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The cost-effective processability and high stability of carbon-based perovskite solar cells (C-PSCs) have
shown great potential to positively devote to the development of large-scale production processes.
However, there are certain critical issues such as inferior performance and poor interface contact
between perovskites and carbon electrodes, which have to be resolved first. The review shows that
three main carbon materials, namely, carbon black, graphenes and carbon nanotubes display high
photoelectric conversion efficiencies when being mixedly used as rigid electrodes and show excellent
robustness in mechanical deformation as flexible carbon electrodes in carbon-based perovskite solar
cells. Moreover, the specific development of and the comparison among three primary types of C-PSCs,

Received 17th April 2021, namely, meso C-PSCs, embedment C-PSCs and paintable PSCs are emphasized. Furthermore, this work

Accepted 13th July 2021 discusses the latest progress of C-PSC interface engineering from four aspects, namely, energy
DOI: 10.1039/d1ma00352f alignment, hysteresis effect, interface passivation and built-in electric field, and the differences among

them are explained. Finally, further challenges and perspectives of C-PSCs are outlined. This work will
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1. Introduction

In recent decades, great attention has been paid to perovskite
solar cells (PSCs), owing to their facile manufacture and low-
cost solution processing.”” Halide perovskite materials with
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be a profound influence and guidance on the significance of C-PSCs in commercialization.

the ABX; structure have the advantages of strong absorption
ability, tunable band gap, ambipolar (electrons and holes)
transport properties, low exciton binding energy, and prolonged
carrier migration length.*™® Halide perovskite materials are
used as light-absorbing layers and assembled by solar cells,
which are expected to be comparable to that of the silicon-based
solar cells. In 2009, metal-based perovskite solar cells (M-PSCs)
with a photoelectric conversion efficiency (PCE) of 3.8% were
first successfully developed.' Thereafter, drastic improvements
in efficiency are achieved via carefully designing materials,
controlling the perovskite crystallization, suppressing carrier
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recombination, improving the interface engineering and accelerating
carrier migration.”*™"” Until 2021, the optimal certification PCE
of M-PSCs has reached 25.5%."®

The metal electrode here is usually gold (Au), silver (Ag) or
other highly conductive metals, but the metal layer is formed in
a vacuum environment for thermal evaporation coating with high
energy consumption, which severely hinders large-scale production
and commercialization of PSCs.?°>* From the perspective of work-
function (Wy), carbon materials (W ~ —5.0 €V) have the potential to
replace Au (W; ~ —5.1 €V) as the black electrode of the device.
Carbon materials have the advantages of abundant sources, high
electrochemical stability, and hole extraction, and these advantages
are unavailable for metal electrodes. Therefore, the manufacturing
process of carbon-based structures is simplified because of the lack
of the hole transport layer. In addition, the specific hydrophobicity
of the carbon material structure can also significantly enhance the
stability of the solar cells. As illustrated in Fig. 1(a), the traditional
M-PSCs consist of five layers (Au, hole transport layer (HTL),
light-absorbing, electron transport layer (ETL), fluorine-doped
tin oxide (FTO))."® Then, the HTL was removed and the Au
electrode was replaced with the carbon electrode, as shown in
Fig. 1(b)."> In M-PSCs, the interaction between the perovskite
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Fig. 1 Device structures of (a) M-PSCs and (b) C-PSCs. Working principles
of (c) M-PSCs and (d) C-PSCs. E¢, and Eg, represent the electron and hole
quasi Fermi levels.?® Copyright 2017, Wiley.

film and the ETL determines the electron quasi-Fermi level (Ey,),
while the interaction between the perovskite film and the HTL
determines the hole quasi-Fermi level (Eg,) (Fig. 1(c))."” When
removing the HTL, the interaction between the perovskite/
carbon electrode predominantly determines the Ey, value in
carbon-based perovskite solar cells (C-PSCs), which will uplift
the Eg, position thanks to the higher Femi level of carbon
materials than the highest occupied molecular orbital (HOMO)
of the HTL (Fig. 1(d))."® Consequently, it is the premise that
improving the V¢ and PCE of C-PSCs is to reduce the Femi level
of carbon materials.

Utilizing carbon black/graphite as an anode in PSCs, a PCE
of 6.6% was first achieved.”® After that, low-temperature cured
carbon electrodes for PSCs were fabricated, which were developed
as substitutes for noble metal electrodes in HTL-free PSCs. This
carbon black electrode had achieved a PCE of 8.31%, which reached
9% by optimizing the conditions (doctor-blading technique).>*®

Sining Yun received his PhD in
2007 working on perovskite oxides
at Xi’an Jiaotong University, China.
He joined Xi’an University of
Architecture and Technology in
2007 as an assistant professor.
After a postdoctoral program
(2008-2009) working on dye-
sensitized solar cells at Yonsei
University (Korea), he has been an
associate professor in 2010 and a
professor in 2014. His research
interest lies in the processing and
application of renewable energy
materials.

Sining Yun

Mater. Adv., 2021, 2, 5560-5579 | 5561


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00352f

Open Access Article. Published on 16 July 2021. Downloaded on 1/22/2026 6:19:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

17.78%

0
raphene

13.57% 08
Carbon Paste
o
12.02% SESl
P Carbon Nanotube
10.27%
8.31% ° 2016
B (™) Carbon Paste
6.64% P 2015
2014 Graphite
2o\i3 Commercial

Carbon Black/ ~ Carbon Paste
Spheroidal Graphene

Fig. 2 PCE evolution curve of C-PSCs from 2013 to 2020.

In addition, a novel preparation of a low-temperature carbon
black electrode for HTL-free PSCs had been developed under
high relative humidity, and the black electrode had a small sheet
resistance and a good interfacial contact with the substrate.””
Subsequently, a room-temperature solvent-exchange method
was developed to fabricate self-adhesive macroporous carbon
electrodes.”® A PCE up to 19.2% was achieved, which was the
best efficiency for C-PSCs. The typical PCE improvement of
C-PSCs along with years is shown in Fig. 2. It can be seen that
C-PSCs doped with other materials exhibit superior efficiency, on
account that the dopant can change the conductivity and W; of
the black electrode.”*

Carbon electrode materials were fabricated by two main
deposition methods. The first method required high temperatures
(400-500 °C)." Mesoporous carbon was deposited at the top of the
insulating layer by screen printing or doctor-blading technology,
and subsequently sintered. The insulating layer had the role of
preventing the interface contact between the transparent and the
rear electrode, and avoided photocurrent loss. Another strategy
was layer-by-layer deposition,'® thanks to the development of low-
temperature carbon electrodes, which first formed perovskite
films and then screen-printed or doctor-bladed carbon films
on the perovskite layer or HTL. The current carbon electrode
materials mainly include carbon black, graphenes and carbon
nanotubes. Fig. 3(a) and (b) indicate that the PCE of M-PSCs was
higher than that of C-PSCs, due to which the smooth surface of
the Au electrode reflected incident light and caused the light-
absorbing layer to absorb repeatedly.®® In addition, the cross-
sectional scanning electron microscopic (SEM) image of the
obtained device is displayed in Fig. 3(c) and (d).>**” Hence, the
low-cost and low-temperature carbon black electrode had a
great potential in massive flexible manufacturing of PSCs.
Recently, three carbon materials have been explored to carbon
electrodes such as carbon black, graphenes, and carbon nano-
tubes.*®*” However, the carbon electrode still exhibits low con-
ductivity, carrier recombination, poor interface contact, etc.

