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a b s t r a c t

Flexible photovoltaic devices have attracted much attention because of the promising applications in
portable or wearable electronics, power-generated textiles, building-integrated photovoltaic systems,
electric automobiles, unmanned aerial vehicles and space robots. And due to the advantages of abun-
dance, long-term stability, good transparency, high conductivity and mechanical flexibility, carbon
nanomaterials have been widely used for realizing the flexibility and high performance of solar cells. In
this review, the photovoltaic devices including dye-sensitized solar cells, organic solar cells and perov-
skite solar cells, which can be made flexible, are first introduced briefly. The necessity for carbon
nanomaterials including fullerene, carbon nanotube and graphene is then summarized for the photo-
voltaic applications. The main efforts are next made to discuss the recent advances of the carbon
nanomaterials for flexible solar cells with an emphasis on the material synthesis and structure design.
The remaining challenges and future directions are finally concluded to guide the following studies on
the development of carbon nanomaterials for flexible solar cells.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Flexible solar cells have recently become a promising direction
Sun), penghs@fudan.edu.cn
in photovoltaics as they are lightweight, endurable to complex
deformations, integrated into curved surfaces, compatible to roll-
to-roll manufacturing and convenient in storage and trans-
portation [1e4]. Therefore, they hold out the prospect of applica-
tion in portable or wearable electronics, power-generated textiles,
building-integrated photovoltaic systems, electric automobiles,
unmanned aerial vehicles and space robots [5e7]. Although
amorphous silicon solar cells and the other thin-film photovoltaic
devices have been made flexible, the poor bending radius and high
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Fig. 1. Schematic diagrams to the device structure and work mechanism of (a) DSCs,
(b) OSCs and (c) PSCs. (A colour version of this figure can be viewed online.)
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cost fall far short of what people expect [8]. To this end, new-type
solar cells typically including dye-sensitized solar cells (DSCs) [9],
organic solar cells (OSCs) [10] and perovskite solar cells (PSCs) [11],
have been attractive reasonably for the low-temperature fabrica-
tions (below~150 �C), low thicknesses and tunable colors [12].
Generally, these solar cells are composed of three key parts, i.e.,
cathode, photoactive layer and anode. Moreover, electron transport
layer (ETL) and hole transport layer (HTL) are introduced to reduce
charge recombination in PSCs and OSCs, and electrolytes are
required for charge transport and redox reaction in DSCs. For
flexible solar cells, all the functional layers should be made flexible
especially the electrodes, which also function as substrates for
active layers. Besides, the interactions between the flexible elec-
trodes and active layers via low-temperature processing are crucial
to varying the morphology and interface for all the functional
layers, thus influencing the performances of the photovoltaic de-
vices [13,14].

Carbon nanomaterials, including fullerene, carbon nanotubes
(CNTs) and graphene, have attracted broad interests at the energy
community due to the promising advantages of high conductivity,
mechanical flexibility, adjustable energy levels and long-term sta-
bility [15e19]. These high performances make them good candi-
dates in flexible solar cells to be used as electrodes, charge
transport materials or photoactive layers [20,21].

In this review, three kinds of solar cells that can bemade flexible
are first summarized. Three types of carbon nanomaterials
mentioned above are then compared for the photovoltaic proper-
ties. We will focus on the main progress of flexible solar cells based
on the carbon nanomaterials for high photovoltaic performances. It
is finally highlighted to present the key challenges and future di-
rections in the flexible solar cells using carbon nanomaterials.

Despite the numerous reports about flexible electronics not
limited to solar cells both in academia and industry, it is rare to
define the flexibility. We here try to make a definition on the
flexibility for the future comparison on the mechanical property of
the flexible electronic devices. Generally, the so-called flexible
electronic devices have been mainly fabricated by making them on
flexible substrates such as polymers, and they are typically bend-
able, twistable or even stretchable. Bendability is mostly recog-
nized to assess the flexibility via an index of curvature radius. Based
on the available reports, electronic devices that maintain 80% of
initial properties under bending with curvature radii from 10 cm to
1mm can be considered “flexible”. If the curvature radius could
further decrease to 1mm or even lower, they may be called “ultra-
flexible”. Inmost cases, flexible photovoltaic devices mainly include
DSCs, OSCs and PSCs that will be discussed below.

Since the breakthroughmade by Gr€atzel et al., in 1991 [22], DSCs
have inspired plenty of researches for their low cost, easy fabrica-
tion process and working under ambient light conditions [23e26].
As shown in Fig. 1a, DSCs are typically comprised of a photoanode
(typically semiconductor of titanium dioxide (TiO2)-, zinc oxide
(ZnO)-, or stannic oxide (SnO2)- modified conductive substrate), a
photoactive dye (e.g., cis-bis(isothiocyanato) bis(2,20-bipyridyl-
4,40-dicarboxylato)-ruthenium(II) bis-tetrabutylammonium
(N719), cis-di(isothiocyanato)-bis(4,40-dicarboxy-2,20-bipyridine)
ruthenium(II) (N3), 3-{6-{4-[bis(20,40-dihexyloxybiphenyl-4-yl)
amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b0]dithio-
phene-2-yl}-2-cyanoacrylic acid (Y123)), an electrolyte containing
I3�/I� or Co2þ/Co3þ redox couple and a counter electrode (e.g., Pt and
carbon materials) [27]. Typically, dye molecules on the photoanode
inject excited electrons into the conduction band of the semi-
conductor in photoanode under illumination, followed by electron
migration to the external circuit. The electrons from external circuit
are then returned to redox electrolyte via counter electrode. The
dye molecules are regenerated by capturing electrons from redox
electrolyte to complete a cycle of energy conversion. For the mostly
studied DSCs with the use of liquid electrolytes, it is difficult to
make flexible devices due to the difficulty in sealing them stably.

