayer), and TCO the trans-
parent conducting oxide support. The CTM was spiro-OMeTAD
and the CEpgc was an Au layer. Hence, this PSC configuration
will be termed the “standard configuration”. The tandem cell
comprising one PSC cell in series with the PESC cell was based on
the configuration in Fig. 28a. Under simulated AM 1.5 irradiation at
100 mW c¢m™ >, a jpn(andem) Of 3.1 MA em™ and an energy
storage efficiency (O,) of 3.5% were obtained (being based on
evolved oxygen measurement energy storage efficiency (O,) and
accounting for the lower than unity faradaic efficiency). An
alternative configuration with the single PSC cell being replaced
by two smaller area PSCs in series gave a higher jynandem) Of
3.9 mA cm™? and energy storage efficiency (O,) of 4.5%.

In the system by Kim et al.**” the photoelectrode was a
dual-doped BiVO, (H,-treated and Mo-doped) coated with a Co
catalyst, which was Co carbonate (Co-Ci) in the most efficient
system. Two different configurations were used: the wireless,
compact-type, with the CEpgsc placed adjacently to PEpgsc, as
indicated in Fig. 28a, or the wired type, with CEpggc connected
by an external long cable to PEpgc, as shown in Fig. 31b. The
PSC was of the standard configuration apart from the fact
that the CTM was poly-triarylamine (PTAA) in the place of
spiro-OMeTAD. For the wireless configuration and the wired
configuration, energy storage efficiencies of 3.0% and 4.3%
were obtained under simulated one sun illumination, with the
latter improvement being due to the lower ohmic resistance in
the wired configuration.

Chen et al.>*® presented a similar system with a photoelec-
trode based only on BiVOy,, coated by a cobalt phosphate-based
(CoPi)O,-evolution catalyst. The electrolyte was 0.1 M phos-
phate buffer and the configuration was analogous to Fig. 28a.
The PSC was of the standard configuration. Under simulated
AM1.5 irradiation, an energy storage efficiency of 2.5% was
achieved.?*® In the publication by Zhang et al.>”® the PEpgcs was
based on a TiO, and BiVO, core-shell construction, with BiVO,
surrounding an array of TiO, nanotubes. The cell configuration
was analogous to Fig. 28a. The electrolyte was 0.1 M phosphate-
buffer-saline (PBS, based on H,PO, /HPO,*> and Cl ) at pH=7.In
the PSCs the photoelectrode was based on the CH;NH;PbI;/TiO,
configuration without the addition of a CTM and with a carbon
layer CEpsc. The perovskite material played the role of a hole
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conductor. An Al,O; layer was interposed between PBS at pH = 7. In
the PSC the photoelectrode was based on the CH;NH;Pbl; and
carbon CE so as to prevent photoinjected recombination. Under
simulated AM1.5 irradiation, an energy storage efficiency of 1.4%
was achieved for the tandem device.

(b) PESC based on n-Fe,0;. In the publication of Gurudayal
et al. the PEpgsc was hematite in the form of NWs deposited
on FTO glass, both in the undoped and the Mn-doped state.*”*
The cell configuration was analogous to Fig. 28a, with a Pt
electrode placed far away from the tandem assembly. The PSC was
of the standard configuration (CH3;NH;PblI;-spiro-OMeTAD-Au).
In a 1 M NaOH electrolyte (pH = 13.6) under simulated AM1.5

View Article Online

Review

irradiation of 100 mW c¢cm™? the tandem assembly achieved a 5
of 2.4% for the Mn-Fe,O; PESC variant.