In this review, we focus on the major progress of C-PSCs
in recent years, including the development of carbon-based
materials, their preparation and new strategies to improve
device structures. The following content was mainly composed
of three parts: (I) the influences of the proportions of the three
carbon materials (carbon black, graphenes, and carbon nanotubes)
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Fig. 3 Schematic of light reflecting features at (a) Au and (b) carbon
electrodes.®®> Copyright 2019, Royal Society of Chemistry. Cross-sectional
SEM images of (c) M-PSCs.3® Copyright 2016 Wiley. Cross-sectional SEM
images of (d) C-PSCs.>” Copyright 2017 Wiley.

on the PCE are summarized; (II) the preparation methods of meso
C-PSCs, embedment C-PSCs and paintable C-PSCs were described
in detail, and their performance was emphasized and (III) starting
from several aspects such as energy alignment, hysteresis effect,
passivation of defects and built-in electric field, a broad overview of
the interface engineering development of C-PSCs was carried out.
Finally, the challenges and potentials of C-PSCs were summarized.
We envision that this work will inspire researchers to employ the
remarkable stability, low cost and hydrophobic properties of carbon
materials to highly efficient and stable C-PSCs.

2. Carbon-based electrode materials
in PSCs

2.1 Carbon black

Carbon black can be obtained by incomplete combustion or
thermal decomposition of carbon-containing materials under
the condition of insufficient air. It can be seen from the carbon
black structure diagram (Fig. 4(a)) that there is a graphite layer
inside, and there are some groups (-COOH and -C-OH) at the
edge.”””° The carbon black particles were in the form of
spheres (Fig. 4(b)) with a size of about 15 nm.*® The specific
gravity of carbon black was 1.8 to 1.9, the bulk specific gravity of
granular carbon black was 0.35 to 0.4, and that of powdered
carbon black was 0.04 to 0.08, respectively.>® It was in powder
form and had a large specific surface area. A large number of
particles facilitated the formation of conductive paths among
particles. The W of carbon black is —5.05 eV, which can extract
holes from the perovskite layer well. However, the conductivity
of the carbon electrode depended to a large extent on heat
treatment. Therefore, this carbon electrode needed to be sintered
at high temperatures (400-500 °C) to form a good conductivity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) SEM and (b) TEM images of carbon black nanoparticles. (c)

Architecture of a carbon black interlayer-based PSC. (d) Energy band
alignment of a CB interlayer-based PSC. (e) Schematic of the fabrication
process of C-PSCs.*® Copyright 2020, American Chemical Society.

Since carbon black was not as conductive as graphite, researchers
often mixed carbon black and graphite in a certain proportion, as
shown in Table 1. When the ratio of graphite to carbon black was
3:1, the PCE was the highest at 13.53%. It may be a manifestation
of the excellent performance of carbon black and graphite.

Ku et al. used carbon black/graphite as the rear electrode of
PSCs for the first time.® Then, Wei et al. utilized pure carbon
black as the rear electrode for C-PSCs by collecting candle
soot.>® The structure of this carbon black was highly porous. In
addition, the carbon electrode was printed on the pre-fabricated
perovskite film during device preparation. Finally, the cell achieved
a PCE of 2.6% because of the low conductivity of this carbon black.
After that, they determined to employ commercial carbon black as
the rear electrode, and the PCE of the device was greatly boosted
which eventually reached 11.0%.>® Huang et al. had also done
related research.”” It was necessary to first use methylammonium
iodide (MAI) and carbon black to form carbon ink, resulting from
the small size of carbon black, then they used inkjet printing
technology to deposit carbon electrodes. When carbon ink was
placed on the Pbl, precursor layer, MAI reacted with Pbl, in the
ink and crystallized to a cubic perovskite phase, thus immobilizing
and embedding carbon black to produce carbon electrons. It
enhanced the back contact in the C-PSCs, resulting in the
acceleration of carrier migration and reduced charge recombina-
tion. As a result, a PCE of 11.6% was achieved.>”

Recently, Gong et al. have introduced an intermediate layer
of carbon black between the perovskite film and the carbon rear
electrode.”® The device was fabricated with the structure of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of PV parameters obtained by different materials of
PSCs under 1 sun

Electrode composition Voc (V) Jsc (mAcm™?) FF  PCE (%) Ref.
Carbon black 0.87 20.20 0.56  9.80 51
Graphite 0.97 18.80 0.57 10.27 52
Graphite/CBNPs (5:1) 0.98  20.00 0.58 11.43 52
Graphite/CBNPs (3:1) 1.00  21.30 0.63 13.53 52
Graphite/CBNPs (2:1) 0.97  20.57 0.62 12.47 52
MWCNT 0.87 17.94 0.51 8.04 53
Carbon/MWCNT 0.93 21.30 0.59 11.60 51
Au 1.05 19.12 0.72 14.71 54
Ag 0.94 21.70 0.60 11.60 55

Carbon black nanoparticles (CBNPs), multi-wall carbon nanotubes
(MWCNT).

perovskite/carbon black/carbon electrode, where carbon black
was employed to facilitate the hole extraction. They adopted a
one-step spin-coating method with a preheating process for a
high-quality perovskite film.***> The configuration and band
alignment of the device are illustrated in Fig. 4(c) and (d).*®
Fig. 4(e) depicts the manufacture procedures of the perovskite
layer, carbon black interlayer and carbon rear electrode.
Obviously, the carbon black interlayer played a role of transition
layer between perovskite and carbon rear the electrode, which
accelerated hole extraction. It improved the extraction efficiency
of holes because of the larger contact area and proper energy
band arrangement in the interface perovskite/carbon electrode.
As a result, the device achieved a recorded PCE of 13.13%.%® Chu
et al. designed a new type of carbon rear electrode with nanoscale
carbon black and carbon fiber to improve the perovskite/carbon
interface.”® HTL-free PSCs were obtained by using double-layer
carbon electrodes (coherent layer and conductive layer), thereby
increasing the PCE to 14.1%.%

Moreover, Wei et al. made a thermoplastic carbon film for
the black electrode of flexible HTL-free PSCs by mixing carbon
black and graphite at low temperatures (<100 °C).>> Under the
conditions of carbon film composition (the ratio of graphite to
carbon black was 3:1) and hot-press pressure (0.25 MPa), the
interface contact between the perovskite and carbon film was
optimal.

2.2 Graphene

Among the carbon materials, graphene (a sheet with two-
dimensional carbon atoms filled into the honeycomb lattice)
has a variety of extraordinary properties. For instance, high
charge mobility (1020 cm® V™' s~ %), good electrical conductivity,
outstanding mechanical flexibility and transmittance,””””" not
least the good flexibility and light transmittance of graphene
made it suitable for flexible PSCs as a transparent electrode.
However, the device structure was either mesoporous or planar,
and it was necessary to use high temperature to treat TiO, and
form dense films. The process not only consumed times and
energies, but also hindered the manufacture of flexible devices.
In the inverted (p-i-n) structure, ETL and HTL collected photo-
generated electrons and holes and reached the anode and
carbon electrodes, respectively.”” The carbon electrode here
was required to be highly transparent within a certain spectral

Mater. Adv., 2021, 2, 5560-5579 | 5563
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Fig. 5 (a) Schematic of graphene. (b) SEM image of graphene.®* Copy-
right 2015, Royal Society of Chemistry. SEM images at low and high
magnifications of (c) and (d) UG and (e) and (f) bulk graphite (BG).%°
Copyright 2017, Elsevier. (g) Cross-sectional SEM image of G-PSC.°®
Copyright 2019, Royal Society of Chemistry.

range (visible and infrared). Therefore, graphene is an ideal
choice. The SEM image of graphene is shown in Fig. 5(b). The
SEM images of bulk graphite (BG) and ultra-thin graphite (UG)
are shown in Fig. 5(c)-(f).