Based on the all-solid-state advantage, OSCs have been more
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explored for flexible solar cells [28,29]. For a typical structure in
OSCs (Fig. 1b), an active layer comprising a p-type donor and a n-
type acceptor like poly(3-hexylthiophene):phenyl-C61-butyric acid
methyl ester (P3HT:PC61BM) is sandwiched between a cathode and
an anode with two charge transport layers, namely ETL (e.g., TiO2
and ZnO) between cathode and active layer and HTL (e.g., poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)) be-
tween anode and active layer [30]. During the photoexcitation,
electron-hole pairs also known as excitons are generated in elec-
tron donor of the active layer and then transferred to the interface
between electron donor and acceptor, which are subsequently
separated into electrons and holes. The electrons and holes are
transported to the cathode and anode via ETL and HTL to generate
voltage and current, respectively.

However, OSCs typically show relatively low power conversion
efficiencies (PCEs). To this end, PSCs that show much higher PCEs
up to 22.1% [31] also with all-solid-state nature and low-
temperature processibility [32,33] have attracted increasing at-
tentions in recent years. PSCs are also made by sandwiching pho-
toactive perovskite layer between two charge transport layers
(Fig. 1c), which adopt two categories of structures, namely, n-i-p
junction for ETL/perovskite/HTL and p-i-n junction for HTL/perov-
skite/ETL [34]. For the photoactive layer of PSCs, perovskite refers to
a class of compoundswith the general structure of ABX3, where A, B
and X stand for monovalent cation (methylammonium (CH3NH3

þ),
formamidinium (CH2(NH2)2þ), Csþ, Rbþ), metal cation (Pb2þ, Sn2þ)
and halide anion (I�, Br�), respectively [35]. After absorption of
photons, electrons are excited from valence band of the perovskite
to conduction band, leaving holes behind after separation of the
weakly bound excitons. The electrons and holes are also trans-
ported though the ETL and HTL, followed by collection at the anode
and cathode, respectively.

In order to fabricate flexible solar cells, a flexible front electrode
atop which active materials are deposited should be firstly pre-
pared. In other words, we need to replace the conventional rigid
front electrode with flexible ones. Of course, the flexible front
electrode should be transparent for the transmission of sun light.
Note that if the back electrode is also transparent, a semi-
transparent flexible solar cell can be obtained. To simultaneously
realize the optical transparency and electrical conduction, trans-
parent conductive oxides (TCO) are widely adopted due to the low
sheet resistance at high transparency [30,36], e.g., 10e30U/sq at
>90% transparency for indium-doped tin oxide (ITO) electrode.
TCO-modified polymer substrates are widely used as flexible front
electrode, such as polyethylene terephthalate (PET)/ITO [33] and
poly(ethylene naphthalate) (PEN)/ITO [37]. However, TCO suffers
from intrinsic rigidness, brittleness and heaviness, which show
limited flexibility even on polymer films [7]. Carbon nanomaterials
may replace TCO due to their high conductivity, good transparency,
high stability and flexibility [38,39], which will be detailed later.

Polymer substrates are unfavorable for the fabrication at high
temperatures aiming at high efficiencies. For example, to reach high
PCEs, the DSCs require the crystal transition of TiO2 or the
connection among TiO2 nanoparticles at temperatures of
450e550 �C [40,41]. Similarly, high-temperature processed TiO2 is
required for high-performance PSCs [42]. To make better use of
polymer substrates, low-temperature processed TiO2 and other
substitute materials including PC61BM and ZnO are developed but
cause new obstacles [4,43]. To this end, free-standing metal sub-
strates (e.g., Ti foil) are used [44,45]. However, these substrates are
not flexible enough; they are not lightweight either, while a
promising advantage of the flexible solar cells lies in the light
weight. Therefore, free-standing electrodes based on metal wires
are prepared for flexible fiber-shaped solar cells [46,47]. The design
of thin photovoltaic fiber to reduce the electrode weight is more
matching with the rising portable and wearable electronic prod-
ucts. Typically, two metal wires are twisted together with active
materials between them to form a fiber-shaped solar cell. However,
the lower effective contact area between two metal wires reduces
its photovoltaic performance. Carbon nanomaterials like CNT and
graphene are made into fiber and film electrodes for fiber-shaped
solar cells that are bendable and twistable [48,49]. They can be
further woven into flexible power textiles.

2. Carbon nanomaterials

Carbon nanomaterials show high conductivity, good trans-
parency, high stability, good flexibility and adjustable energy levels,
facilitating their applications in flexible solar cells. The corre-
sponding structures and properties of carbon nanomaterials are
concluded from zero-dimensional fullerene and one-dimensional
CNT to two-dimensional graphene.

2.1. Fullerene

Fullerenes, discovered in 1895 [50], are stable and pure allotrope
form of carbon. Spherically shaped fullerene is made of pentagons
and hexagons in its structure. The well-known C60 fullerene con-
sists of 12 pentagons and 20 hexagons with 60 bonds out of these
30 conjugated double bonds [51], and it shows high performances
in thermal and pressure stabilities and chemical reactivity. C60 is
fairly transparent and also has fair electrical conductivity (10�4 S/
cm). Most importantly, C60 lacks bulky side-chains and can be
packed more densely, which facilitates intermolecular charge
transport.With good electron affinity, fullerenes represented by C60
and C70 and their derivatives are widely used as electron acceptors
of photoactive layers in OSCs. Besides, they can also act as electron
transport layers in PSCs due to the high carrier mobility at room
temperature and appropriate energy levels.

