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Efficiencies of perovskite solar cells (PSCs) are now hitting such high levels that scalable fabrication at low-cost
is becoming pivotal. However, this remains challenging due to expensive metal electrodes and organic hole-
transporting materials (OHTMs) typically used in PSCs. By simplifying the device structure, OHTMs-free and
noble metal-electrodes-free planar PSCs with the aperture area of 1cm? are fabricated with novel NiO@CSs-
composite electrodes. The distribution of hole-accepting nickel oxide (NiO) as closely-packed shells on the core
carbon spheres (CSs) in the rambutan-like NiO@CSs-composite enhances the photogenerated hole collection
efficiency and reduces recombination loss. The small porosity of this composite inhibits the intrusion of the
oxygen/moisture through the counter electrode, thus enabling a stable device's efficiency of 11.70% up to
1500 h under 40-60% humidity without encapsulation. The ability to fabricate large-sized planar devices with
NiO@CSs-composite electrodes represents a significant step towards the cost-effective and scalable manu-

facturing with numerous possibilities to choose and optimize the materials, and device's architecture.

1. Introduction

Organic-inorganic trihalide perovskites (MAPbX5: MA = CH3NHj3,
X =1, Cl, Br) have been emerged as promising light-harvesting semi-
conductors for solution-processable photovoltaic devices [1]. Miyasaka
and co-workers reported the first overture of perovskite solar cell (PSC)
with a power conversion efficiency (PCE) of 3.8% [2]. Since then, high
PCEs in the range of 20-22% have been obtained in PSCs through
compositional engineering of perovskites [3-5], high-quality film for-
mation techniques [6-8], and improved device structure [9-12]. Now,
simultaneously requirements of low-cost and simplified fabrication
route for stable PSCs are guidelines to promote the industrial produc-
tion.

Despite the efforts for boosting device's efficiencies, there are cer-
tain concerns about the cost and high-temperature processing of PSCs
that can potentially hinder their large-scale applications [13-15]. The
high-cost originates from the tedious synthetic protocols and high-
purity requirements of the OHTMs (i.e. spiroOMeTAD or PTAA) and
precious metal-electrodes (Au or Ag) typically used in PSCs. The high-
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annealing temperatures, particularly for the mesoscopic devices in-
crease the energy consumption and fabrication processes [16]. One
strategy to combat the issue of cost could be the use of inexpensive
counter electrodes (such as Ni and carbon) and OHTMs-free PSCs
[17-19]. However, the OHTMs-free or carbon based PSCs are fre-
quently fabricated with high-sintered scaffolds of TiO,, ZrO,, Al,O3 or
NiO, followed by a precise control of perovskites infiltration [20-24]. In
these mesoporous layers the insertion of NiO showed better device's
performance due to suppressed charge recombination [25]. In addition,
the incorporation of NiO nanoparticles into carbon electrodes (single-
walled carbon nanotube or carbon-black/graphite) also assured effec-
tive hole extraction at the interface between perovskite-layer and back-
electrodes [26]. Even though high photovoltaic performances were
obtained, the expensive synthetic methods for carbon nanotubes and
high-sintering processes for mesoporous layers increase the cost and
energy consumption in the fabrication of these solar cells [20]. Among
various inorganic charge transporting materials, NiO is an extremely
cheap, abundant p-type semiconductor that exhibits wide bandgap,
high-hole mobility, good thermal and chemical stability, and suitable
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energetic landscapes with perovskites and carbon material [25,27]. The
fabrication of low-temperature-processed devices with low-cost NiO/
carbon-based electrode would foster the large-scale deployment of PSCs
[28]. In this context, our previous theoretical simulation results showed
that the appropriate integration of NiO and carbon composite can work
as an efficient electrode in the planar PSCs [29].

In this report, we develop a simple and cost-effective strategy for the
synthesis of nickel oxide and carbon spheres composite, which acts as an
efficient counter electrode in planar PSCs. The incorporation of NiO at
carbon spheres (NiO@CSs-composite) enhances the conductivity of carbon-
electrode and the electronic contact with perovskite layer. We use the
doctor-blading method to fabricate NiO@CSs-composite electrode at low-
temperature in planar PSCs with an aperture area of 1 cm? for the first time.
The high hole-mobility (640.7-751.34cm? V™ '-s™1) and favorable en-
ergetic landscapes of this composite are beneficial for hole transport and
extraction, and thus resulting in retard charge carrier recombination.
Furthermore, devices based on NiO@CSs-composite have low-cost and
simplified fabrication processes as no expensive electrodes, OHTMs, and
high-sintering temperature are required. The best device exhibits a Vo of
0.84V, Jgc of 22.056 mA cm ~2, FF of 63.155%, and a stable PCE of 11.70%
up to 1500 h at 40-60% humidity without encapsulation. This work offers
higher flexibility to choose and optimize the architecture of the device, as
well as investigate the new materials for the carbon-based electrodes.