In 2015, You et al. applied graphene as a transparent rear
electrode in the inverted PSCs for the first time.”* The front
electrode (FTO side) and the rear electrode (graphene side) were
irradiated under 1 sun illumination, and the PCE were 12.02%
and 11.6%, respectively. Graphene was widely used in inverted
PSCs and replaced transparent conductive oxide (TCO) as the
front electrode.”* By using graphene transparent anodes and
organic hole transport materials poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), high-efficiency TCO-free PSCs

s
2 ©Pperovskite
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were prepared. By adding MoO; and optimizing the thickness of
the MoO; layer between the graphene anode and PEDOT:PSS, the
highest PCE of 17.1% was obtained. Simultaneously, the PCE of
the device with ITO transparent electrode was 18.8%.”*

These studies found that PCE vitally depended on the number
of graphene layers.”*”® The performance of the two-layer graphene
device was the best and achieved the PCE with 12.37% certified
value, while the PCE of the single-layer assembled device was
9.18%.”” Nevertheless, the increased graphene layers resulted in
deterioration of PCE (PCE for three and four layers were 11.45%
and 11.27%, respectively).”” A large quantity of layers reduced
the transmittance of electrodes, and resulted in a decrease in
quantities of photons reaching the absorber layer. In 2019, by
Zhang et al. showed that graphene-based PSCs (G-PSCs) exhibit
a PCE of 18.65%.°® The optimized unpackaged device kept
90% of its initial PCE after aging for 1000 hours at a high
temperature of 85 °C. Fig. 5(g) shows the SEM image of the
G-PSC structure.

2.3 Carbon nanotubes

Carbon nanotubes had become a promising next-generation
black electrode.®® Carbon nanotubes were 1D cylinders coiled
with graphene, which had excellent optoelectronic properties
similar to graphene. It included single-walled (SWCNT) and
multi-walled carbon nanotubes (MWCNTs). The diameter of
SWCNTs was generally 1.5 nm.®* The SEM image of the carbon
nanotube is shown in Fig. 6(a). As the wall of the tube could be
bent, the charge transfers faster as it passes. The band gap of
CNTs could also change with the change in diameter, and had a
W; value of —4.95 ev.81787

Furthermore, the mechanical property of CNTs was proved
to be extremely beneficial for the exploitation of flexible
PSCs.%# Compared with the high treatment temperature of
the carbon black/graphite composite electrode (above 450 °C),
CNT films could be integrated into PSCs without any sintering,
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Fig. 6 (a) SEM image of CNTs.5* Copyright 2015, Royal Society of Chemistry. (b) Typical SEM image of the CSCNT film.”® Copyright 2018, Wiley.
(c) M-PSCs with different Spiro-MeOTAD concentrations. (d) Depiction of the charge flow in M-PSCs (above) and CNT-based PSCs (below). (e)
Schematic of the optimized TFMS-doped CNT electrode PSC device. (f) J-V curves of the Au-based PSCs (orange circle) and the optimized TFMS-doped

CNT-PSCs (blue triangle).”® Copyright 2020, Royal Society of Chemistry.

5564 | Mater. Adv., 2021, 2, 5560-5579

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00352f

Open Access Article. Published on 16 July 2021. Downloaded on 1/22/2026 6:19:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

since remarkable optical characteristic and flexibility CNTs
were very prospective in flexible PSC electrode materials. Luo et al.
reported a cross-stacked carbon nanotube (CSCNT) film,”® and later
used an SnO,-coated carbon nanotube (SnO,@CSCNT) film as the
electrode in flexible inverted PSCs in their work.®?> Compared with
devices without SnO, coating, flexible inverted PSCs with
SnO,@CSCNT cathodes had significantly improved photovoltaic
performance. The results indicated that SnO,@CSCNT was a pro-
mising cathode material for long-term PSC operation. The typical
SEM image of the CSCNT film is shown in Fig. 6(b).

Jeon et al. developed a vapor doping method based on ex situ
triflic acid (TFMS), which minimized the interaction with t-BP and
shown the maximum doping effect.”” In the case of traditional
M-PSCs, an increase in the concentration of 2,2,7,7-tetrakis(NV,N-di-
p-methoxyphenylamine)-9,90-spirobifluorene (Spiro-MeOTAD) in
HTL would decrease the PCE (Fig. 6(c)). It was in that the increase
in HTL concentration resulted in a thicker Spiro-MeOTAD layer,
causing a decrease in the hole transport capacity and vice versa.”®
However, it did not happen in the case of CNT lamination PSCs, as
CNTs had already extracted holes in the interface before Spiro-
MeOTAD restricted hole extraction (Fig. 6(d)). Combined the
optimized carbon nanotubes and Spiro-MeOTAD (Fig. 6(e)), the
best PCE of C-PSCs was higher than that of M-PSCs and reached
18.8% (Fig. 6(f)).”° This was due to the superior hole selectivity of
carbon nanotubes and the improvement of electrical conductivity
by doping TFMS.

In conclusion, from a view of the application, the perfor-
mance of graphene as a transparent electrode is the best due to
good conductivity, high flexibility and light transmittance.”*
Carbon nanotubes are suitable to be counter electrodes because
of their unique structure to promote hole extraction,’® while
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carbon black can increase the pores of carbon paste, promote
charge transfer and improve interface contact.*® Therefore, it is
reasonable to believe that if the carbon materials will be utilized
as the basic electrode material, the PCE will possibly catch up
with that of conventional M-PSCs.

3. Three types of C-PSC progress

According to the difference between the device structure and
the carbon electrode deposition process, C-PSCs were divided
into three types, namely, meso, embedment, and paintable
C-PSCs, which are shown in Fig. 7, 8 and 9, respectively. The
comparison with the parameters of M-PSCs is shown in Table 2.
From these results, it can be seen that the PCE of C-PSCs was
still lower than that of M-PSCs, but the efficiency had been
steadily improved. Thus far, the performance of paintable
C-PSCs was the best.

3.1 Meso C-PSCs

For HTL-free meso PSCs, the perovskite layer could not only be
used as a light absorbing layer, but also played the role of hole
transport, which made the use of hole transport materials
redundant and simplified the preparation process of the
device.""*™"*° The meso C-PSCs exploited by Ku et al. was the
most representative,”” which had a schematic of a typical HTL-
free meso C-PSCs, as shown in Fig. 7(a). It included three
mesoporous layers (i.e. TiO,, ZrO,, carbon), which were used
as ETL, insulating layer and HTL, respectively. The preparation
process of the device included that etched FTO and
then deposited a dense TiO, layer, mesoporous TiO, layer,

[ Glass |
UV-curing glue

Mesoporous-Carbon + perovskite
Mesoporous=2r0, + perovskite

A MegopgroyeTiQ, 3 neroysits
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(@) Schematic of a hole-conductor-free mesoscopic TiO,/CHsNHzPbls heterojunction solar cell based on anatase nanosheets and carbon

counter electrodes. ™ Copyright 2014, American Chemical Society. (b) SEM image of the devices™? Copyright 2015, Royal Society of Chemistry.
(c) Photocurrent density—voltage curves of mesoscopic solar cells with carbon black/graphite electrode (CG), C-FDU-15/graphite electrode (OG-15) and
C-FDU-16/graphite electrode (OG-16) counter electrodes. (d) Assembled carbon framework structure of C-FDU-15. (e) Assembled carbon framework
structure of C-FDU-16. (f) TEM image of C-FDU-15 viewed in the (110) direction. (g) TEM image of C-FDU-16 viewed in the (110) direction.™** Copyright
2014, Royal Society of Chemistry. Diagram of the fabricated three-layer PVK device: (h) side-sealed and (i) over-sealed cells.'* Copyright 2016, Wiley.
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Fig. 8 (a) Embedment C-PSCs developed by Wei et al.5¢ Copyright 2014, Royal Society of Chemistry. (b) Cross-sectional SEM images of embedment
C-PSCs.1%% Copyright 2014, Wiley. (c) (top) Fabrication process of the first-generation clamping solar cells by simply clamping an FTO-supported candle
soot film and a CH3NH3Pbls photoanode. (Middle) Fabrication of the second-generation clamping solar cells by rolling transfer-assisted clamping.
(bottom) Fabrication of the third-generation clamping solar cells by chemically promoted rolling transfer clamping, with a CHsNHsl bath for the in situ
conversion of Pbl, to CH3sNHsPbls partially embedding the soot electrode. (d) A digital photo portraying the flame deposition of the candle soot. (e)
Cross-sectional SEM image of the sponge-like candle soot film. (f) TEM image of the as-prepared bi-continuous network of chain-like candle soot

nanoparticles.>® Copyright 2014, Royal Society of Chemistry.

mesoporous ZrO, electron blocking layer, and mesoporous
carbon electrode by screen printing. The SEM image confirmed
that the thickness of the device was only 5-10 pm in Fig. 7(b),
wherein TiO, and ZrO, mesoporous layers were made of
nanoparticles, while carbon mesoporous layers (at least a few
microns thick) were composed of carbon black and graphite in
a certain proportion. After assembling the device with screen
printing technology, the device was annealed at high temperatures
to improve its mechanical strength. Finally, the perovskite pre-
cursor solution was dropped onto the device surface, and the
solution was infiltrated into the multi-layer mesoporous structure
to obtain meso C-PSCs. Since the thickness of the entire device was
at least a few microns, complete penetration of the solution into
the mesoporous structure was a significant issue for meso C-PSCs.

