
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

10
:4

7:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Interfacial engine
Institute of New Energy Technology, College

Jinan University, Guangzhou 510632, C

yaohuamai@jnu.edu.cn

† Electronic supplementary information (
and CudNi1�dO NPs, device performance
spectra, J–V plots of stability test
10.1039/d0na00852d

Cite this: Nanoscale Adv., 2020, 2,
5883

Received 13th October 2020
Accepted 1st November 2020

DOI: 10.1039/d0na00852d

rsc.li/nanoscale-advances

This journal is © The Royal Society o
ering with carbon–graphite–
CudNi1�dO for ambient-air stable composite-based
hole-conductor-free perovskite solar cells†
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Jinlong Hu, Chong Liu, Fei Guo and Yaohua Mai *

Ambient air atmosphere is inimical to organic–inorganic halide perovskites and organic hole transport

materials, and is, thus, necessarily avoided during device fabrication. To solve this issue, it is highly

desirable to design stable perovskite-based composites and device configurations. Here, fully ambient-

air and antisolvent-free-processed, stable and all-inorganic metal-oxide selective contact hole-

conductor-free perovskite solar cells (HCF-PSCs) based on perovskite-based composites with an

interfacial engineering strategy are reported. The formation of perovskite-based composites by

interfacial engineering with carbon–graphite–CudNi1�dO not only improved interfacial contacts, charge

extraction and transport but also passivated trap states of perovskite thin films and charge recombination

at the interfaces. Thus, such perovskite composites with interfacial engineering-based HCF-PSCs

without encapsulation showed excellent stability by sustaining 94% of initial PCE over 300 days under

ambient conditions.
Introduction

Organic–inorganic halide perovskite (OIHP)-based solar cells
have recently achieved an astonishing record-high power
conversion efficiency (PCE) up to 25.5% just in a decade, which
has endowed them with superb potential for next-generation
low-cost, easy-to-fabricate, exible, wearable and semi-
transparent photovoltaics (PVs) in the near future.1–4 However,
the poor stability of OIHPs and organic hole transport materials
(OHTMs) owing to long time exposure to harsh environmental
conditions (i.e., moisture, air, light and heat stress) has
threatened to hinder their widespread applications in opto-
electronics and energy harvesting. To get closer to commer-
cialization, the long-term operational stability and ambient-air
scalable fabrication of perovskite solar cells (PSCs) are of
utmost importance.5–8 Thus, more stable, printable and highly
recyclable carbon-based mesoscopic hole-conductor-free PSCs
(HCF-PSCs) may become one of the most promising perovskite-
based PVs towards rapid commercialization. However, the effi-
ciency of HCF-PSCs still largely lags behind as compared to that
of small-molecule OHTM-based PSCs. The unsatisfactory
of Information Science and Technology,
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efficiency of HCF-PSCs is mainly ascribed to low hole transport
efficiency, high charge recombination, undesired energy band
diagram match and imperfect contacts at the interface of the
perovskite/carbon electrode as well as poor carbon adhesion
and insufficient incident light by carbon electrodes.9,10 In order
to further improve the efficiency of HCF-PSCs, many efforts
have been made for developing advanced and stable perovskite
composites with organic or inorganic materials11–21 and
designing novel device congurations with the interfacial
engineering strategy.10,22–26