However, early OSCs fabricated from conducting polymer/C60
bilayers, yielded low PCEs due to the poor solubility and miscibility
and low lowest unoccupied molecular orbital (LUMO) of C60. Thus,
modified fullerenes with particular functional groups were
employed to achieve better photovoltaic performances. Function-
alized C60 with a phenyl and butyric acid methyl ester-containing
side group, namely PC61BM (left of Fig. 2a) was prepared to
improve the solubility [52]. Then it was found that the unsym-
metrical PC71BM [53] (right of Fig. 2a) had even better solubility
and optical absorption in the visible region compared with the
symmetrical PC61BM [54]. C70 derivatives were also introduced into
OSCs to improve photovoltaic performances. Besides, there were
numerous investigations about the modifications of PC61/71BM
concerning functional groups, such as aryl group, alkyl chain length
and end group modification, aiming at the improvement of PCE.
Also, the structure order of PC61BM could be optimized to enhance
PCEs (Fig. 2b and c) [55].

2.2. Carbon nanotube

CNTs are representative one-dimension carbon nanomaterials.
Since the discovery by Iijima in 1991 [56], CNTs have caused
extensive researches both at academy and industry. CNTs can be
regarded as hollow cylinders formed by winding single or multi-
layered graphene sheets in different vector directions. Depending
on the number of layers (n), CNTs can be classified into single-
walled CNTs (SWCNTs) (n¼ 1), double-walled CNTs (DWCNTs)
(n¼ 2) and multi-walled CNTs (MWCNTs) (n� 3) (Fig. 2d) [57].
CNTs typically have diameters of 0.7e20 nm and lengths ranged
from nanometers to centimeters. SWCNTs can be uniquely
described by the chiral vector, Ch ¼ na1 þma2, where a1 and a2 are



Fig. 2. (a) Structures of PC61BM (left) and PC71BM (right). Reprinted with permission from Ref. [53]. Copyright © 2016, John Wiley and Sons. (b, c) Schematic illustrations to the
disordered and ordered PC61BM structures, respectively. Reprinted with permission from Ref. [55]. Copyright © 2016, Springer Nature. (d) Structures of CNTs. Reprinted with
permission from Ref. [57]. Copyright © 2016 American Chemical Society. (e) Electronic structures of graphene in single, symmetrically double and unsymmetrically double layer
forms. Reprinted with permission from Ref. [66]. Copyright © 2006, American Association for the Advancement of Science. (A colour version of this figure can be viewed online.)
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unit cell vectors of the graphene lattice and n and m are integers.
According to the rolling angles, SWCNTs can be classified into
zigzag (m¼ 0), armchair (m¼ n) and chiral (other cases). The
electronic properties of SWCNTs heavily depend on their chiral
vectors. SWCNTs can be either metallic (m¼ n or m-n is a multiple
of 3) or semiconducting (all the other cases).

For solar cell applications, many important properties of CNTs
have been well studied. Individual CNT has high intrinsic mobility
exceeding 105 cm2/(V.s) at room temperature and high electrical
conductivity up to 106 S/cm [58e60], which is important for elec-
trode materials. The Young's modulus, tensile strength and elon-
gation at breaking of CNTs can reach 1e2 TPa, 10e100 GPa and
6e12% [61], respectively. In addition, the hollow tubular structures
bring CNTs with high specific surface areas such as 1600m2/g [62]
and lowmass density. Also, it has a great thermal conductivity up to
3500W/(m.K) [63]. These excellent properties provide a solid
foundation for their applications in solar cells, such as the trans-
parent front electrodes for OSCs and PSCs and counter electrodes
for DSCs. CNTs can also be used as electron transport materials in
DSCs and hole transport materials in PSCs, due to the high mobility
and appropriate energy level. Besides, semiconducting SWCNTs can
replace fullerene as electron acceptor in the active layer of OSC.
2.3. Graphene

As a representative two-dimensional carbon nanomaterial,
graphene was discovered by Novoselov and coworkers with a
micromechanical exfoliation method in 2004 [64]. It is a single-
atom layer of sp2-hybridized carbon arranged with a honeycomb
structure. In a typical structure of graphene, each carbon atom is
connected with three adjacent carbon atoms by s bonds, and the p
orbital electrons of all the carbon atoms are arranged side by side to
form a delocalized conjugated large p bond. A theoretical thickness
of graphene is 0.335 nm [65]. Graphene can be usually prepared
and investigated in single layer, double layers and thicker films [66]
(Fig. 2e).

Graphene shows many extraordinary properties suitable for
application in flexible solar cell. Pristine graphene is reported to
have intrinsic room-temperature electron mobility as high as
2� 105 cm2/(V$s) [65], electrical conductivity up to 104 S/cm and
room-temperature thermal conductivity of ~5000W/(m.K) [67],
higher than that of SWCNTs (3500W/(m.K)) and 12 times that of
copper (400W/(m.K)). Graphene also has excellent optical prop-
erties with a light transmittance of 97.7% and independent of the
wavelength, so it is a perfect transparent electrode material instead
of ITO [68]. Furthermore, graphene shows good mechanical prop-
erties, with strength and modulus of 125 GPa and ~1100 GPa,
respectively. Graphene is also an ultra-light material with an areal
density of only 0.77mg/m2, and it has a specific surface area of
2630m2/g [69]. Similar to CNTs, graphene with high electrical
conductivity and transparency is regarded as an alternative to TCO
in the field of flexible solar cells. Graphenewas also reported for the
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use in the photoanode of DSCs to improve electron transport and as
electron acceptor to replace fullerene in OSCs. In addition, graphene
can replace the noble metal catalyst as the counter electrode of
DSCs.