In the initial study of meso C-PSCs, the solution of Pbl, and
MAI was employed to the device via a one-step deposition
technique, which achieved a PCE with 6.6%.>° The inferior

5566 | Mater. Adv., 2021, 2, 5560-5579

performance was due to the poor infiltration of the perovskite
precursor solution in the device. To improve solution infiltration,
Xu et al. applied an ordered porous carbon material as the carbon
electrode, which boosted the solution infiltration and lightly
increased the PCE to 7%.""* As illustrated in Fig. 7(c), the photo-
current density-voltage characteristic (J-V) curve of meso C-PSCs
was plotted using OG-15, OG-16 and CG as counter electrodes,
respectively.*®* Fig. 7(d) and (e) represent the assembled frame-
work C-FDU-15 and C-FDU-16, respectively.'® Fig. 7(f) shows the
TEM image of C-FDU-15 seen in the (110) direction, and Fig. 7(g)
shows the TEM image of C-FDU-16 viewed from the same
direction.’™® A two-step technique was also explored for meso
C-PSCs by Han’s group,''* which involved pre-deposition of
Pbl,, and then reached reaction in MAI solution to generate
MAPbDIL;. By employing the TiO, nanosheet as the ETL, the meso
C-PSCs exhibited the best PCE of 10.6%,"* which enhanced to
11.6% after altering the graphite size and thickness of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Fabrication process of paintable carbon-based PSCs. (b) Cross-sectional SEM image of the solar cell device architecture 1°¢ Copyright 2016,
Wiley. (c) Microscopic curing mechanism during the formation of C1 and C2 films. (d) Cross-sectional SEM images of PSCs with the C1 film and C2 film as

electrodes.?® Copyright 2018, Wiley.

carbon counter electrode.''” Baranwal et al. evaluated the stability

of the PCE of meso C-PSCs.""* The results indicated that the
efficiency of the encapsulated meso C-PSCs was not almost
degraded at 100 °C, which indicated that the high thermal stability
of the device had a chance to be achieved. Although the thick
carbon layer could play a role in reducing the perovskite layer from
being affected by moisture degradation, it must also avoid direct
exposure of the rear electrode. There were two kinds of sealing
positions of the device, as illustrated in Fig. 7(h) and (i). These
results indicated that meso C-PSCs had the opportunity to achieve
high-efficiency PSCs.""*

3.2 Embedment C-PSCs

As an improved version of meso C-PSCs, embedment C-PSCs
not only simplified the fabrication process, but also prevented the
perovskite layer from being destroyed at high temperatures.'>**>*
Embedment C-PSCs was first developed by Wei et al. (Fig. 8(a)).>®
By spin-coating a carbon paste on the Pbl, layer, which was
followed by converting Pbl, into lead halide perovskite (LHP). In
another method, a seamless interface between the perovskite layer
and the carbon layer was formed by screen printing carbon/MAI
ink on PbI, to form LHP in situ. Therefore, compared with the use
of carbon ink, the charge recombination was reduced.'>”® The
SEM image of the device prepared with the C + CH;NH;I ink
mixture (Fig. 8(b)) presented a layer-by-layer structure.'” As shown
in Fig. 8(c), Wei et al. systematically focused on the optimization of
the perovskite/carbon interface by progressively evolving three
generations of clamped solar cells.>® The reliable contact of the
first generation, between the perovskite and the candle soot could
not be guaranteed due to the insufficient conductivity of the
candle soot and uncontrollable clamping method, resulting in
high internal resistance and poor photovoltaic performance. In
order to solve these issues, the second generation of splint solar
cells exhibited improved graphitization and electrical conductivity
by the annealing of the candle soot and the interface contact.

© 2021 The Author(s). Published by the Royal Society of Chemistry

However, the filling factor (FF) and PCE remained mismatching
for Spiro-MeOTAD-based devices, which might be related to the
inferior interface contact between the perovskite and candle soot.
Finally, the problem was basically solved in the third generation of
clamped devices. The improved clamping technique resulted in a
significant improvement in PCE (11.02%) and performance repro-
ducibility. Fig. 8(d) illustrates the classical method of obtaining
candle soot, which was very convenient for the large-scale
preparation of carbon nanoparticles. A piece of glass was put
upon the candle flame, and a micron-thick candle soot film
could be obtained in seconds. According to the SEM image in
Fig. 8(e), it could be found that it was a loose sponge-like
structure. The TEM image in Fig. 8(f) further revealed that the
candle soot had a nano-chain structure, which was roughly
composed of 30 nm nano-particle strings.

Carbon black was often used in the work of embedment of
C-PSCs. However, the poor connectivity of carbon black would
lead to an inferior interfacial contact. The addition of other
adhesives would increase the connectivity, but prevent the
infiltration of the solution and inhibit the conversion of PbI,
into MAPDIL;. In order to solve this issue, the bonding properties
of other carbon materials (carbon black, graphite and MWCNTS)
were compared. Finally, it was concluded that the FF values of the
three carbon materials were very different, in the order of
graphite (0.64) < carbon black (0.65) < MWCNTs (0.75).%

In 2019, Yang et al. reported embedment C-PSCs based on
carbon nanotubes. Carbon nanotubes were coated on Pbl, and
then immersed in CH3;NH;I solution for 12 h to form a
CH;NH;PbI; perovskite layer. Finally, the prepared CH;NH;PbI;
perovskite layer was annealed on a hot plate at 100 °C for 10 min
to obtain a complete device. On the basis of this device, they
added a ferroelectric oxide (PbTiO3) between the ETL and the
perovskite layer. The PbTiO; was formed on TiO, by coating
TiO, with (Pb(OAc),-3H,0), and then annealing at 450 °C for 1 h.
The PbTiO; could provide a larger internal electric field and

Mater. Adv., 2021, 2, 5560-5579 | 5567
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inhibit the non-radiative recombination of carriers, and the
corresponding PCE of device reached 16.37%.

3.3 Paintable C-PSCs

It was well known that the inferior contact between perovskite
layer and carbon electrode was the main reason for the low PCE.
In order to improve this issue, a kind of carbon paste coating was
developed. This carbon paste was mainly composed of carbon
materials, additives, polymers and non-polar solvents. Therefore,
the previous clamping C-PSCs had been improved to paintable
C-PSCs.">"® In this kind of C-PSCs, the morphology influence of
perovskite films on the interface was very important, which would
affect the performance of the device.”® According to the process
shown in Fig. 9(a), the carbon paste was printed on the perovskite
layer, and then the paintable C-PSCs could be obtained by annealing
30 min at low temperatures (100 °C).'°® The interfacial contact
between the perovskite layer and the carbon electrode was improved
by using an isopropanol/cyclohexane solvent, as shown in
Fig. 9(b).'°® The carbon paste was printed on the pre-deposited
LHP layer by painting or doctor blading, so the structure of the
device had only four layers (carbon, LHP, TiO,, FTO)."”