(c) PESC based on p-Cu,O. Dias et al. tested a tandem
system consisting of a p-type PESC and a PSC, connected as
indicated in Fig. 32.>”> The PESC was based on a p-Cu,O photo-
cathode and a dark IrO, oxygen evolution anode. The PEpgsc
was of a quite elaborate construction, with thin metal under-
layer and several overlayers, i.e. FTO/Au/p-Cu,O/Al:ZnO/TiO,/
RuO,/Electrolyte, to ensure optimal electrocatalytic activity
toward H, evolution together with protection from corrosion.
The PSC was of the standard configuration. In a 0.5 M Na,SO,
and 0.1 M phosphate (pH = 5) electrolyte under simulated AM1.5
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Fig. 32 (a) Schematic of the tandem PSC/PESC coupled cell, with a p-type photocathode of a PESC placed adjacently to the photoelectrode of a PSC.
This configuration is analogous to that depicted in Fig. 28a, but with different interelectrode connections. (b) Schematic of the PSC/PESC coupled cell
with a Cu,O—-perovskite—IrO, tandem cell during operation. Reproduced with permission from ref. 372. Copyright 2015 Wiley-VCH.
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Fig. 33 (a) Schematic of the PSC/ELC coupled cell with NiFe DLH/Ni foam electrodes for H, evolution. (b) A generalized energy schematic of the
PSC/ELC coupled cell with two PSCs. (c) J-V curves of the PSC/ELC coupled cell in the dark and under simulated AM 1.5G 100 mW cm™2 illumination,
and the NiFe/Ni foam electrodes in a two-electrode configuration. Reproduced with permission from ref. 136. Copyright 2014 AAAS. (d) Schematic
diagram of the PSC/ELC coupled cell composed of perovskite light harvesters, earth-abundant catalysts, and a bi-polar membrane. Reproduced with
permission from ref. 373. Copyright 2016 Wiley-VCH. (e) Schematic of the PSC/ELC coupled cell with three PSCs. (f) Generalized energy diagram for
converting CO, into CO with three PSCs. Reproduced with permission from ref. 374. Copyright 2015 NPG.

irradiation of 100 mW cm ™2 the tandem assembly yielded a 7, of
2.4% and a corresponding jph(tandem) Of 2 MA cm 2

4.3. PSC/ELC coupled cells for H, evolution and CO,
reduction

(a) Water electrolysis. In contrast to the cases discussed up
to now, the following section involves the coupling of PSCs and
electrolysis cells (ELCs) with two dark electrodes or PESCs. The
system of Luo et al."*® consisted of an alkaline (1 M NaOH OH)
water ELC coupled to two series-connected PSCs based on the

This journal is © The Royal Society of Chemistry 2018

CH;NH,;PbI;-Spiro-OMeTAD-Au configuration (Fig. 33a—c). The
catalytic electrodes of the ELC consisted of earth abundant
materials, ie. Ni foam for H, evolution and Ni-Fe-layered
double hydroxide (NiFe LDH) for both hydrogen and oxygen
evolution.

Luo et al.>”* studied the coupling of two PSCs and a ELC with
electrocatalysts based on two compartments, separated by a
bipolar ion-exchange membrane (i.e. a cation-exchange membrane
laminated together with an anion-exchange membrane) with
0.5 M H,SO, for the H,-evolution electrode and an alkaline
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solution 1 M KOH for the O,-evolution electrode, as illustrated
in Fig. 33d. The particular reason for use of this electrolyte and
separator is as follows: H,SO, is useful for H, evolution whereas
KOH is useful for O, evolution, and thus result in the long-term
stability of both electrodes. In fact several earth-abundant
electrocatalysts for H,-evolution are seen to be unstable in
bases, as is the case with the cobalt phosphate (CoP) used in
the present case. Similarly, the stability of several earth abundant
electrocatalysts for O, in acids is problematic, as seen for the
NiFe LDH used in the present case.

The PSCs were based on MAPbBr;-stabilized FAPbI; perov-
skite phase light harvester ((FAPbI;); ,(MAPbBI;),). Under
simulated AM 1.5G irradiation a 7, of 12.7% was obtained
(Fig. 33c), corresponding to a jph(tandem) Of 10.33 mA cm ™2,
Under this current, the ELC operated at 1.6 V while the
thermodynamic potential of the cell in the absence of liquid-
junction potential was 0.40 V, with the major part of the total
cell overpotential appearing across the membrane.