The perovskite-based composition engineering with amixed-
cation/halide have signicantly enhanced optical and electronic
properties, electron–hole extraction and transport as well as
intrinsic hybrid-perovskite structure stability.12–15,27–29 Han et al.
pioneered HCF-PSCs based on mixed-cation or mixed-halide
perovskites ((5-AVA)xMA1�xPbI3�y(BF4)y, 5-AVA: 5-aminovaleric
acid) by controlling the ratio of two cations or halides, thus
endowing the corresponding cells with an improved PCE over
12% and operational stability.12,13 Interestingly, Grancini et al.
showed that ultra-stable 2-dimensional/3-dimensional (2D/3D)
perovskite-based composites (i.e., (HOOC(CH2)4NH3)2PbI4/
MAPbI3) could be formed via 5-AVAI composition engineering.
The 2D/3D perovskite composite-based HCF-PSCs and modules
have shown excellent stability over one year.15 For the develop-
ment of perovskite composites with organic or inorganic
materials, Wang et al.16 reported efficient and stable HCF-PSC-
based perovskite-composites with a conguration of FTO/c-
TiO2/mp-TiO2/MAPbI3–NiO composite/Au. The MAPbI3–NiO
composites can effectively facilitate charge carrier generation by
Nanoscale Adv., 2020, 2, 5883–5889 | 5883
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Fig. 1 (a) The surface morphology of the C–G–CudNi1�dO–
MAPbI3�xClx composite film, (b) device configuration, (c) schematic of
the energy band diagram and blocking properties and (d) a cross-
sectional SEM image for HCF-PSCs of FTO/SnO2/Al2O3/CudNi1�dO/
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improving photo-absorption and faster extraction of holes from
perovskite to the Au electrode by NiO NPs. Hou et al.18 fabricated
perovskite composite-based (i.e., MAPbI3–GuCl and guanidi-
nium chloride) HCF-PSC with a higher open-circuit voltage (Voc)
of 1.02 V when compared to pristine MAPbI3-based devices with
only 0.88 V. By combining experimental and theoretical studies,
the perovskite composites with organic or inorganic materials
can signicantly enhance the intrinsic stability of perovskite
materials via strong chemical interactions and bonding or
cross-linking as well as using the protective effect of perovskite
grains by additive molecules. More importantly, the perovskite
composites prepared with cost-effective and environmentally
stable inorganic semiconductors, such as NiO nano-
structures16,30–34 and carbon-based nanomaterials,35–39 have the
potential for future commercialization.

The interfacial contacts and properties at the interfaces of
the perovskite/electron-transport-layer (perovskite/ETL) and
perovskite/electrode are critical for the photovoltaic perfor-
mance and stability in HCF-PSCs. In particular, except for the
degradation of OIHPs themselves, poor stability of the state-of-
the-art PSCs can be attributed to interfacial collapse induced by
the TiO2 photocatalysis effect and charge accumulation at the
TiO2/perovskite interface,40,41 light-induced ion migration and
segregation behavior,42–44 and formation of AuI2

� or AgI2
�

because of the diffusion of Au or Ag into the perovskite.45,46 For
improving the interface contact between the perovskite layer
and top electrode, interfacial engineering has been
proposed.22–26,47–49 Overall, the development of stable perovskite-
based composites combined with proper materials and
designing novel conguration with interfacial engineering are
efficient strategies to achieve highly efficient and stable HCF-
PSCs under ambient conditions.

In this study, we report fully-ambient-air and antisolvent-
free-processed, highly efficient and stable HCF-PSCs with
interfacial engineering-based perovskite composites. The
perovskite composites (i.e., CudNi1�dO–MAPbI3�xClx, carbon–
graphite (C–G)–CudNi1�dO–MAPbI3�xClx and Al2O3–MAPbI3�x-
Clx) were self-formed via a one-step deposition of the as-
prepared MAPbI3�xClx–CudNi1�dO mixed-solution on the
stacked conguration of FTO/SnO2/Al2O3/CudNi1�dO/C–G–Cud-
Ni1�dO, where SnO2 is the ETL and Al2O3/CudNi1�dO/C–G–Cud-
Ni1�dO is used for interfacial engineering between ETL and the
active layer (AL). It was found that CudNi1�dO and C–G in the
perovskite composites effectively facilitated charge extraction
and transport as well as passivated the trap states of perovskite
thin lms, recombination and ion migration at the interfaces.
Furthermore, the multi-stacked SnO2/Al2O3–MAPbI3�xClx/Cud-
Ni1�dO–MAPbI3�xClx/C–G–CudNi1�dO–MAPbI3�xClx composite
layer effectively reduced the photocurrent density loss and
improved interfacial contacts. Finally, the HCF-PSCs based on
perovskite composites with interfacial engineering yielded the
best PCE of 14.78% with a Voc of 0.95 V, Jsc of 23.85 mA cm�2

and an FF of 65.23%. More importantly, such perovskite
composites with interfacial engineering-based devices showed
excellent air, photo- and thermal stability, which are attributed
to moisture- and ion migration-sequestration by C–G and
5884 | Nanoscale Adv., 2020, 2, 5883–5889
strong chemical interactions between CudNi1�dO and perovskite
molecules.