Zhang et al. applied a commercial carbon paste to paintable
C-PSCs for the first time.>® By systematically altering the thickness
of the TiO, layer, the device obtained a PCE of 8.3%. In the
beginning, the PCE of paintable C-PSCs was very low, but the
simplest manufacturing process continued to inspire researchers
to enhance the efficiency of the device. By optimizing the ratio of
paint composition (carbon black and graphite), Yang et al
obtained a PCE of 10.2%."® In 2015, Wei et al. developed a flexible
carbon paste printing on the LHP layer, which effectively avoided
the negative influence of the solvent on the perovskite film, and
finally obtained a PCE with 13.5%.>>

The research on the stability of paintable C-PSCs had been
reported by literatures."*>'*° Wei et al. compared the effects of epoxy
resin and Ag coating on the carbon electrode.*" Epoxy resin was a
kind of polymer in carbon paste and had superior water resistance.
Compared with the pure carbon electrode, carbon paste as the
electrode had a better hydrophobicity. The Ag coating could
enhance the hydrophobicity. In addition, the Ag coating could also
improve the conductivity of the carbon electrode. Because perovskite
was easily degraded by moisture, hydrophobicity was very
important.”*" This was proved by the environmental stability
measurement. The device with epoxy resin had higher stability,
and the Ag coating acted like the icing on the cake."*"

Zhang et al. exploited a self-adhesive macroporous carbon
film by solvent exchange at room temperature.”® In the previous
process, the solvent in the carbon paste was removed by high-
temperature volatilization, which seriously affected the flexibil-
ity and porosity of the carbon paste, labeled as C1. It was found
that ethanol could effectively inhibit the curing of carbon paste
during solvent exchange. Fig. 9(c) depicts the microscopic
curing mechanism of carbon paste.?® After the exchange pro-
cess was completed, the carbon film fell off from the glass
substrate and formed a self-supporting film, which was marked
C2. This method can avoid high-temperature curing. Fig. 9(d)
shows the SEM images of devices with C1 and C2 as black

5568 | Mater. Adv, 2021, 2, 5560-5579
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Table 2 Comparison of photovoltaic parameters achieved by M-PSCs
and C-PSCs (meso, embedment and paintable)

Voc  Jsc FF PCE Ref.
(mv) (mAcm™?) (%) (%) [years]
M-PSCs 993  20.00 73.00 15.00 2013°
1130  22.75 75.01 19.30 2014°*
1060  24.70 77.50  20.20 20152
1180  22.80 81.00 21.80 2016
1110  25.00 81.70 22.60 2017
1114  24.91 81.29 23.20 2018
1160  24.90 81.40 23.56 2019°°
1181  25.14 84.80 25.20 2020%
Meso C-PSCs 878  12.40 61.00 6.64 2013%*°
858  22.80 66.00 12.84 2014%°
867  22.93 67.00 13.41 2015%°
921  19.21 78.00 13.89 2016
1050  20.20 75.00 15.90 2017
1080  23.33 76.20 19.20 2018%®
910 19.64 66.00 12.07 2021'%?
Embedment C-PSCs 950  17.20 71.00 11.60 2014
880  18.00 80.00 12.67 2015
920  21.50 77.00 15.23  2017'*
1070  23.44 61.00 15.38 2018%°
930  23.47 75.00 16.37  2019'®
1050  20.93 68.97 15.18 202072
Paintable C-PSCs 900 16.78 55.00 8.31 2014
1002  21.30 63.40 13.53 2015
1040  21.27 65.00 14.38 2016
1070  21.44 68.00 15.66 2018
Paintable C-PSCs 910  21.04 72.00 14.55 2019'%®
1095  23.90 68.00 17.71 2020'%®
1040  21.50 70.44 15.81  2021'*°

electrodes, respectively.”® It was found that there was a large
gap between C1 and the Spiro-MeOTAD layer, while there was
almost no gap between C2 and the Spiro-MeOTAD layer, and
hence, it had a better interfacial contact.

There were obvious differences among the three kinds of C-PSCs
in the preparation process, especially in the preparation and
deposition of carbon paste. The multi-layer mesoporous structure
in meso C-PSCs limited the complete conversion of pre-deposited
PbI,.? %132 In the preparation of embedment C-PSCs, the TiO,
layer and the carbon layer should be deposited separately by a two-
step method when pre-depositing Pbl,.”"'**"*> For paintable C-
PSCs, it was deposited layer by layer. No matter it was the one-step
method, the two-step method or other development methods, it
could be applied. Due to its superior stability, low cost of production
and large market potential, C-PSCs had become a critical part of the
PSC field."**"*! Table 3 lists the fabrication parameters of different
techniques. It can be seen that the PCE of paintable C-PSCs
exhibited the best.

Although C-PSC-related research had achieved excellent
results, the inferior interface contact between the perovskite
film and the carbon electrode remained to be solved.

4. Interface engineering of C-PSCs

Owing to poor adhesion of carbon materials and inferior
contact with the perovskite layer interface, a large amount of

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00352f

View Article Online

Materials Advances

Review

(VININ) 9refA1oeypow [Ayrawijod (D) ayderd uryrenn ‘(og) anydeid yng ‘(gD) yoe[q uoqied

Loy UO09]T 810 ‘810T T6'TT 0¢'TT payrodal JoN uru ST 10§ D, 00T 0sa (P21 “0p (nydurd) £3ojouyoa) 3 sarjddns Sunurd ofnf) yyur uoqred [eroIdWWOD
(pr1 ‘0D [edTWIAYD IeTe3UOQ UAYZULYS) d1sed uoqIed
e 198 fing 7ddy ‘610T 8,7 LT payiodai JoN parodal JoN paazoda1 30N J[qeIured  [BIDISUWIWIO)) JUIA[OS [ENPISAI Y} JAOWSI 0} [OUBYID UI PIBOS SBM IoAe[ oYL

(pare1odeas A[eion

SI JUDA[OS [eNnpISal
gz LOIDL “pound “apy ‘810T 0T'ST 0S'F¢ 06°0T Y} [Bun) D, 00T s[qeiureq (P31 ‘0D A3ojouyday, 1pres noyz3uenn) sed uoqIed [RIDUIWWIOD
gg HOIDN “PoUN “apy ‘810T 0T'6T 06'TE 09°8S D, 00T s[qerureq ‘(P71 0D A30[0UNDA, IpTRS NOYZ3UuEND) 91Sed UOQILd [BIOUIWIWOD
op1 198 fing 7ddy ‘810T TTOT 00°0T Ppa1odar JoN urw 0z 10j D, 00T d[qeiured (auaajos) ££0-k ‘(1opulq) VININC ‘dD ‘@aydein
areraoe [y ul
,ZPIPISOUDN ‘9T0T 9T°9 00°S9 00°00T paazodar 30N dlqeiured ¢:1:1 = (wu oo¥) 19pmod ayyderd-oueu : (wu oF) g0 : (ww 0T) saxey a1ydern
are3aoe [Ayre Ul
,PIDISOUDN ‘9T0T T€'S 00°S9 00°0L pay1oda 30N s[qerured ¢:1:T = (wu 0o¥) 1opmod ayyderd-oueu : (wu op) g0 : (Wwrw o1) soxepy Arydern
,PIDISOUDN ‘9T0T LYY 00°S9 00°LT payodar 10N J[qerured 213008 [A0 Ur T: ¢ = (Wu oF) gD : (wwr o1) saxeyy aIrydein
a1 (B42UT OUDN ‘9T0T 0T°9T 00°0T 0%'9 urw og 10§ D, 00T J[qerured (P31 “0D TeoTWAYD reTeSuUoq Uayzuays ‘D)D) sed uoqIed [BIOISWWOD
2H0qIDD ‘STOT L¥'TT 00°0F 19°0 SGT 10§D, S8 d[qeured (132 = 90+ oydeid) [eL1aeW UOQIRD 9p1m 08 ‘9783908 [Autakiod opIm 0T
2MOqQIDD ‘STOT €S°€T 00°0% 69°0 SGT I0J D, 68  d[qeIured (1: ¢ = g0 onyde1d) [er1oreW UOQIED %M 08 ‘93e3008 [Auakjod 9pIm 0T
2MOGDD ‘STOT €V'TT 00°0¥% S0 S ST 10J D, S8 d[qeIured (1:5 = g0 anyders) [er1arewr UOQIRD %)M 08 ‘9183008 [Autakod 0xIm 0T
2cH0qDD ‘STOT LTOT 00°0% IT'T S GT 10} D, S8 s[qerureq (0:1 = gD :onydeid) [er1a1eW UOQIRD %IM 08 ‘9381908 [Aulaklod 9pIm 0T
2cH0GqDD ‘STOT LTOT ov 11 S GT 10 D, S8 J[qerured (0:1 = g0 9ryderd) errorew UOGIEd %%1Mm 08 ‘93e30e [Aulak[od opIm 0T
cor PA I “wayD ‘maguy ‘p10T €0°0T Patodai JoN partodal JoN urw 09 10j D, 00T JUSWPaqUIT [ouedoid-z ur [FHNFHD ,_Tw Sw 0T ‘gD ,_Tw Sw ST
cor PA I “wayD ‘Mmaduy ‘¥10T SS'L parodaroN palrodar JoN urwi 09 10 D, 00T Iudwpaquuiy [ouedoid-z ur gn T Sw gt
[0aurdioy Tw g¢ ‘osonyeo [AdoidAxoipAy 3 T
L0 WAYD 'sqyd [ ‘8T0C ST'¥T ot 86'8 urw 0€ 10j D, 00% IUSWPaquI (wru g 2z1s oponaed) 201z 3 T ‘anyderd 3 ¢r9 ‘(wru o¢ az1s oponaed) gD 3 ¢