(b) CO, reduction. The reduction of CO, to CO was studied
by Schreier et al. in a tandem ELC-PSC system, as illustrated in
Fig. 33e and f.*”* The electromotive force (emf) of the reaction

1
CO, — CO + 502 (26)

is 1.34 V, as compared to the 1.23 V emf for water decomposi-
tion to H, and O,. This corresponds to an electrode potential of
—0.11 V/RHE for the half-reaction

CO, + 2H™+ 2e” — CO + H,0 (27)

However, the overpotential for the above reaction is sub-
stantial so that three PSC are required for the ELC. The latter
was composed of a porous Au cathode for CO, reduction and an
IrO, anode for O, evolution in a CO,-saturated NaHCOj; electro-
lyte. A tandem cell constructed this way produced a jyn(tandem) Of
5.8 mA cm 2 The faradaic efficiency for CO generation was
80-90%, with the formation of H, as by-product accounting for
the rest. On the basis of the aforementioned 1.34 V emf for CO
generation, #, lies in the range 6-7%, or above 7% including H,
generation in the storage efficiency calculation.

5. Summary and future outlook
General summary and outlook

The present Review has summarized the recent progress in
integrated solar cells based on DSSCs and PSCs for energy
harvesting/conversion and storage. Researchers have designed
different integrated devices for PV power generation and sto-
rage systems by using various technologies and materials.
However, this field is still at a very early stage. For example,
the Js. and V,. of an integrated device are strongly affected by
the band structure and the surface/interface characteristics
of the connected PV unit. The solar cells, however, require
operation at the maximum power point to make full use of the
incident light. In addition, the photon-charge formation is a
dynamic process. In this regard, it is better to introduce a smart
power-conversion unit into the integrated device, which could
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extract more power from solar cells to be stored in the energy
storage devices.

The revolutionary new technologies of generating usable
energy from sustainable and non-polluting sources must have
the flexibility to meet the energy demands of both consumers
and users, while producing fewer carbon emissions than cur-
rent energy systems. With regard to new-generation integrated
solar cell devices comprising alternative PV technologies,
improvements of DSSCs and PSCs in performance, durability,
and scalability play a critical role in order to meet the high
quality demand of the market. Continued research in that
direction will enhance the production and sales of durable
and highly efficient integrated solar cell devices in the future.

There is large interest in integrating solar cells in buildings
utilizing their different colors, shapes, and transparencies to
provide a competitive edge for this new-generation integrated
solar energy technology. To promote the use of large-scale DSSCs
in integrated systems in the future, new ionic liquid electrolytes
(ILEs) have to be developed to achieve higher PCEs and provide
the high stability and transparency that is greatly demanded for
BIPV applications. Novel solid-state ILEs comprising gel-binding
agents and inorganic nano-fillers will ascertain market prospects
for large scale applications in the electric power generating glass
panels. To meet the efficiency demand for DSSCs in commercial
application, a J;. of 20 mA cm™ 2 is expected to be achieved and
maintained by controlling and modifying the pore size, quantity,
and shape of the novel nanostructured TiO, films that are used
in conjunction with improved ILEs. To respond to the commer-
cial demand for DSSC panels in specific colors (in particular
green and blue), a novel class of high-stability and low-cost
sensitizers, such as ruthenium complexes, blue organic dye,
and green porphyrin dye, need to be designed and explored.
Additionally, new alternative materials should meet the expecta-
tion of both lower cost and long-lived population of charge
carriers that is required to reach the ambitious cell efficiency
goals. The practical application and large-area fabrication for
each material in DSSC and PSC will face many great challenges
in future.>?”>7

A tremendous advance in PCE for the PSCs has been made,
reaching a current certified level of 22.1% that has stunned the
PV community. Nevertheless, this path-breaking PV technology
is still in its infancy and there remains a big challenge of long-
term stability. To date, the instability of PSCs has posed a
hurdle for implementation and commercialization. The main
source of instability for PSCs was found to stem from the
degradation of MAPDI; perovskite materials. The release of
volatile iodine vapor was found to be inevitable for PSCs in
practical applications due to their subjection to moisture, oxygen,
light illumination, thermal stress, and applied electric fields. In
addition, the use of toxic Pb is still a big problem for PSCs.
Therefore, alternative perovskite materials need to be explored to
achieve long-term stable PSCs that are considerable for practical
applications.