2. Experimental section

All the analytical grade reagents were commercially obtained and
used without further purification.

2.1. Synthesis of carbon spheres (CSs)

All the analytical grade reagents were commercially obtained and
used without further purification. Carbon spheres (CSs) were prepared
by hydrothermal synthesis from glucose precursor according to litera-
ture [30,31]. An aqueous sucrose solution of 0.7 mol/L was added into
a stainless-steel autoclave with a total volume of 50 mL. The autoclave
was preheated in an oven at 250  about 12 h. After cooling the au-
toclave to room temperature, the suspension was centrifuged for 5 min
at 5000 rpm. The product was then purified by five more centrifuga-
tion/re-dispersion steps with deionized water and anhydrous ethanol,
and finally dried at 60 in an oven.

2.2. Synthesis of NiO@CSs-composite

The NiO@CSs-composite were synthesized via one-step synthetic
method as depicted in Fig. S1 (Supporting information). Different
weight ratio (w/w) from as-prepared carbon spheres to nickel(II)
acetate [Ni(CH3CO3),] were prepared (i.e. 1:9, 1:4, and 3:7). The CSs
were ultrasonically dispersed into 100 mL of deionized water for
30 min. Then, 0.6 g of ethylene glycol and 2.09 g of Ni(CH3CO,), were
added into the previous solution. Homogeneous mixture was obtained
with stirring for 2h. Next, the previous solution was transferred to a
Teflon-lined stainless-steel autoclave and heated in an oven at 200
for 24 h. Afterwards, the precipitates were collected by centrifugation,
washed with deionized water for several times, then dried at 60
overnight to obtain NiO@CSs-composite.

2.3. Preparation of NiO@CSs-composite paste

1.2 g of NiO@CSs-composite were dispersed in 13 mL ethyl alcohol
followed by ultrasonication for 20 min. This solution was further
treated by an ultrasonic bath for 20 min. Later on, 15 mL terpineol was
added to the solution. The mixture was then treated by ultrasonic for
another 5min, ball-milling for 3h with 500 rpm. Finally, 10 g of ethyl
cellulose was added into the solution. In the last step, the ethyl alcohol
was removed with rotary evaporation.
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2.4. Fabrication of perovskite solar cells

Fluorine-doped tin oxide substrates were cleaned by sequential ul-
trasonication with a detergent solution, deionized water, acetone, and
isopropyl alcohol for 20 min, respectively. After dried by a nitrogen
flow, the substrates were subjected to an Os/ultraviolet treatment for
15 min before use. After cleaning the glass substrates, an aqueous stock
solution of 2 M TiCl, (stored in the freezer) was diluted to the required
concentration [32]. The electrodes were then immersed into this solu-
tion and kept in an oven at 70  for 1 h in a closed vessel. After 1 h the
electrodes were washed with deionized water and ethanol, and then
dried at 100  in air for an hour to obtain hole-blocking layer of TiO,.
A slightly modified one-step solution method than the previously re-
ported literature [33] was used for the CH3NH3PbI,Cl-film formation
under open atmosphere with consecutive diethyl ether dripping. The
precursor containing 159 mg CH3NH;I, and 461 mg PbCl, in anhydrous
DMF/DMSO (600 ul/78 pl) solution was spin-coated on c-TiO,-coated
substrate at 4000 r.p.m. for 30s. During the spinning process, 0.5 mL
diethyl ether as anti-solvent was slowly poured to rush the film. After
being annealed at 130  for 10 min, a black film of perovskite layer was
formed. Finally, the back-electrode was fabricated by doctor blading
the as-prepared paste of NiO@CSs-composite, followed by annealing at
50 for 15 min.