3. Flexible solar cells based on carbon nanomaterials

3.1. Flexible dye-sensitized solar cells based on carbon
nanomaterials

In flexible DSCs, fullerenes are rarely used, CNTs and graphene
are mostly used in both fiber and planar forms. Flexible especially
fiber-shaped DSCs are fabricated with CNTs commonly adopted as a
substitute for Pt counter electrode, enabling reduction catalysis of
the ions in the electrolyte to achieve rapid electron transport. Pan
et al. discovered the aligned CNT fibers had a better catalytic ac-
tivity for the thiolate/disulfide redox couple than traditional Pt
counter electrode [70]. The flexible fiber-shaped DSCs based on CNT
fibers achieved a maximal PCE of 7.33% while only a maximal ef-
ficiency of 2.06% was obtained using traditional Pt counter
electrode.

Flexible DSCs based on I3�/I� redox electrolyte are also developed
using CNTs. Nevertheless, pristine CNTs present a lower catalytic
performance than Pt for I3� reduction in DSCs. Hybridization or
compositing with other active materials prove to be effective so-
lutions. CNT hybrid fibers were prepared with CoSe nanoparticles
decorated in CNT fiber via a simple hydrothermal treatment [71].
Depositing the active materials on CNT fibers could generate new
catalytic sites, greatly enhancing the electrocatalytic activity of
counter electrode in fiber-shaped DSCs. Thus, a PCE of 6.42% for
modified fibers was achieved, higher than 3.4% and 5.6% for pristine
CNT fibers and Pt wires, respectively. Then, Jiang et al. prepared Pt-
modified aligned CNT fibers via an electrochemical deposition
method [72]. The fiber-shaped DSC with the composited fiber as
counter electrode achieved a much higher PCE of 8.10% compared
with that of 4.91% for a bare CNT fiber. Surface modification is also
an effective strategy for improving catalytic activity. The pristine
hydrophobic CNT fibers were treated with an oxygen microwave
plasma to introduce active defect sites and oxygen-containing
functional groups on the surface, which also increased the hydro-
philicity largely [73]. This plasma processing could improve the
catalytic activity of CNTs and help for depositing Pt nanoparticles
[74]. Fu et al. reported a fiber-shaped DSC with a record PCE of
10.00%, which outperformed all the other fiber-shaped solar cells
[74]. A novel core-sheath CNT fiber was designed by asymmetrically
twisting an aligned CNT sheets with hydrophobic and hydrophilic
CNTs at two sides. Then the Pt-modified core-sheath CNT fiber was
twined with a dye-absorbed Ti/TiO2 wire, followed by redox elec-
trolyte injection to fabricate the fiber-shaped DSC (Fig. 3a). Besides,
the PCE did not show much decline under bending with increasing
bending angles from 0 to 180� (Fig. 3b). Importantly, the fiber-
shaped DSCs could be easily woven into textile also with high
flexibility (Fig. 3c). Further, flexible fiber-shaped DSCs with
stretchable ability were realized via novel elastic conducting CNT
fiber electrodes [75]. The resulting fiber-shaped DSCs exhibited a
PCE up to 7.13% that could be alsowellmaintained under stretching.

Flexible DSCs using CNTs in photoanode have also been re-
ported. Brittleness of TiO2 materials is also one of barriers to realize
flexible devices. Hence, Chen et al. reported a flexible DSCs with
bare CNT fiber as photoanode followed by absorbing N719 dye on
PEN/ITO flexible substrate [76]. Interestingly, the PCEs of the flex-
ible DSCs slightly increased when bent up or down. Further, a
flexible photoanode including TiO2 particles and metallic or semi-
conducting SWCNTs was prepared on the PET/ITO [77]. Compared
with semiconducting SWCNTs, metallic SWCNTs provided a greater
PCE because of more efficient electron transport. Moreover, the
mechanical network among TiO2 particles constructed by metallic
SWCNTs effectively provided flexibility and durability with only a
small decrease in PCE when the entire cell was bent under a radius
of 5mm. The efficiency loss was primarily originated from ITO layer
cracking. Then a robust device based on a Ti foil using metallic
SWCNTs/TiO2 photoanode was thus prepared to realize better
flexibility, and no decrease in PCE occurred even after 1000 bending
cycles, demonstrating high flexibility and durability. Moreover,
fiber-shaped DSCs were also reported by using CNT fiber as both
counter electrode and photoanode, thus exhibiting excellent flex-
ible and stability [41].