Results and discussion

The surface morphologies of mesoporous Cu-doped NiO (Cud-
Ni1�dO) and Al2O3, and the cross-sectional structure of FTO/
SnO2/Al2O3/CudNi1�dO were examined via eld emission scan-
ning electron microscopy (FESEM), clearly showing uniform
and mesoporous structures (Fig. S1†). Such thin-lm
morphologies of metal oxide nanoparticles (MONs) effectively
facilitate the perovskite MAPbI3�xClx solution inltration and
increase the contact areas between perovskite molecules and
mesoporous MONs (i.e., CudNi1�dO and Al2O3), leading to the
formation of perovskite–MONs composites (i.e., CudNi1�dO–
MAPbI3�xClx and Al2O3–MAPbI3�xClx). Besides, the surface
morphologies of the as-formed C–G–CudNi1�dO–MAPbI3�xClx
composite lm are also clearly observed in the FESEM image, as
shown in Fig. 1a. Fig. 1d further veries that the perovskite
(MAPbI3�xClx) solution readily inltrated into all the meso-
porous layers of C–G–CudNi1�dO, CudNi1�dO, and Al2O3. It can
be seen that all the layers are well-dened with good adhesion
to one another, exhibiting the top electrode of Au, the AL of C–
G–CudNi1�dO–MAPbI3�xClx, the interfacial layer of Al2O3/Cud-
Ni1�dO/C–G–CudNi1�dO inltrated with perovskite molecules
and the ETL layer of SnO2. Fig. 1b shows the device congura-
tion of FTO/SnO2/Al2O3–MAPbI3�xClx/CudNi1�dO–MAPbI3�xClx/
C–G–CudNi1�dO–MAPbI3�xClx/Au, where the SnO2 is the ETL
and Al2O3/CudNi1�dO/C–G–CudNi1�dO is for interfacial engi-
neering between ETL and AL. Such multi-layers of mesoporous
conguration remarkably enhance the visible light-harvesting
as well as improve Jsc (see Table 1 and Fig. 3a). Fig. 1c shows
the energy band diagram and blocking properties in HCF-PSCs:
(1) CudNi1�dO and C–G in the AL have a suitable band energy
alignment of the valence band (VB) (�5.3 eV) and (�5.0 eV),
C–G–CudNi1�dO–MAPbI3�xClx/Au.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Photovoltaic parameters of three types of HCF-PSCs: FTO/c-TiO2/mp-TiO2/Al2O3/CudNi1�dO/C–G–MAPbI3�xClx/Au, FTO/SnO2/
Al2O3/CudNi1�dO/C–G–MAPbI3�xClx/Au and FTO/SnO2/Al2O3/CudNi1�dO/C–G–CudNi1�dO–MAPbI3�xClx/Au. Rs, R1 and R2 were measured at
250 mV-applied bias under one sunlight intensity in the range from 1 Hz to 300 kHz by electronic impedance spectroscopy (EIS) measurement

Device conguration Voc (V) Jsc (mA cm�2) FF (%) PCE (%) Rs (U) R1 (U) R2 (U)

FTO/c-TiO2/mp-TiO2/Al2O3/CudNi1�dO/C–G–MAPbI3�xClx/Au 0.88 20.97 55.30 10.21 14.5 346 748
FTO/SnO2/Al2O3/CudNi1�dO/C–G–MAPbI3�xClx/Au 0.90 23.01 57.12 11.83 12.2 338 956
FTO/SnO2/Al2O3/CudNi1�dO/C–G–CudNi1�dO–MAPbI3�xClx/Au 0.95 23.85 65.23 14.78 10.8 245 1078