uru o¢ 10§ D, 00% ‘U QT
10J D, G/€ ‘Ulwu QT I0§ (%1 09) [0ourdiay
op1S20f103ul 1230 1ddy SOV ‘L10T TT'TL S pauodaiJON D, §T€ ‘UIW QT 103 D, STT IUSWPaqUIy (%M 07) 2s0In([32 [Ay32 (%Im 01) a1ydeis (9%Im §) OV (%Im <) 4D
EH%E%&E N 1ddy SOV ‘£T0T 09°€T 9'6 00°9T urw 0€ 10§ D, 00% JUSWPaquIy [0aurdiay T g¢ ‘osorny[ed [AdoxdAxoipAy 3 1?01z 3 1 ‘gD 3 ¢ ‘Opd 3 <9
Z%%&D&E U 1ddy SOV ‘L10T  ¥'TT 11 00°SE uru 0€ 10§ D, 00% Judwpaquiyg [odurdial Tur o¢ ‘asony[ad [AdoidAxoipAy 3 1 ‘“0iz 3 1 ‘gD 3 ¢ ‘onyderd 3¢9
cpp WWIOD 203 P1]OS ‘8TOT €T°€ payiodar 10N 02°08T ur O€ 103 D, 00% IuSWpaquuy [oueyle ut sarayds auaifishjod 3 89°T “01z 3 ¢¥H'0 ‘D 3 £'0 ‘onydeid 3 g'¢
pp UNWIUIOD 21018 P1]OS ‘8TOT OT'¥ parodar 10N 0£°'89 uru 0€ 10j D, 00% JUSWPaquIy [oueysa ut sazoyds auaikysijod 3 9570 ‘“01Z 3 ¥5°0 ‘4D 8 670 ‘9nyderd 3 9'¢
cpp WHUWOD 21138 PIJOS ‘8TOT £8'€ Paitodal 0N 0£°9S urw 0€ 10j D, 00% Juswpaquig  [oueyld ur sazoyds auaikysAjod 3 870 ‘Y01z 3 £5°0 ‘D 8 S6°0 ‘onydeid S g'¢
cpp UNWWOD 23018 P1]OS ‘8T0T 9¢'€  Pa3iodal 0N §0€ urw O€ 10§ D, 00F JUSWPaqUIA [oueys ur °01z 3 90 ‘gD 3 1 ‘onydeid 3 ¢
«iam.\m:m OUDN ‘8107 L'ST 11 €T uru Og 10 D, 00% IusWpaquy [0oautdiay ‘asorny[ao [AdoadAxoIpAy ‘(£ : ¢ = gD :anydeis) [el1ajew uoqien
«oU0qDD ‘L10T T0'HT 9T-§ ST-S urw o€ 10j D, 00% IUdWpaquiy [oautdiay ‘esorny[ad [AdoadAxoIpAy ‘gD ‘(Dd Jo uonerjojxs Aq paureiqo) on
«o#0440D ‘L10T €9°CT 916G 02-S uru O€ 10 D, 00% IUdWpaquy [0aurdiay ‘asony[ed [AdoidAxoipAy ‘gD ‘od
(T 0€) [oourdin
ey MOT OUDN ‘STOT  £'€1 Pal1odal JoN patodal JoN urw 0¢ 10j D, 00% IJUSWPaquI {(wu g az1s aponted) 201z 3 T {(wu o¢ az1s oonTed) gn 3 1 ‘aaryderd 3 ¢
10autdian 3 g1 ur aso[ny[ad[Ay3e 3 ST ‘(wu 00T > UoISUSWIP
2o PPV WIY20.4399]7 ‘810T  L°OT sz 96 urw o¢ 10j D, 00% Judwpaquyg dpnied) 01z 3 1 ‘gD 8 ¢ {(ww oz > uorsuawip dponred) opmod arydeid 3 6
[0surdiay T g¢ ur aso[nyad [AdoidAxoiphy 3 1
eV WaYD U [ ‘STOT €9°TT 6 LVTT urwr o¢ 10y D, 00% 0sa]N ‘(wu g azis aonted) ¢0az 3 1 ‘ropmod a1yderd 3 9 ‘(wru og az1s aponred) gD 3¢
o' @2 198 ‘€T0T ¥9°9 (0] T0'8 urw o€ 10§ D, 00¥ 0SON aydeis reprorayds/gon
o2’ @ ‘198 ‘€10T 80'F ) 67°01T ur o¢ 103 O, 00¥ 0SaN ayrydeis Ayefy/dd
[reurnof ‘1eak] ‘Jod (%) (wur) (;w ) Jjuounean [ewldy],  anbruyoan uonisodwod aised

ADd  SSOWOIYL ~ 90UBISISaI uonedLqeL
REEL

sanbiuyda} JUBIBHIP UM SDSd-D JO sierawieled dleyjoroioyd pue uoneduges ¢ ajqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV 92°6T:9 9202/22/T U0 papeo|umod “TZ0z AINC 9T U0 paus!ignd 8oy ss00Yy usdo

5569

Mater. Adv.,, 2021, 2, 5560-5579

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00352f

Open Access Article. Published on 16 July 2021. Downloaded on 1/22/2026 6:19:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

charge recombination occurred in the work of HTL-free C-PSCs.
The interface contact between the perovskite layer and the
carbon electrode was considered to be the main reason for
the poor performance of photovoltaic devices.?® Hence, it was
the main task to study the interface engineering between the
perovskite layer and the carbon layer.'>”

4.1 Energy alignment

For C-PSCs, appropriately changing the energy band arrangement
can increase the hole extraction efficiency, and the PCE will also
increase. Tian et al. tuned the W; value by changing the oxygen
content in the carbon electrode to improve the interface contact
and reduce charge recombination.'** The Subodh G. Mhaisalkar
group found in C-PSCs that screen printing a p-type inorganic
spinel Co;0, film on the interface between perovskite and carbon
electrodes could also enhance energy level matching, PCE and
stability."*?