In general, integrated devices based on DSSC and PSC
technology have the potential to excel through a myriad of
inherent advantages such as low-temperature and low-cost
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processing, mechanical flexibility and choice of rigid or flexible
substrate, low-toxicity (in the case of DSSCs), excellent low-light
performance, and tunability of color and transparency. It can
be expected that taking advantage of the above properties will
enable exciting novel integrated products and applications as
well as wide-spread use of the technology.

Integrated tandem devices

The benefit of using wide-bandgap PSCs as top cells in integrated
solar devices becomes increasingly enticing. Integrated tandem
devices with silicon bottom cells and PSC top cells have resulted
in up to 26.4% efficiency, close to the single junction silicon
record of 26.6%.5'°°72°* For monolithic devices, silicon bottom
cells are often adjusted to accompany PSC top cells, thereby
reducing their performance. Novel means of light trapping
structures and passivation layers need to be explored that are
compatible with the tandem architecture. Most reports to date
have focused on high PCE HJT and PERC cells while the biggest
economic advantage and impact might arise from the combi-
nation of perovskites with the market-leading polycrystalline
Si technology, which should therefore receive more research
focus. The limitation of silicon’s bandgap to 1.12 eV further
demands the improvement of wide-bandgap perovskite compo-
sitions around 1.7-1.8 eV, which can be achieved by the
addition of bromide.’* The long lifetime of commercial silicon
modules under operating conditions will have to be met by
perovskite top-cells to allow for the market entry of integrated
PSC/silicon tandem devices.

The combination of PSCs with thin film chalcopyrite bottom
cells is particularly promising due to the tunability of the
chalcopyrite’s bandgap to values as low as 1.0 eV, which is not
possible with silicon. Moreover, both chalcopyrite and perovskite
absorbers can be fabricated on flexible substrates with low-cost
solution methods which could facilitate roll-to-roll processing of
flexible, monolithically integrated tandem modules. Efficiencies
of up to 22.1% have been reported to date for integrated CIGS/
PSC tandem devices, which is already close to the CIGS single-
junction record efficiency at 22.6%.>****> Further performance
improvements and/or the use of economical deposition methods
will be needed, however, to justify the additional cost and effort
for the tandem fabrication. Albrecht et al. recently projected
that tandem devices with Si or CIGS bottom cells could reach
30% PCE in 2020 and 35% by 2030, which would change the
economics for these devices.

Attention has also been directed to the fabrication of CIGS
absorbers via low-cost solution deposition methods and use of
flexible substrates which could further reduce module costs as
well as capital expenditure of new manufacturing plants by
enabling roll-to-roll printing methods.***?***”® In terms of
tandem performance, further research should be focused on
the improvement of low-bandgap CulnSe,-based devices that
are predicted to lead to highest theoretical tandem efficiencies
when used as bottom cells with high efficiency PSCs.>*?7>*!
Earth-abundant alternatives to CIGS might also be explored,
such as low-bandgap Cu,ZnSnSe, kesterite absorbers.>”® Other
topics of interest for the realization of monolithic devices are
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the improvement of high-PCE perovskite top-cells in inverted
architecture and substrate configuration, the reduction of
PSC processing temperatures, and the planarization of CIGS
devices. Before a commercial implementation can be achieved,
however, crucial points for the top cell have to be addressed
such as long-term stability of PSCs or the technology’s feasi-
bility for large-scale processing.