Fig. 2 (a) UV-vis spectra, (b) corresponding Tauc plots and (c) PL spectra for three films: FTO/TiO2/Al2O3/MAPbI3�xClx (dark), FTO/SnO2/Al2O3/
CudNi1�dO/C–G–MAPbI3�xClx (purple) and FTO/SnO2/Al2O3/CudNi1�dO/C–G–CudNi1�dO–MAPbI3�xClx (blue).
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which is quite close to that of perovskite MAPbI3�xClx (�5.4 eV),
leading to fast hole transport; (2) the formation of the C–G–
CudNi1�dO–MAPbI3�xClx-graded heterojunction also enhances
hole transport but efficiently blocks the electron going to the Au
electrode due to electron blocking property of CudNi1�dO with
a high conduction band (CB) (�1.8 eV); (3) the wide-bandgap
Al2O3 (�7 eV) plays an important role in hole–electron extrac-
tion and recombination suppression by avoiding direct contact
between n-type SnO2 and p-type CudNi1�dO; (4) highly conduc-
tive C–G effectively improves the conductivity and work func-
tion of C–G–CudNi1�dO composites; (5) defect density of
perovskite lms are suppressed by the C–G–CudNi1�dO interface
modication and strong chemical interactions or crosslinking
between CudNi1�dO and perovskite molecules.16,30–33,50,51 Upon
illumination, the HCF device conguration probably four
conduction paths are available for holes: direct transport to the
Au electrode, transport to CudNi1�dO to the Au electrode,
transport to C–G to the Au electrode and transport to CudNi1�dO
to C–G and nally to the Au electrode. It is believed that SnO2,
Al2O3, CudNi1�dO, and C–G can play individual roles in the
effective electron and hole transport. Therefore, such a device
conguration with perovskite composites and multi-layer
interface engineering not only eliminates undesired interface
energy disorder but also results in efficient charge separation
and conduction in the AL and at the interfaces, leading to
a remarkable improvement of device performance and stability.

To compare the optical and electronic properties of C–G–
CudNi1�dO–MAPbI3�xClx composites, C–G–MAPbI3�xClx
composites and pristine perovskite MAPbI3�xClx lms, we
recorded ultraviolet-visible (UV-vis) spectra and photo-
luminescence (PL) spectra, as shown in Fig. 2. All lms exhibit
This journal is © The Royal Society of Chemistry 2020
remarkable light-harvesting absorption from 400 to 800 nm
(Fig. 2a). Compared to the absorption of pristine perovskite
MAPbI3�xClx and C–G–MAPbI3�xClx lms, the C–G–CudNi1�dO–
MAPbI3�xClx composite lm shows enhanced light absorption
over the entire visible spectrum, resulting in the highest light-
harvesting ability. More importantly, such a composite-based
lm shows an efficient PL quenching and red-shi toward
longer wavelengths (Fig. 2c), which is attributed to a reduced
band gap from 1.561 to 1.533 eV (Fig. 2b). The fast PL
quenching, red-shi and reduced band gap indicate efficient
carrier extraction and transport, and suppression of interfacial
recombination and trap density, which can remarkably improve
solar cell PV parameters (see Table 1 and Fig. 3a).

To evaluate the device performance of C–G-based HCF-PSCs
based on perovskite composites with interfacial engineering, we
fabricated three C–G-based devices: FTO/c-TiO2/mp-TiO2/Al2O3/
CudNi1�dO/C–G–MAPbI3�xClx/Au (device A, Fig. S2†), FTO/SnO2/
Al2O3/CudNi1�dO/C–G–MAPbI3�xClx/Au (device B, Fig. S3†), and
FTO/SnO2/Al2O3/CudNi1�dO/C–G–CudNi1�dO–MAPbI3�xClx/Au
(device C, Fig. 1d). Devices B and C incorporated SnO2 to replace
TiO2 ETL and device C used the C–G–CudNi1�dO–MAPbI3�xClx
composite in AL. It was conrmed that the CudNi1�dO opto-
electronic properties greatly depend on Cu doping concentra-
tions.17 Herein, we scrutinized the PV performance of the device
A for different concentrations of Cu doping and obtained the
best PCE with an optimal content of d¼ 0.02 (Fig. S2c and Table
S1†). Besides, the thickness of SnO2 and the concentration of C–
G–CudNi1�dO composites in HCF-PSCs were also optimized, as
shown in Fig. S3c and Table S3.† In conclusion, the incorpo-
ration of the C–G–CudNi1�dO–MAPbI3�xClx composite in AL
together with SnO2, ETL and Al2O3/CudNi1�dO/C–G–CudNi1�dO
Nanoscale Adv., 2020, 2, 5883–5889 | 5885
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Fig. 3 (a) J–V curves, (b) IPCE spectra with integrated Jsc, (c) dark-
current, (d) EIS spectra (inset is the enlarged area for dash circle) for
HCF-PSCs: FTO/c-TiO2/mp-TiO2/Al2O3/CudNi1�dO/C–G–MAPbI3�x-
Clx/Au (black), FTO/SnO2/Al2O3/CudNi1�dO/C–G–MAPbI3�xClx/Au
(purple) and FTO/SnO2/Al2O3/CudNi1�dO/C–G–CudNi1�dO–
MAPbI3�xClx/Au (blue).