In flexible DSCs, graphene is also mainly used to replace tradi-
tional Pt counter electrode. A highly conductive graphene-coated
cotton fabric (HC-GCF) with a sheet resistance of only 7U/sq was
utilized as an efficient counter electrode in DSCs [78]. It presented
an excellent electrocatalytic activity for reducing I3� and a negligible
change of resistance at various bending angles. Moreover, it had an
ideal tolerance to electrolyte solution and water washing. A high
PCE of 6.93% was achieved with HC-GCF as counter electrode using
polymer electrolyte. Actually, pristine graphene with a perfect
structure may have a limited catalytic ability for the reduction re-
action, since its electrocatalytic activity is usually related to the
defects and edge positions. Therefore, some structural modifica-
tions are often required for graphene. Methods reported in the
literature mainly include heteroatom doping [79] and compositing
with metal sulfides [80] and conducting polymers [81]. For
example, flexible DSCs based on nano-TiC/graphene/PEDOT:PSS
composites as counter electrode on plastic substrate by spray
printing were reported. The device achieved a PCE of 4.5%, slightly
higher than that of a similar device using Pt counter electrode
(PCE¼ 4.3%) [81].

Flexible DSCs were also fabricated based on graphene in a fiber
form. Here, graphene was spun into a fiber, exhibiting a density of
0.61 g/cm3, strengths of 102~103MPa and electrical conductivities
of 102~103 S/cm. Then it was modified with Pt nanoparticles to
serve as the counter electrode of flexible fiber-shaped DSCs (Fig. 3d)
[82]. The good mechanical strength, electrical conductivity and
catalytic activity of graphene composite fibers resulted in a certified
maximum PCE of 8.45% for the fiber-shaped DSCs in 2013.

In addition, graphene can also be added into the photoanode of
DSCs, facilitating electron transport. Huang et al. fabricated a highly
flexible DSC at room temperature, employing three-dimensional
(3D) graphene decorated nanocrystalline TiO2 film (3DGT) as
photoanode on plastic substrate (Fig. 3e) [83]. Due to the enhanced
charge transport and increased surface area from 3D conductive
graphene skeleton, flexible DSCs based on the 13 mm-thick 3DGT-
0.85 (0.85wt% 3D graphene plus TiO2 nanoparticles) photoanode
achieved a PCE of 6.41% which was 56% higher than those based on
bare TiO2 photoanode.

3.2. Flexible organic solar cells based on carbon nanomaterials

For high-performance OSCs, efficient exciton dissociation is
crucial, which requires an electron acceptor with high electron
affinity and fair electrical conductivity. Fullerenes and their de-
rivatives possess adjustable energy levels and high electron affinity,
thus are popularly developed as the electron acceptor of flexible
OSCs. Yu et al. reported a flexible planar OSC with P3HT: PC61BM as
photoactive layer based on Ag nanowires and polymethacrylate
composite electrode. The resulting device reached a PCE of 3.28% in
2011 [84]. This value was comparable to the PCE of 3.34% for control
device on glass/ITO substrate. Besides, there were also some
PC71BM-based flexible OSCs explored, focusing on the corre-
sponding donor materials, interface materials or fabrication



Fig. 3. (a) Schematic illustration to the flexible fiber-shaped DSCs based on CNT composite fibers. (b) The dependence of PCE on bending angle. (c) Photovoltaic textile based on the
fiber-shaped DSCs. (aec) Reproduced from Ref. [74] with permission from The Royal Society of Chemistry. (d) Schematic illustration and scanning electron microscope image of a
DSC wire prepared using a graphene/Pt composite fiber as the counter electrode. Reprinted with permission from Ref. [82]. Copyright © 2013, John Wiley and Sons. (e) Schematic
illustrations to the photoanodes of the flexible planar DSCs and electron transport path without (left) and with (right) 3D graphene network. Reprinted with permission from
Ref. [83]. Copyright © 2015 Elsevier B.V. All rights reserved. (A colour version of this figure can be viewed online.)
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process, together with the effect of bending on the device PCE. For
instance, flexible OSCs (Fig. 4a and b) were attached conformably to
the cylinders with radii of 7 and 4mm [85]. It could be observed
that, as expected, the PCE was slightly decreased after bending at a
radius of 4mm; interestingly, it became even higher after bending
at a radius of 7mm because of the improved functional layers with
a photo-annealing process (Fig. 4c). Fullerenes and their derivatives
were further introduced as ETL for OSCs. For instance, n-type self-
doping fullerene electrolyte with [6,6]-Phenyl-C60 as the back-
bone was used as ETL in the inverted OSCs with PTB7-Th:PC71BM as
photoactive layer [86]. The resulting device demonstrated an
enhanced PCE of 10.04% in the flexible film.

Flexible planar OSCs can be fabricated with CNTs usually as
electrodes which should be transparent and conducting to replace
TCO. For instance, a flexible OSC was reported with metallic
SWCNT-based transparent front electrode thermally doped by
molybdenum trioxide (MoO3), showing a higher transmittance
than bare SWCNT films [87]. Moreover, the doped SWCNT film
acted as a transparent electrode with electron-blocking function.
The device on PET showed an efficiency of 3.91% and somewhat
flexibility. Other doping methods were also developed. For com-
parison, aerosol SWCNT were p-doped by nitric acid doping via
“sandwich transfer” andMoOx thermal doping via “bridge transfer”
[88]. The resulting devices yielded PCEs of 4.1% and 3.4% based on
the above twomethods, respectively. Apart from doping, composite
materials were also adopted. Conducting polymer modified CNTs,
to be exact, PANI/CNT interfacial thin films were prepared, exhib-
iting an optical transmittance of 89% at 550 nm and a sheet resis-
tance of 295U/sq [89]. As a result, the flexible devices using the
composite film on PET substrate presented a PCE of 2.27%.