Integrated all-perovskite tandem cells have a tremendous
low-cost potential due to their thin film nature that enables
monolithic integration and flexible substrates, ability to use
solution methods with high material yield and low thermal
budget, and ease of manufacturing. The integrated PSC/PSC
tandem devices have achieved up to 20.3% stabilized power
output, approaching the technology’s single junction record at
21.7%.2**% The development of low-bandgap perovskite absor-
bers down to 1.2 eV is still very recent and should trigger further
improvements in device efficiency and even lower bandgap
compositions that are more optimal for bottom devices. The
large tunability range of the perovskite bandgap from 1.2-2.3 eV
should further be exploited to realize multi-junction tandem
devices with three or more junctions for efficiencies over
50%.%>°*%! High PCE tandem devices in the substrate configu-
ration might enable flexible tandem devices on opaque or low
transmittance metal or polymer foils.

In contrast to SSCs, whose production is comparatively
expensive due to the technology’s high energy and material
demand, the use of DSSC and PSC based devices could allow for
a more efficient fabrication and decrease costs significantly.
Additional benefits of the DSSC and PSC technology arise under
low light conditions. While the J. of typical solar cells is
reduced under weak-light illumination, thin film solar cells
such as PSCs and DSSCs possess improved PCE retention
compared with their silicon counterpart. This in turn, however,
might lead to challenges in current-matched tandem devices.
As a result, more research should be focused on real operation
conditions when designing tandem devices or multi-junction
solar cells.

Integrated energy harvesting and storage devices

With the continuing development of PV and energy storage
devices, the integrated devices are expected to feature some
exciting new breakthroughs. Different energy storage devices
could be widely integrated with PV to simultaneously realize the
energy harvesting/conversion and storage and utilization. In
terms of energy storage units, SCs exhibit high power densities
while LIBs show high energy densities, which allow the inte-
grated energy storage side to be configured for different appli-
cations. It should be noted that the operating voltage of a LIB
is generally constant while the voltage of a SC will mostly
change during the charge and discharge process, which can
add difficulty when improving the efficiency of the whole device.
The revised strategy therefore needs to be targeted towards circuit
and device to achieve constant voltage charging and discharging
for the SC unit. Moreover, the energy storage components are not
limited to SC and LIB, as discussed in this Review, and other
exciting types of energy storage devices, such as sodium-ion
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batteries, zinc-air batteries, etc., are heavily researched in the
integrated solar cell systems.

To date, the majority of integrated photo-energy conversion
and energy storage integrated devices have been based on DSSC
and PSC technologies. The integration of DSSC/SC device has
reached the highest efficiency of 5.12% by using CNTs as CEs.
Other combinations of PV systems with storage systems also
show the high potential of this area of research. In particular,
the emergence of the PSCs has garnered considerable attention.
It is noteworthy that the theoretical overall output efficiency of
an integrated device (PSC/SC) can reach 20% with an output
voltage of 1.46 V when the voltage of the SC is set at 0.6 V.**!
PSCs are envisioned to be a great substitute for DSSCs due to
their low processing cost and high efficiencies. Additionally,
SCs can also be improved by integration with organic radical
batteries, resulting in a fast charging, high capacity storage
device. In terms of integrated systems, a four-electrode setup is
a good means to optimize the solar re-chargeable SCs, as the
solar cell and the SC part can be improved separately. Despite
vast optimization requirements, solar-rechargeable energy
storage systems based on DSSCs and PSCs have a high potential
for efficient and direct storage of solar energy due to their
inherent advantages compared to common inorganic devices
such as exceptional low-light performance which enables use
for indoor applications, and tunability of color and trans-
parency which allows for the tailoring of the integrated device
design to the customers’ individual preference.

Vast success has been achieved in the field of portable
electronics; however, traditional LIBs are encountering growing
challenges in the emerging applications (e.g. smart grid) as well
as in flexible/micro-electronics due to their relatively low energy
and power densities. Alternative lithium-oxygen and lithium-
sulfur batteries with higher specific energy density are promis-
ing but rely on the breakthrough of electrode materials,
electrolytes, and the cell structure design. Integrated devices
are capable of realizing multiple functions by combining
different energy units. The integration of DSSCs or PSCs and
LIBs allows for simultaneous energy harvesting and storage in a
single device, while the integration of LIBs and SCs can provide
electronics with both high energy and high power densities,
which are of importance for small sized, lightweight, and high-
density energy systems.