Fig. 4 Long-term stability of FTO/SnO2/MAPbI3�xClx/spiro-OMeTAD/
Au (black) and FTO/SnO2/Al2O3/CudNi1�dO/C–G–CudNi1�dO–
MAPbI3�xClx/Au under ambient conditions (45–50% humidity and 25–
30 �C).
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interfacial engineering layers showed the overall best perfor-
mance for the HCF devices (i.e., a PCE of 14.78% with a Voc of
0.95 V, Jsc of 23.85 mA cm�2, and FF of 65%, Table 1). Such
enhancement of Voc and Jsc is ascribed to the reduced defect-
related losses and trap density in materials, desirable energy-
level alignment with almost no electron-transport-barrier
SnO2 as ETL, efficient blocking properties of Al2O3 and Cud-
Ni1�dO, and formation of a graded heterojunction by perovskite
composites. It can be noted that the incident-photon-to-current-
efficiency (IPCE) spectrum of the HCF-champion cell (device C)
shows the strongest light absorption over a broad wavelength
from 350 to 780 nm than that of device A and device B (Fig. 3b).
Moreover, the integrated Jsc of the HCF-champion cell calcu-
lated from the IPCE spectrum was 23.21 mA cm�2, which is in
good agreement with the measured J–V curve (23.85 mA cm�2).
Fig. 3c clearly shows that the dark current density of the C–G–
CudNi1�dO–MAPbI3�xClx composite-based device is almost one
order of magnitude lower than that of the pristine MAPbI3�xClx
perovskite-based device. Note that device C shows the lowest
series-resistant Rs and charge transfer resistance R1 of 10.8 and
245 U, and highest recombination resistance R2 of 1078 U,
which were obtained via electronic impedance spectroscopy
(EIS) measurements (Fig. 3d and Table 1). Such results indicate
that the C–G–CudNi1�dO–MAPbI3�xClx composite lms can not
only improve interfacial contacts, charge extraction and trans-
port but also lower the current leakage and charge recombina-
tion as well as increase the shunt resistance and longer carrier
lifetime.