2.5. Characterization of NiO@CSs-composite and as-prepared devices

The X-ray diffraction (XRD) was carried out by Rigaku TTR-III dif-
fractometer at 26 ranges from 10° to 90° using Cu-K a radiation (wa-
velength A = 1.5418 A). Raman spectra were tested by a Renishaw
inVia Raman microscope at room temperature with a 514 nm wave-
length laser excitation. The morphology was investigated by a scanning
electron microscopy (SEM, XL30ESEM-TMP) and transmission electron
micrographs instrument (TEM, JEM-2100). X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250) was measured at room temperature, Al
Ka X-ray beam was adopted as the excitation source with a power of
250 W, the vacuum pressure of instrument chamber was kept at 1 X
10 Pa, and the bonding energy was calibrated with reference to C 1s
peak (285.0eV). The hole-mobility and conductivity measurements
were carried out by Nanometrics HL5500 Hall System. Current-voltage
(J —V) characteristic curves were measured using a source meter
(Keithley 2400) under AM 1.5G irradiation with a power density of
100 mW/cm? from a solar simulator (XES-301S+ EL-100). The steady
PL spectra were performed by a spectrometer (Edinburg PLS 980). The
IPCE was measured by using QER systems (Enli Tech.).

3. Results and discussion

The powder X-ray diffraction (XRD) experiments were performed to
determine the crystal structures of NiO@CSs-composite as shown in Fig.
S2 (Supporting information). From the XRD pattern of as-prepared
NiO@CSs-composite, a broad peak around 24.5° corresponds to the
(002) diffraction mode of graphitic structure, indicating glucose were
successfully carbonized under the hydrothermal process. Pure NiO in
Fig. S2 exhibits five well-defined peaks at 37.2°, 43.3°, 62.8°, 75.4°, and
79.3°, respectively. This can be well indexed as (111), (200), (220),
(311) and (222) crystal planes of cubic NiO (JCPDS: 71-1179). Im-
portantly, the broader and weaker diffraction peaks of NiO@CSs-com-
posite (Fig. 1b) are located at the same positions as for pure NiO
[30,31].

The structural features of pure NiO and as-prepared NiO@CSs-
composite were investigated by Raman spectroscopy. The Raman
spectrum of pure NiO (Fig. S2) shows two peaks around 500 and
1090 cm ™ *, corresponding to the first- and second-order longitudinal
optical phonon modes of Ni-O bond. Besides NiO mode at 500 cm ™7,
the NiO@CSs-composite indicates the D-band around 1321 cm ™! and
G-band around 1582 cm ~ ! as shown in Fig. $2, which are typical bands
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Fig. 1. (a) Hole-mobility and conductivity measurements. (b) The current-voltage (I-V) curves between each pair of contacts AB, BC, CD and DA for the NiO@CSs-
composite thin film. (¢, d) SEM and TEM images of NiO@CSs-composite powder. (e) Top-view SEM image of NiO@CSs-composite film.

of carbonaceous materials. The Raman spectrum of NiO@CSs-compo-
site strongly confirms the successful integration of NiO and carbon
spheres [34,35].

The X-ray photoelectron spectroscopy (XPS) was conducted to de-
termine the chemical compositions and corresponding valence states of
NiO@CSs-composite. As shown in Fig. S3 (Supporting information), the
spectrum survey reveals that NiO@CSs-composite are completely
composed by Ni, O, and C elements [36]. The C 1s spectrum is indicated
around 285 eV. The Ni 2p spectra of NiO@CSs-composite shows curves
with two strong peaks around 854.2 and 872.7 eV, which assigned to Ni
2ps,» and Ni 2p; 5 spin orbits, indicating the character of Ni*? and
Ni*2 in NiO crystal (Fig. $3) [37]. These results further suggesting that
NiO is successfully embedded in the carbon spheres.

The electronic properties of NiO@CSs-composite were investigated
through Hall-effect measurements. The Hall-effect measurements have
been elucidated as an important characterization for semiconductor
materials [38]. These features include Hall voltage, type of semi-
conductor, carrier density, and Hall mobility. In addition, measuring
mobility is especially important for designing efficient photovoltaic
devices. Mobility strongly depends on the nature of the material, its
structure, and purity. Herein, we investigate the Hall mobility and
conductivity of NiO@CSs-composite as a function of temperature as
depicted in Fig. 1(a). It can be seen that the hole mobility () gradually
increases at low temperature and becomes maximum about 751.34 cm?
V~1s™ ! at 313K [39]. Then, this value drop to 640.7 cm® V™' s~ ! at
363 K. After this point, it was found that the hole mobility is decreased
to 100cm? V™! s7! at 450K and then remained constant with in-
creasing temperature. On the other hand, the conductivity (o) is
dominated by the gradually increasing temperature. The change in

conductivity was attributed to the movement of electronhole pairs be-
cause at high temperature the covalent bonds were broken and as a
result more electron-hole pairs were available for conduction. In other
words, with increasing temperature, the electrons from valence band
acquired energy and jumped to conduction band. The positive sign of
Hall coefficient in Hall-effect measurement showed the similar p-type
semiconductor's behaviour. The semiconductor feature was also con-
firmed by the current —voltage (I —V) curves between each pair of
contacts AB, BC, CD and DA at different temperatures between 295 and
522K (Fig. 1(b)). In all cases, the linearity of I-V curves describe sui-
table Ohmic contacts [40,41].