Regarding the integration of NGs and solar cells, two major
fields of research are apparent. The first is how to use NGs or
their mechanism to increase the PCE of solar cells. Three key
steps can be distinguished during the conversion of photo-
energy to electricity in a solar cell: the incidence of solar light
onto the solar cell, the conversion of photons into electron—
hole pairs, and the separation of electron-hole pairs to the two
opposing electrodes. How to employ the voltage of NGs or the
piezoelectric field to effectively separate the electron-hole pairs
is a very important field of research, which can contribute to
the enhancement of solar cells’ PCEs. The second key research
direction is how to effectively adapt integrated NGs and solar
cells for different operating conditions to maximize the simul-
taneous harvesting of mechanical energy and solar energy. There
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are four modes for TENGs, which are lateral sliding mode, single
electrode mode, vertical contact mode, and freestanding tribo-
electric layer mode, and two modes for PENGs, which are
uniaxial compression mode and lateral bent mode.*** According
to the specific operating condition, choosing the individual or
complementary modes of the NG is also a very important field of
research which can contribute to the overall system’s power
generation ability.

Many advances have been achieved by improving the archi-
tecture, stability, and performance of flexible integrated devices.
However, there are still some critical problems that need further
be overcome for their practical applications. First, the PCE of
the employed solar cells can be further increased. Second, the
sealing processes of typically used DSSCs to avoid electrolyte
leaking during use can be further improved. Third, the scale-up
production of integrated devices based on solar cells for practical
applications still face a great challenge.

In general, integrated devices based on DSSCs exhibit a very
poor performance, much smaller than the typical PCE value of
DSSCs (i.e. 10%) due to the lack of optimization and match of
cell components within the integrated devices. As mentioned
above, future research of energy harvesting/conversion and
energy storage devices (DSSCs, LIBs, SCs, NGs, etc.), improve-
ments in the performance of the integrated units, through
optimizing device architecture, substrates, materials design,
matching, stability, tenability, cost, scalable manufacturing
process, module, encapsulation, and etc., are highly desirable
for integrated devices based on DSSCs to increase PCEs beyond
current levels to real applications.

Integrated photoelectrochemical cells

In the past ten years, dye-sensitized electrodes have attracted a
lot of interest as photoanodes or photocathodes for electro-
synthetic applications, mainly for hydrogen evolution, oxygen
evolution, and CO, reduction, and usually in combination with
catalysts. Despite the achieved substantial progress, the result-
ing photocurrents are substantially lower compared to those
based on directly photoexcited semiconductors such as p-Cu,0O,
n-Fe,0;, n-WO3;, and n-BiVO,. A substantial challenge is the
matching between the energy levels of dye ground and excited
states, the semiconductor conduction band or valence band,
and the energy levels of the molecules injecting holes or
electrons into the photoexcited dye. Additionally, the involved
complex, multi-electron reactions in solution involved requires
the judicious choice of catalysts. Therefore, the progress of
this field is intimately linked to advances in the molecular
chemistry of reactions such as water oxidation to oxygen, water
reduction to hydrogen, and CO, reduction. From the experi-
mental point of view, an often encountered problem is the lack
of standardization conditions for performing experiments,
which would improve the comparison of results obtained by
various laboratories. In particular, a variety of white or mono-
chromatic light sources of intensity comparable to that of sun-
light are used in addition to a multitude of solution compositions
and pH values. Therefore, it is desirable that the same level of
standardization is achieved as in the research on solar cells.
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In conclusion, more fundamental research is needed in order to
reach a definite conclusion about whether the direct dye-
sensitized photoanode and photocathode option is viable and,
upon decision, which particular system should be the focus of
further optimization.