It was found that compared to TiO2 ETL devices (device A,
black curve), the SnO2 ETL devices (devices B (red) and C (blue)
in Fig. 3a) showed the remarkable enhancement of PCE and
photo-stability (Fig. S3d and S5†). Furthermore, we examined
how light soaking time affects the PV performance of HCF
devices and found that the TiO2-based device A increased its PV
parameters for 90 s and then were gradually decreasing
(Fig. S2d and Table S2†). However, the SnO2-based devices B
and C resulted in the substantial improvement of photovoltaic
parameters as a function of light soaking time and was
5886 | Nanoscale Adv., 2020, 2, 5883–5889
stabilized aer 200 s (Fig. S3d, S4b, S5, Tables S4 and S6†).
Thermal stability is another challenge towards the rapid
commercialization of PSCs. Compared to the pristine
MAPbI3�xClx with spiro-OMeTAD device (control device), C–G–
CudNi1�dO–MAPbI3�xClx with interfacial engineering-based
HCF-PSCs shows excellent thermal-stability at 85 �C under
ambient conditions (45–50% humidity) (Fig. S6†). In particular,
all PV parameters of the pristine MAPbI3�xClx with HTM spiro-
OMeTAD-based cell showed severely deteriorated thermal
stability aer 120 h, i.e., original PCEs decreased from 18.02%
to 7.71% (only retaining 42.8%, Table S7 and Fig. S7a†).
However, C–G–CudNi1�dO–MAPbI3�xClx based on interfacial
engineering HCF-PSCs sustained its stability over 120 h by
retaining �97.8% of its original Voc, �92.6% of Jsc, �99.1% of
FF and�89.8% of PCE at 85 �C in an ambient environment (45–
50% humidity) (Fig. S7b and Table S8†). Furthermore, we
examined UV-vis spectrum performance as a function of time
for FTO/SnO2/MAPbI3�xClx/spiro-OMeTAD and FTO/SnO2/
Al2O3/CudNi1�dO/C–G–CudNi1�dO–MAPbI3�xClx lms at 85 �C
heating in ambient air (humidity 45–50%). The UV-vis spectrum
performance clearly shows that the pristine MAPbI3�xClx with
the spiro-OMeTAD lm totally changed to PbI2 aer 20 days.
Adversely, the C–G–CudNi1�dO–MAPbI3�xClx-based lm had
almost no change (Fig. S8†). To examine the long-term stability
of the HCF devices based on C–G–CudNi1�dO–MAPbI3�xClx with
Al2O3/CudNi1�dO/C–G–CudNi1�dO interfacial engineering, the
target device fabricated by the antisolvent-free strategy was
stored under ambient conditions without any encapsulation.
Fig. 4 shows the control (pristine MAPbI3�xClx with spiro-
OMeTAD-based cell) and the target device (C–G–CudNi1�dO–
MAPbI3�xClx-based HCF-cell) of long-term stability as a func-
tion of storage days in terms of the normalized performance
parameters, i.e. Voc (a), Jsc (b), FF (c) and PCE (d). Compared to
the control device, it can be clearly seen that the normalized
performance parameters in the target device are almost not
changed in 300 d. More importantly, the target device sustained
its stability over 300 days by retaining �94% of PCE in an
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 X-ray photoelectron spectroscopy (XPS) spectra of MAPbI3�xClx and MAPbI3�xClx–CudNi1�dO films: (a) Ni 2p, (b) O 1s, (c) Cu 2p, (d) Pb 4f,
(e) I 3d, (f) N 1s, (g) C 1s and (h) Cl 2p. (i) Stability, carrier working mechanisms, and possibility of chemical bonding Ni–I, Ni–Pb, Pb–O–Pb and N–
Ni between CudNi1�dO and perovskite material.
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ambient environment (45–50% humidity) (Fig. S9 and Table
S9†).

By examining XPS data (Fig. 5) on both pristine MAPbI3�xClx
and composite-based CudNi1�dO–MAPbI3�xClx lms, the core
levels of all components in the CudNi1�dO–MAPbI3�xClx lm
(i.e., O 1s, Pb 4f, I 3d, N 1s, C 1s and Cl 2p) showed a substantial
shi towards a lower binding energy compared to the pristine
MAPbI3�xClx lm. Interestingly, the core level of Ni 2p and Cu
2p showed a slight shi towards a higher binding energy, where
the nitrogen and iodide or chloride ligands from the MA cation
might serve as a ligand bridge to form Ni/Cu–N and Ni/Cu–I or
Ni/Cu–Cl bonds, respectively. From the XPS data, it can be
concluded that there is a presence of strong chemical interac-
tion and chemical bonding between CudNi1�dO and perovskite,
as shown in Fig. 5. In conclusion, such improvement is mainly
attributed to the effect of CudNi1�dO and C–G in the perovskite-
based composites, which can effectively facilitate charge
extraction and transport and interfacial contacts as well as
passivation of trap states and recombination in perovskite thin
lms and at interfaces (also see Fig. 5). The strong chemical
interactions and bonding between perovskite and CudNi1�dO
elements as well as the presence of C–G in composites also
This journal is © The Royal Society of Chemistry 2020
enhance the intrinsic stability of the perovskite materials and
interfacial degradation.16,30–32,52 Moreover, the lattice constant of
graphite (a ¼ 2.46�A) is less than the ionic diameter of I/Cl (d ¼
4.28 �A/3.62 �A), which signicantly suppresses the halide
migration towards the top electrode. In addition, the multi-
stacked conguration of SnO2/Al2O3/CudNi1�dO/C–G–CudNi1�d-
O–MAPbI3�xClx can effectively reduce the photocurrent density
loss and improve interfacial contacts between perovskite and
other layers. Such multi-layer conguration can also effectively
improve device air-stability by protecting perovskite molecules
from moisture resistance by C–G, and deprotonation and
decomposition due to reduction with superoxide (O2�) (Fig. 5).
In all, the combined perovskite-based composites and interfa-
cial engineering can lead to substantial performance improve-
ments and operational stability in HCF-PSCs.
Conclusions