By the way, semiconducting SWCNTs were also developed as
electron acceptor to replace fullerene in OSCs [90], aiming for
convenient synthesis, and better optical absorption and stability.
However, the resulted device showed quite low PCE, owing to
severe carrier recombination, and no flexible counterparts were
reported.

Recently, flexible fiber-shaped OSCs were also developed with
PC61BM as the electron acceptor and CNT fiber as electrode [91]. It
showed good flexibility and maintained ~85% of its initial PCE after
bending for 1000 cycles (Fig. 4d and e). These fiber-shaped OSCs
could be further woven into desired OSC textiles without sacrificing
flexibility obviously (Fig. 4f). Moreover, a stretchable fiber-shaped
OSC was successfully fabricated by winding an aligned CNT sheet
onto a spring-like electrode inserted with an elastic fiber [92]. Such
OSC fibers exhibited a reasonable PCE, which was varied less than
10% after bending for 1000 cycles or under stretching at a strain up
to 30%.

Flexible OSCs can also be obtained using graphene. Grade�cak
demonstrated graphene anode- or cathode-based flexible OSCs
with PCEs of 6.1 or 7.1%, respectively [93]. The high PCEs were
achieved via thermal treatment of MoO3 electron blocking layer for
graphene anode or direct deposition of ZnO ETL on graphene
cathode. Graphene was also applied as both the anode and cathode
to fabricate flexible and semitransparent OSCs via a new room-
temperature dry-transfer technique [94]. An optical transmittance
as high as 61% over the visible spectrum and PCEs of (2.8e4.1)%
were achieved, by combining the transparent electrodes with
photoactive organic compoundswhich absorbed lightmainly in the
ultraviolet and near-infrared regimes. Another semitransparent
and flexible OSCs were fabricated fromdoped graphene layers, ZnO,
P3HT:PCBM, and PEDOT:PSS as anode/cathode transparent elec-
trodes, ETL, photoactive layer and HTL, respectively (Fig. 4g) [95].
For the transparent anode and cathode, graphene was doped with
bis(trifluoromethanesulfonyl)-amide (TFSA) and triethylene tetra-
mine (TETA), respectively. A PCE of 3.12% was achieved (Fig. 4h),
which was further enhanced to 4.23% in virtue of an Al reflective
mirror. It also presented high mechanical flexibility according to
bending tests at various curvature radii (Fig. 4i).



Fig. 4. (aec) The flexible OSC with PC71BM as electron acceptor. (a) Schematic to the structure. (b) Photograph of the OSC under bending. (c) Bending cycle test. Reprinted with
permission from Ref. [85]. Copyright © 2018 Elsevier Ltd. All rights reserved. (def) The fiber-shaped OSCs with PC61BM as electron acceptor and CNT fiber as anode. (d) Schematic to
the structure. (e) Bending cycle test. (f) Photograph of the flexible energy textile woven from the fiber-shaped OSCs. Reprinted with permission from Ref. [91]. Copyright © 2014, John
Wiley and Sons. (gei) A flexible OSC with graphene as electrodes with the structure (g), J-V curves by illumination from TETA/GR and TFSA/GR electrode sides (h), and different
bending radius test (i). The inserted schematic and photograph describe the bending test and a device under bending, respectively. Reprinted with permission from Ref. [95].
Copyright © 2017 American Chemical Society. (A colour version of this figure can be viewed online.)
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3.3. Flexible perovskite solar cells based on carbon nanomaterials

Flexible PSCs can realize better stability at ambient conditions
and low-temperature solution processing easily using fullerenes
and their derivatives as ETL. For example, with a device structure of
PET/ITO/PEDOT:PSS/Perovskite/PC61BM/TiOX/Al, a flexible PSC was
fabricated at low temperature and could bear mechanical bending
up to 20 times. The flexible device yielded a PCE of 6.4% [96] which
was increased to 9.2% [42] after optimization. Compared with glass/
ITO based counterparts with PCE of 11.5%, the lower PCE of PET/ITO
based flexible devices might be ascribed to higher series resistance
which could result in decreased short-circuit current density (JSC)
and fill factor (FF) [42]. To achieve a higher PCE, updated structure
of PET/Ag-mesh/PH1000/PEDOT:PSS/perovskite/PC61BM/Al for
flexible PSCs were fabricated with a PCE of 14.2% (Fig. 5a and b) [1].
And the PCE showed almost no decrease even at 2mm of bending
radius, retaining 98.1% of the original value (Fig. 5c).

The PCEs and mechanical properties of flexible PSCs can be
further improved by optimizing film morphology and composition
of PC61BM. For instance, poly([N,N0-bis(2-octyldodecyl)-1,4,5,8-
naphthalene bis (dicarboximide)-2,6-diyl]-alt-5,50-(2,20-bithio-
phene)) (PNDI-2T) was incorporated into PC61BM, which yielded
electrical properties comparable to pure PC61BM but with
enhanced mechanical stability [97]. It was resulted from the
dispersion of PC61BM domains in the entangled polymeric PNDI-2T
matrix, allowing electrons to pass through each domain and
relieving mechanical stress on the PC61BM domains. Another low-
temperature solution-processed material, pillar [5]arene-based
small molecule material, termed C3, was incorporated between
PC61BM and electrode to function as a single-layer buffer part [98].
The introduction of C3 enhanced the interface contact and reduced
the interface barriers, which usually existed between PC61BM and
electrode. It was also found that the C3 capping layer could improve
the surface quality of PC61BM, forming a smooth, dense and
pinhole-free morphology with fewer surface defects. Thus, a device
with PCE of 13.27% could be obtained based on PEN/ITO substrate.