A further field of interest is that of tandem systems comprising
electricity-producing DSSCs and either ELCs with dark electrodes
or PESCs needing additional bias potential. In both cases a
prerequisite for advancement is the further optimization of DSSCs
with respect to all three goals: PCE in the 10-20% range,
extended long-term stability, and manufacturing on the basis
of earth-abundant, inexpensive and non-volatile materials.
Alternatively, the recently emerged PSCs, exhibiting higher PCEs,
approaching those of traditional solid-state inorganic solar cells,
are attracting increased attention in tandem PESC research, in
particular the field of water decomposition to hydrogen and
oxygen, and CO, reduction. Provided that stability, low-price,
and environment-compatibility criteria are fulfilled, PCEs could
prove to be the solar cells of choice in chemical solar energy
applications.

Abbreviations

AR Antireflection

ALD Atomic layer deposition

BQ Benzoquinone

BH] Bulk-heterojunction

cb Conduction band

CE Counter electrode

CNT Carbon nanotube

CTM Charge-transport material

CIS Culn(S,Se),

CIGS CulnGaSe,

Cs0-SB Tris(sulfobetaine)-substituted
fulleropyrrolidine

CeoN Tertiary amino-fulleropyrrolidine

DPE Diphenyl ether

DSSC Dye-sensitized solar cell

n-DSSC DSSC with n-type photoanode and dark counter
electrode (cathode)

p-DSSC DSSC with p-type photocathode and dark
counter electrode (anode)

DMSO Dimethyl sulfoxide

n-PESC PESC with n-type photoanode and dark counter
electrode (cathode)

p-PESC PESC with n-type photocathode and dark
counter electrode (anode)

E.p Conduction band edge

EQE External quantum efficiency

ELC Electrolysis cell

emf Electromotive force

Mst Energy storage efficiency

ETL Electron transport layer

EMIBF, 1-Ethyl-3-methyl imidazolium tetrafluoroborate

FF Fill factor
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HC(NH,),"

Fluorine-doped tin dioxide

Graphene nanoplatelet

Hole-transporter materials

Hole transport layer

Heterojunction technology
Hydroquinone

Interdigitated back contact

Indium tin oxide

Indium zinc oxide

International electrotechnical commission
Short circuit current density

Lithium ion battery

Light emitting diode

Liy 35Tl 75Al0.25P2.7510.3012

Lithium bis(trifluoromethane sulfonimide)
CH,;NH;"

Methylammonium-lead iodide

Nanowire

Nanotube

Nanogenerator

Near-infrared
Poly[N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-
(2,2'-bithiophene)

Organic solar cell

Photoanode

Propylene carbonate

Perovskite solar cell
Photoelectrochemical cell

Power conversion efficiency
Phosphate-buffer-saline

Polyethylene oxide
Poly(styrenesulfonate)

Polypyrrole

Poly(ethyleneimine)

Polyethylene terephthalate

Polyvinyl acetate

Poly(3-hexylthiophene)
Photoelectrosynthetic cell
Polytetrafluoroethylene
Polymethylmethacrylate
Photovoltachromic supercapacitor
Passivated emitter rear contact
Piezoelectric nanogenerator
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Poly(vinylidene fluoride)
Poly(diketopyrrolopyrrole-terthiophene)
[6,6]-Phenyl-Cgo-butyric acid methyl ester
[6,6]-Phenyl-Cg;-butyric acid methyl ester
[6,6]-Phenyl-C,-butyric acid methyl ester
[6,6]-Phenyl-C,;-butyric acid methyl ester
Poly(3,4-(2',2'-diethyl)-
propylenedioxythiophene)

Quantum dot solar cell
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SC Supercapacitor

SEM Scanning electron microscope
tBP tert-Butylpyridine

TCO Transparent conducting tin oxide
TPH Triple-layer planar heterojunction
TENG Triboelectric nanogenerator
UV-vis Ultraviolet-visible

vb Valence band

Voe Open circuit voltage

ZTO Zinc tin oxide
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