In summary, we have achieved fully-ambient-air and
antisolvent-free-processed stable hole-conductor-free perov-
skite solar cells (HCF-PSCs) based on perovskite composites
with carbon–graphite (C–G)–CudNi1�dO interfacial engineering.
Nanoscale Adv., 2020, 2, 5883–5889 | 5887

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00852d


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

10
:4

7:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
With the substantial improvement in the perovskite properties,
energy-level alignment at the p-type interface between perov-
skite and C–G–CudNi1�dO and their interfacial contacts, the
perovskite composites with interfacial engineering-based HCF-
PSCs yielded a PCE of 14.78% and excellent operational
stability. We believe that metal oxides and carbon-based
perovskite composites and interfacial engineering can pave
the way for designing efficient, large-scale and stable PSCs.

Experimental section
Material preparation

The synthesis of CH3NH3I (methylammonium iodide, MAI) was
described in our previous works.16 The preparation of the SnO2

precursor, Al2O3 and CudNi1�dO NP solutions can be found in
our previous works.30–33 To prepare a solution of MAPbI3�xClx–
CudNi1�dO composite, 100 mL 1.5 wt% CudNi1�dO (2 at% Cu
doping) dispersion was added to the perovskite MAPbI3�xClx
solution contained by mixing 475 mg MAI and 222 mg lead(II)
chloride (PbCl2, 99.999%, Sigma-Aldrich) and 76 mg lead(II)
acetate trihydrate (Pb(CH3CO2)2$3H2O, 99.999%, Sigma-
Aldrich) in 1 mL dimethylformamide, followed by ultra-
sonication for 30 min and continuously stirring for 24 h under
ambient conditions (45–50% humidity and 25–30 �C).

Device fabrication

All the fabrication processes of PSCs were carried out via
antisolvent-free and ambient-air processes (45–50% humidity
and 25–30 �C). The SnO2 precursor, Al2O3 and CudNi1�dO NP
solutions were spin-coated sequentially on a cleaned FTO
substrate at 4000 rpm for 40 s; next, the C–G–CudNi1�dO
composite solution was drop-casted at 6000 rpm on FTO/SnO2/
Al2O3/CudNi1�dO substrates; aer that, each step was followed
by annealing at 250 �C for 10 min. The pre-heatedMAPbI3�xClx–
CudNi1�dOmixed solution at 130 �C was then spin-coated on the
FTO/SnO2/Al2O3/CudNi1�dO/(C–G–CudNi1�dO composite) at
1500 rpm for 30 s, followed by annealing at 130 �C for 1.5 h.
Finally, Au electrodes were deposited through a shadowmask in
a thermal evaporator (QHV-R53) under a high vacuum.

Characterization

The absorption properties and elemental compositions and
chemical and electron states of perovskite composites were
analyzed with ultraviolet-visible (UV-vis, DektakXT) spectros-
copy and X-ray photoelectron spectroscopy (XPS). The perov-
skite device conguration was examined via eld emission
scanning electron microscopy (FE-SEM, FEI Apreo LoVac).
Perovskite composite bonds were analyzed via Fourier trans-
form infrared (IR) transmittance measurements. The perfor-
mance parameters of PSCs were measured with a solar
simulator with a source meter (Keithley series 2400) at 100 mW
cm�2 under AM 1.5 illumination, which was calibrated by
a silicon reference cell. The dimension of the tested solar cells
was 3 cm � 3 cm. The device performances were examined with
a 0.16 cm2 mask/aperture. To understand the electrical char-
acteristics of the devices, electronic impedance spectroscopy
5888 | Nanoscale Adv., 2020, 2, 5883–5889
(EIS) was performed at 250 mV applied-bias under one sunlight
intensity in the range from 1 Hz to 300 kHz.
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