Besides improving interfacial property, an alternative way to
improve PCE is introducing another electron transport material to
form double-layer ETL with PC61BM. Ryu et al. synthesized nano-
crystalline Ti-based metal-organic framework (nTi-MOF) particles
with favorable property for charge injection and transport from
perovskite to the electrode [99]. The combination of PC61BM with
nTi-MOF ETL provided efficient electron transport and also sup-
pressed direct contact between perovskite and the electrode. This
resulted in a PCE of 17.43% for flexible PSCs. Using double fullerene
layers composed of PC61BM and C60 as ETL, flexible PSCs with a
record PCE of 18.1% were obtained by a low-temperature solution
process [14]. The high PCE was resulted from the improved film
morphology and composition via changing the precursor ratio of
perovskite on PET/ITO substrate.



Fig. 5. (aec) Structure, photovoltaic performance, and different bending radius test of flexible PC61BM-based PSC, respectively. Adapted with permission from Ref. [1]. Copyright
(2016) Springer Nature. (def) Structure of an elastic fiber-shaped PSC based on CNT (d) and the dependence of PCEs on the bending cycle (e) and stretching strain (f). Reproduced
from Ref. [101] with permission from The Royal Society of Chemistry. (gei) Structure, J-V curves and bending stability of graphene-based flexible PSCs, respectively. Reproduced
from Ref. [105] with permission from The Royal Society of Chemistry. (A colour version of this figure can be viewed online.)
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Apart from C60 and its derivatives, C70 was also used as ETL in
flexible PSCs. Interlayered between TiO2 and perovskite material,
the resulted TiO2/C70 ETL showed good surface morphology, effi-
cient electron extraction and high-quality perovskite film, which
could be attributed to suitable nanosize and superior electronic
property of C70 molecules. In comparison with pristine TiO2-based
PSC counterparts, the PCE was increased by 28% [100].

CNTs are usually used as transparent front electrode or hole
transport layer in flexible PSCs. In 2014, transparent conductive
CNT network was deposited on top of perovskite and served as hole
collector and transparent electrode simultaneously, and the flexible
PSC showed a PCE of 8.31% [45]. After 100 bending cycles, the de-
vice showed little performance deterioration with PCE decreased
from 6.01% to 5.06%, demonstrating good flexibility. Also based on
CNTs, the first fiber-shaped stretchable PSC was developed by
designing a stretchable aligned CNT-based conducting fiber and
spring-like modified Ti wire as two electrodes with perovskite
coated on the modified Ti wire (Fig. 5d) [101]. The PCE could be
maintained above 80% under bending for 300 cycles and above 90%
at a stretching strain of 30%, respectively (Fig. 5e and f), exhibiting a
stable photovoltaic performance under both bending and stretch-
ing. Later on, a more efficient one-dimensional PSC was fabricated
with a flat interface which improved the coverage and crystal size
of perovskite layer [102]. A continuous aligned CNT sheet was
closely wrapped on the perovskite layer, functioning as an elec-
trode and HTL. The PSCs showed a high PCE of 9.49% with photo-
voltaic performances stabilized under both bending and twisting.
In addition to transparent front electrode, CNTs can also function as
back electrode where vacuum processed metals are adopted
typically.

Graphene performs better as an efficient and robust transparent
front electrode in flexible PSCs. In 2016, Yan et al. fabricated an
ultrathin and flexible PSC using transparent graphene electrode
with a device structure of PET/graphene/P3HT/CH3NH3PbI3/
PC71BM/Ag on 20 mm-thick PET substrate by low-temperature so-
lution process [103]. The flexible devices showed a PCE of 11.5%
with high durability and air stability. A clear contrast was made by
fabricating flexible, indium-free inverted PSCs where ITO was
replaced with SWCNTor graphene [104]. The SWCNT- or graphene-
based PSCs showed efficiencies of 12.8% and 14.2%, respectively.
However, the SWCNT-based flexible PSCs showed a slightly higher
mechanical stability than the graphene-based ones due to the
entangled configuration of SWCNT network together with its
inherent defect-free nature. Further endeavor utilizing chemical
vapor deposition-grown graphene in single-layer form as a trans-
parent electrode was reported by Choi and co-workers (Fig. 5g)
[105]. A few-nanometer-thick MoO3 layer was deposited to induce
hole doping in graphene. The flexible devices achieved a high PCE
of 16.8% (Fig. 5h) and a remarkable bending stability with the
current density-voltage (J-V) curves remaining almost unchanged
after bending for 1000 cycles (Fig. 5i).

Considering the wide applicability of CNT and graphene, all-
carbon-electrode-based flexible PSCs were fabricated with gra-
phene as transparent anode and cross-stacking aligned CNT films as
cathode [15]. The as-fabricated flexible devices with and without
2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-
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spirobifluorene (spiro-OMeTAD) HTL achieved PCEs of 11.9% and
8.4%, respectively. The flexible PSCs also demonstrated superior
robustness against mechanical deformation compared with their
counterparts fabricated on ITO based flexible anode.

4. Conclusion and perspective

Flexible solar cells including dye-sensitized solar cells, organic
solar cells and perovskite solar cells, have gained increasing at-
tentions worldwide. Although great progress has been made
continuously, flexible solar cells still suffer from some tough ob-
stacles before industrialization. Here we summarize the challenges
and future directions of flexible solar cells especially for those
based on carbon nanomaterials.