It was found that increasing the oxygen content in the
carbon electrode not only elevated the W; value but also
optimized the interface contact with perovskite. It was obvious
that the development of meso C-PSCs was hindered by the poor
interface. As illustrated in Fig. 10(a), Tian et al. proposed that
the oxygen content in the carbon electrode would change its W
and the interface contact with the perovskite layer. This was
because oxygen ions could make the carbon electrode interact

C The etching FTO\glass spray pyrolysis ¢-TiO, s

View Article Online
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with perovskite chemically through lead-oxygen coordination,
making the interface contact more close.'**"*> Simultaneously,
the appropriate increase of oxygen content also boosted the
graphitic interplanar distance, increased the specific surface
area of carbon materials,"**'>” and further improved the interface
contact between a carbon electrode and perovskite.®> Accordingly,
Tian et al. deduced that the high oxygen-carbon electrode could
collect holes more effectively, and reduce the charge recombina-
tion phenomenon. Besides, due to the different hybrid ratio of
sp3:sp2, the oxygen content altered the electronic structure of
carbon materials to become hole transport materials similar to
graphene oxide, which further increased the selectivity of hole
extraction."”®"*® Thus, the oxygen management of carbon electrodes
had the opportunity to improve the performance of meso C-PSCs.
The W; value of ODC and ORC were 5.0 €V and 5.2 eV, respectively.
The W; value of the ORC-based carbon electrode was in good
agreement with the maximum valence band of perovskite, which
improved the hole extraction of the device. Fig. 10(b) shows a cross-
sectional SEM image of a perovskite layer formed in a carbon
electrode based on ODC and ORC."**

In 2019, Wang et al. employed a kind of high conductivity
and low-temperature carbon paint to paintable C-PSCs.'*® The
carbon paint had good perovskite compatibility and conductivity,
and the final PCE was 11.7%.'°® The interfacial contact was
improved and hole extraction was increased by introducing hole
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(a) Schematic of oxygen-deficient carbon black (ODC) and oxygen-rich carbon black (ORC), interfacial contact and energy level alignment of

the materials. (b) Cross-sectional SEM images of the perovskite formed in ODC- and ORC-based CEs.}** Copyright 2018, Elsevier. (c) Schematic of the
fabrication process of C-PSCs: FTO/compact TiO,/mesoscopic TiO,/perovskite/PEDOT:PSS/C layer. (d) Cross-sectional SEM image of the C-PSC
device. (e) Energy band diagram of C-PSCs. (f) J-V characteristics at RS and FS of a representative C-PSC under simulated AM 1.5G illumination

(100 mW cm™2) condition.1°® Copyright 2019, Royal Society of Chemistry.
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transport layer (3,4-ethylenedioxythiophene:polystyrene sulfonate
(PEDOT:PSS)). Fig. 10(c) shows the fabrication process of this
device. The cross-sectional scanning electron microscopic image
of cryogenic C-PSCs is shown in Fig. 10(d). It was worth noting
that it was difficult to match PEDOT:PSS (W; ~ 4.8 eV) and
carbon (Wy ~ 4.8-5.0 eV), as shown in Fig. 10(e). Therefore, the
close contact between perovskite and carbon electrode accelerated
the hole collection and achieved 14.55% PCE."*®

4.2 Hysteresis effect

In C-PSCs, the hysteresis depended on the voltage scanning
rate. As the voltage scanning rate increased, the hysteresis
became pronounced. The obtained rate and voltage, as well
as the direction of the bias voltage, would affect the shape of
the /-V curve and the photovoltaic parameters of the device.
Through the comparison of the data, the -V curve measured
from the reverse bias voltage had better performance than
the J-V curve measured from the forward bias voltage.'?*"6°163
The PSCs showed dramatic instability under atmospheric
conditions.'®”'%*1%¢ To overcome this detrimental effect, it was
important to find out the cause of this phenomenon in C-PSCs.
Many scholars believe that the migration of methylammonium
(CH3'NH;"), iodide (I7), and photogenerated ions as well as the
extreme effect of J~V measurement would process on the alignment
of the J-V curve, thus reducing the stability of the device."”""> Here,
we are discussing the hysteresis effect of C-PSCs.

The HTL-free C-PSCs not only reduced the cost but also
increased the stability. However, the performance of the TiO,-
based ETL was unstable due to the hysteresis phenomenon."”*""”*
Therefore, the non-hysteresis phenomenon Cg, was chosen as the
ETL, to form the All-C-PSCs. Meng et al. fabricated a FTO/Cgo/
MAPDI;/carbon device structure, in which a PCE of Cgy-based
device was 15.38%, while that of TiO,-based device was only
12.06%.°° The cross-sectional SEM image of the All-C-PSCs is
shown in Fig. 11(a). The Cg, value effectively improved the electron
extraction, suppressed the charge recombination and reduced the
sub-band gap state at the interface with the perovskite. Further-
more, the All-C-PSCs prevented moisture from entering the
perovskite layer and had superior operation stability in a humid
environment. Graphene was further used as a transparent
conductive electrode to make it real All-C-PSCs and finally
achieved 13.93% PCE. The high performance of the All-C-PSCs
came from the bonding flexibility and electronic versatility of
carbon materials."””>"”® The SEM image of the AIl-C-PSCs is
shown in Fig. 11(b), where the thickness of the carbon layer was
about 20 um, which prevented moisture from infiltration into
the perovskite.*® Fig. 11(c) shows the J-V curve of the All-C-PSCs
based on graphene transparent electrodes. The reverse scan was
0.35% higher than the PCE of the forward scan.’® Fig. 11(d)
shows the reverse and forward scan J-V curves of Cg, and TiO,
ETL, under the condition of AM 1.5G 100 mW cm 2.2’ It can be
seen that the TiO,-based C-PSCs showed an obvious hysteresis.
When replaced by Cg, the efficiency of electron extraction was
enhanced and the J-V hysteresis was eliminated.*”

As shown in Fig. 11(h)-(j), there was almost no difference
between the forward and reverse directions of the J-V curves of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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carbon black and MWCNTs at the same scanning rate, indicating
that the hysteresis of the two materials was very small. However,
there was an obvious difference in the J-V curve of graphite,
which mean that there was a large hysteresis phenomenon in
graphite. Because the three kinds of carbon materials had similar
cell configuration and device structure, it was considered that the
effect of hole transfer on the hysteresis effect was different if the
contact between carbon electrode and perovskite interface was
different."*” Through the study of the hysteresis effect of three
kinds of carbon materials, MWCNT was expected to prepare high-
efficiency C-PSCs without hysteresis."*”

4.3 Passivation defect

The perovskite layer in meso-C-PSCs was formed by infiltrating
the mesoporous layer.®®”%82718% Therefore, when passivating the
interface, the demerits of the passivation method could be
avoided and the stability of the device could be effectively
improved. The perovskite layer was prepared by the mixture
of additives and precursor solution. Huang et al. repaired the
interface defects by dipping trioctylphosphine oxide (TOPO)
ligands on meso-C-PSCs.'®® As the perovskite layer was formed
before repair, the TOPO ligand was then selectively adsorbed on
the perovskite surface, and it had little effect on the charge
extraction. The defect was coordinated with the halide by the O
atom on the P—=0 bond, and the PCE reached 12.8%. Moreover,
because TOPO contained three hydrophobic long-chain alkyl
groups, the stability of the device became excellent."®® The
fabrication process of TOPO-capped meso-C-PSCs is shown in
Fig. 12(a)."®® The band structure of meso-C-PSCs without TOPO
treatment is shown in Fig. 12(b)."®" After the perovskite film
was impregnated with TOPO, TOPO coordinated with the
uncoordinated Pb atom, which passivated the defect, reduced
the charge recombination, and enhanced the electron extraction
(Fig. 12(c))."® From the cross-sectional SEM images in Fig. 12(d)
and (e), the thickness of the device was more than 10 pm.
Perovskite films were uniformly distributed in the mesoporous
structure (Fig. 12(f)).'*® The infiltration of TOPO from the carbon
electrode to the perovskite layer was good, which effectively
improved the stability of the device.

Yang et al. applied a polyethyleneimine-functionalized carbon
nanotube (PEI/CNT) to the interface between the perovskite layer
and the carbon electrode to improve the interface contact.'®" PEI
molecules also had the effect of passivating interface defects."®" It
was found that PEI molecules were anchored on the perovskite
framework by amino groups via the coordination interaction
between -NH, (-NH-) and Pb*" or the hydrogen bond between
H atoms in -NH, (-NH-) and I, thereupon passivating the
surface trap state in CsPbl;.'®" Due to the improvement of
the contact between the perovskite/carbon interface, the charge
transfer was accelerated. C-PSCs finally obtained 10.55% PCE
and 0.71 FF.'®! Fig. 12(g) shows the specific structure of the
device, and the existence of the PEI/CNT bridge could be
observed.'®! During the preparation of C-PSCs, the PEI/CNT
bridge was deposited on the perovskite/carbon electrode inter-
face and partially infiltrated in the perovskite layer, as shown
in Fig. 12(h)."®" CNTs were first oxidized by mixed acids

Mater. Adv.,, 2021, 2, 5560-5579 | 5571
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(a) Cross-sectional SEM images of the real all carbon-based PVSCs using the graphene-based transparent conductive electrodes. Cross-section

SEM images of the cell architecture at (b) 2000x magnification. (c) J-V curves of the real all C-PSCs using the graphene-based transparent conductive
electrodes. (d) J-V curves of the best PSCs with Cgo or TiO, ETLs measured with the forward and reverse scan.>° Copyright 2018, Wiley. Cross-sectional
SEM images of embedment C-PSCs with carbon electrodes made of (e) carbon black, (f) graphite, and (g) MWCNTSs. Investigation on the hysteresis
behavior of the device assembled from (h) carbon black, (i) graphite and (j) MWCNTSs (scanning at 10 mV s%).8% Copyright 2015, Royal Society of Chemistry.

(sulfuric acid and nitric acid), and then carboxyl groups were
introduced into the surface of CNTs. Finally, PEI molecules
were connected to CNTs by the dehydration reaction between
carboxyl and amino groups.'® Hence, the PEI/CNT interface
bridging method was expected to prepare efficient and stable
C-PSCs.

4.4 Build-in electric field

Sandberg et al. studied whether the built-in electric field has an
impact on the device efficiency.'®® After measurements and
analysis, it was found that the built-in electric field could achieve the
effective extraction of carriers. As the carriers produced by the
perovskite absorption layer diffuse across toward the carbon

5572 | Mater. Adv., 2021, 2, 5560-5579

electrode side, they would leave behind negatively charged
electrons near the interface between the perovskite layer and
the carbon electrode regions. Then, the positively holes would
diffuse to the carbon electrode. These charges form an electric
field at the interface, and the free electrons and holes are affected
by built-in electric field and flow in the opposite direction of
diffusion.105,189—193

Lee et al. revealed that increasing the difference in Wg
between the carbon electrode and the perovskite layer could
facilitate the driving force of carrier migration, which indicated
that the built-in electric field was driven by the difference of
We.'°* The enhancement of the built-in electric field could not
only promote the carrier migration, but also improve the hole

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Schematic of the fabrication of the TOPO capped carbon-
based MPSCs. (b) The corresponding energy level of TiO,, perovskite, ZrO,
and carbon. The TS represents trap state. (c) Schematic of the interaction
of the TOPO and perovskite defects. (d) Cross-sectional SEM image of
TOPO capped meso C-PSCs. (e) The expanded TiO,/ZrO, region in white
solid frame. (f) Elemental distribution mapping images for the white dashed
frame.’®% Copyright 2018, Royal Society of Chemistry. (g) Device archi-
tecture of C-PSCs with implanted PEI/CNT bridging at the perovskite/
carbon electrode interface. (h) Schematic of the charge transfer process
from perovskite to carbon electrode via PEI/CNT as both the bridge and
perovskite surface trap state passivation molecule.’®! Copyright 2019,
Royal Society of Chemistry.

collection of the carbon electrode and reduce the charge
recombination.>®*9>1%¢

In 2014, Yan et al. found that multi-layer graphene (MG) as a
counter electrode would produce a Schottky barrier at the interface
with the perovskite layer, which greatly improved the efficiency of
the device.'®® Fig. 13(a) and (b) exhibit the energy band diagrams
of SG/perovskite and MG/perovskite, respectively. It can be found
that there was a large Fermi level shift at the interface between

© 2021 The Author(s). Published by the Royal Society of Chemistry
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multi-layer graphene and perovskite, forming a Schottky barrier.
The MG had some conservative sandwich graphite layers in the
oxidation process, so it had a good electrical conductivity. In
addition, the mutual accumulation of MG could also fill the
defects between each other (Fig. 13(c) and (d)). Most importantly,
thanks to the built-in field of the Schottky junction, the hole
extraction speed was enhanced and the interface charge recombi-
nation was greatly suppressed. They achieved a PCE of 11.5%. In
2019, He et al. used copper phthalocyanine (CuPc) to enhance the
built-in electric field between the carbon electrode and the perovskite
layer, and the efficiency increased to 14.8%.'®” From the SEM
images of Fig. 13(f) and (g), it could be seen that the morphology
of the carbon electrode was not affected by CuPc. The device
structure with CuPc carbon electrodes is shown in Fig. 13(e).
Compared with the bare carbon electrode, the W; value of the
CuPc-doped carbon electrode increased from 4.03 eV to 4.22 eV
(Fig. 13(h)). The increase in W difference led to the enhancement of
built-in electric field at the interface between carbon electrode and
perovskite layer, which improved Jsc, Voc and FF values.

In summary, through the latest progress of the four interface
engineering of C-PSCs shown above, it can be seen that the effect of
eliminating hysteresis is the best, and the other three are achieved
by mixing other materials with carbon electrodes.®*"”~2>
Obviously, eliminating the hysteresis phenomenon is the most
likely to update the highest efficiency of the carbon electrode.

5. Conclusion and outlooks

In this paper, the important outcomes of carbon-based PSCs
were reviewed. The rear electrodes developed with carbon
black, graphite, graphenes or carbon nanotubes show superior
stability, thanks to the hydrophobicity of carbon materials.
Researchers have developed several processing methods, from
meso to embedment, as well as paintable C-PSCs. The research
results of previous works show that the PCE of C-PSCs is still
not comparable to that of M-PSCs. The main reason is the
inferior interface contact between the perovskite and the carbon
electrode. Second, the square resistance and charge recombination
of carbon electrodes are also the reasons for the low values of Jsc
and FF. The currently reported solutions show that the interface
engineering of C-PSCs has become a hot topic in the photo-
voltaic field. Scientists are trying to homogenize the photo-
electronic properties of the perovskite and carbon electrodes
and then passivate the interface defects to accelerate charge
transfer and reduce recombination.

To further improve the efficiency, the main challenge facing
C-PSCs in the future is still the problem of interface contact.
This problem stems from the inherent physical properties of
carbon materials, e.g. crystal structure, size, electrical conduc-
tivity. Simultaneously, the morphology of the perovskite layer
also has a great influence on the device. This can be improved
through the following strategies. (i) The other materials (e.g
copper phthalocyanine, MXene) doped with carbon electrodes are
used to accelerate charge transfer, enhance charge collection and
reduce charge recombination. (i) The high-quality perovskite

Mater. Adv,, 2021, 2, 5560-5579 | 5573
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Fig. 13 Schematic of (a) ohmic contact of single-layer graphene (SG)/perovskite with possible recombination and (b) Schottky junction of multi-layer
graphene (MG)/perovskite with directional charge transfer. Schematic diagram of stronger hole extraction capability of MG (d) than SG (c).}®¢ Copyright
2014, Wiley. (e) Schematic drawing showing the carbon electrode-based PSC structure. Surface SEM image of the carbon electrode without (f) and with
(g) CuPc. (h) UPS spectra of the carbon electrode revealing W differences.*®” Copyright 2019, American Chemical Society.

films are prepared by a room temperature solvent exchange
method, melt-assisted growth method and top seed method to
reduce surface defects and improve interfacial contact. (iii) The
interlayer (e.g copper phthalocyanine and polyethyleneimine-
functionalized) is added to the carbon electrode/perovskite inter-
face with improving the work function, reducing the energy level
mismatch and increasing the contact area.

The low-temperature carbon electrode discussed in the
literature has good interfacial contact and a series of studies can
be carried out. These are good research directions. Furthermore,
based on the light absorption properties of carbon materials, the
development of new characterization methods of C-PSCs is also a
very important direction. This can increase the light absorption
capacity of carbon materials, resulting in more electron-hole pairs
and increased efficiency. Overall, there is much room to enhance
their stability and efficiency for future practical applications.
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