Typically, flexible solar cells can be classified into planar and
fiber shapes. For a planar form, carbon nanomaterials are deposited
on polymer films as flexible electrodes. Developing new flexible
and thinner polymer film suitable for photovoltaic device pro-
cessing may be benefit for high flexibility. For another, great efforts
can be made to design intrinsic flexible carbon nanomaterials with
stable adhesion to the polymer substrate, such as aligning the
carbon nanomaterials in a polymer matrix. In the case of emerging
important applications such as wearable electronics, fiber-shaped
solar cells are developed for better flexibility, and endurable to
bending, twisting and even stretching. Fiber-shaped solar cells are
often fabricated on thin metal wires. Benefiting from the good
flexibility, high conductivity and mechanical strength, carbon
nanomaterials based fibers can function as flexible fiber electrodes
themselves. Further, highly flexible or stretchable polymer fibers
can be modified by carbon nanomaterials as electrodes, which thus
endow the solar cells with higher flexibility and stretchability.

Despite of high optical and mechanical properties, the electrical
conductivities of carbon nanomaterials assembled in macroscopic
scale usually below 104 S/cm are not high enough compared with
metal electrodes (~105 S/cm), thus resulting in solar cells with
decreased performances such as low FF and JSC. Actually, the gap
among carbon nanomaterials almost account for the total electrical
resistance, which increases the contact resistance. Defect is another
key reason. The assembling of them into high-quality macroscopic
materials with optimized electronic structure is potentially effec-
tive for high electrical conductivity. Besides, composite or hybrid
materials by combining a conductive second phase with carbon
nanomaterial also represents a general and efficient strategy to
improve the electrical conductivity.

Easy fabrication and purification of carbon nanomaterials are
crucial to achieve high efficiency. High-quality carbon nano-
materials often need vacuum and high temperature fabrication
process which causes much energy consumption. Even though
ideal carbon nanomaterials are obtained, it is still challenging to
deposit them on substrates particularly on polymer substrates,
considering the difference and compatibility between the two
parts. Whatever depositing/coating techniques are adopted, they
share similar prerequisites for commercialization, such as low
temperature, low cost and high throughput. In addition, roll-to-roll
processing has been anticipated to be most feasible and promising
by virtue of in-line mass production on long flexible substrates.
Cost-effective solution processing is developed for almost all the
layers in solar cells which can reduce energy payback time.
Although used in the laboratory-scale cells generally, spin-coating
is still far from industry-level production. Spray-coating, dip-
coating and blade-coating are attractive alternatives owing to
simple processes, and proper precursors are needed to realize
efficient coating. It is worth mentioning that those coating tech-
niques are suitable for both planar and fiber-shaped solar cells.
Printing techniques in the ambient air such as screen printing and
inkjet printing can be used to realize flexible solar cells with easy
patterning and design. Slot-die coating is proved efficient in the
fabrication of flexible PSCs with high performance, during which
the thickness is controllable. Indeed, slot-die coating is appropriate
for large-area production thanks to its ease and low maintenance.
Non-trivial efforts should be spent to choose or develop suitable
manufacturing processes for flexible solar cells based on roll-to-roll
production line.

Flexible solar cells based on low-temperature (<150 �C) and
solution-processed ETL are usually subjected to performance and
stability loss as serious charge recombination occurs. Strategies to
address the interfacial problems should arouse wide attention. A
contact-passivation method can be adopted to reduce interfacial
recombination and enhance interface binding by using interfacial
chlorine atoms on the TiO2 colloidal nanocrystals to suppress deep
trap states at the TiO2/perovskite interface. Although the successful
case is just available for the PSCs on the rigid substrate, it offers a
promising strategy to deal with the interfacial problems for flexible
solar cells too. The morphology and composition of photoactive
layer are also important to device efficiency. Considering the
polymer substrates different from rigid ones, changing the pre-
cursor ratio of perovskite proves helpful for a high-quality perov-
skite photoactive film. Besides, compared with flexible solar cells
based on polymer substrates, metal substrates especially metal
wires are effective electrodes for bearing high processing temper-
ature and realizing good flexibility simultaneously.

Not just high PCE, but long time operational stability is critical as
well when assessing the industrial feasibility of a solar cell.
Considering the intrinsic vulnerability to external factors of poly-
mer substrates, it is more challenging to encapsulate flexible solar
cells. Improved stability can be achieved via effective encapsula-
tion. For flexible fiber-shaped solar cells, encapsulation is more
troublesome due to the one-dimensional structure. Besides the
operational stability, mechanical stability is also important given
various deformations of flexible solar cells during use. To ensure
mechanical stability, appropriate manufacturing processes for
compact deposition/coating and robust flexible electrode materials
are key points to avoid material displacement and device decay.

Even if the above problems are solved, there remain some
important issues to be addressed, e.g., maximizing the usage of
light to generate electricity. Materials with different band gaps
correspond to different absorption wavelength ranges. Therefore,
high-performance tandem solar cells are attractive solutions to
realize broader sunlight harvesting, e.g., flexible polymer tandem
solar cells. Considering the intermittent nature, power generated
by flexible solar cells in the daytime needs to be stored. Thus, in-
tegrated system is suggested to combine the flexible solar cells with
flexible energy storage devices such as batteries and electro-
chemical capacitors. Last but not least, it is significant to realize
electricity generation under ambient lighting, which can get rid of
the limitation of weather and time. To this end, DSCs show greater
potentials in operating effectively under ambient lighting than the
other photovoltaic technologies, which can facilitate the Internet of
Things.
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