Furthermore, the scanning electron microscopy (SEM) and tunnel-
ling electron microscopy (TEM) analyses were carried out to investigate
the morphology of NiO@CSs-composite. The SEM image of NiO@CSs-
composite in Fig. 1(c) shows obvious rough spherical feature with a size
of 400 nm in a large-scale domain. The TEM image in Fig. 1(d) reveals a
large number of NiO nanoparticles that surround the carbon spheres
and form a typical core-shell structure, and exhibit a rambutan-like
structure. Here, the presence of NiO nanoparticles could effectively
increase the electrical kinetics and enable the fabrication of dense layer
owing to the small particle size. The SEM image with large scale was
then used to inspect the quality of NiO@CSs-composite film prepared
by doctor-blading technique. As shown in Fig. 1(e), the majority of the
as-prepared composite are packed together to form a dense layer. This
is critical for achieving high film coverage on top of perovskite. From
these structural and morphological investigations, it clearly demon-
strates the advantage of NiO@CSs-composite electrode in PSCs.

Based on high hole-mobility, small size porosity and favorable en-
ergy band alignment with perovskite, we have employed NiO@CSs-
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Fig. 2. Schematic representations of (a) Perovskite solar cell fabrication. (b) Device configuration. (c) Energy band diagram of the corresponding materials.

composite as counter electrode to combine with CH3;NH3PbI,Cl
(CH3NH3PbI,Cl denoted as MAPDI,CI thereafter) for fabricating low-
temperature-processed planar PSCs, as illustrated in Fig. 2(a). Since the
formation of a compact NiO@CSs-composite electrode that can provide
better interfacial contact with MAPDI,Cl-film is essential to avoid
shunting and accelerate the extraction of charge carriers, it is critical to
control the integration of NiO and carbon spheres (CSs). In this context,
the smaller size of NiO in CSs with different weight ratio (w/w) from
starting materials were taken (1:9, 1:4, and 3:7) to obtain small porosity
of NiO@CSs-composite.

A thin layer of compact-TiO5 (c-TiO,) was first fabricated over
glass/FTO substrate according to our previous reports [42,43]. Then, a
dense film of perovskite was spin-coated on FTO/c-TiO, substrate. Fi-
nally, the device fabrication was completed (Fig. 2(b)) by doctor-
blading the NiO@CSs-composite electrode. From the energy level dia-
gram (Fig. 2(c)), the dissociated charge carriers (electrons and holes) in
the MAPDI,CI perovskite can be extracted and transferred efficiently to
the ¢-TiO5 and NiO@CSs-composite electrode. Since NiO has a fairly
well-matched energy level with the MAPbI,Cl and with the work
function of carbon, a proper Ohmic contact is expected.

To elucidate the role of NiO@CSs-composite as counter electrode,
steady-state photoluminescence (PL) and time-resolved PL decay ex-
periments were adopted to compare the hole injection efficiency from
the MAPbI,Cl-layer to pure CSs and different weight ratio of CSs to NiO
(1:9, 1:4, and 3:7) as depicted in Fig. 3(a, b). The layer with NiO@CSs-
composite (1:4 w/w) exhibits more efficient PL quenching compared to
pure CSs and other weight ratio. The lower performance could be at-
tributed to the voids present in the films, random walk of charge car-
riers, and inefficient hole collection by the as-prepared layers. Com-
pared to other weight ratio of CSs to NiO (1:9 and 3:7 w/w) in the
composite, the enhanced hole extraction should be the result of su-
pressed voids, improved interfacial contact and effective hole injection
from MAPDI,CI to NiO@CSs-composite (1:4 w/w).

Time-resolved photoluminescence showed that the pristine per-
ovskite film has a relatively long PL lifetime of 182.3 ns, while it de-
creased significantly to 3.34 ns for perovskite/NiO@CSs-composite (1:4
w/w) electrode. Compared to other weight ratio in the composite

electrode on MAPDI,Cl-film, the shorten lifetime for MAPbDI,Cl/
NiO@CSs-composite (1:4 w/w) indicates that the proper integration of
NiO and CSs can effectively improve the charge carriers injection effi-
ciency.

To verify the efficacy of NiO@CSs-composite as electrode, devices
with the configuration of FTO/c-TiO5/MAPbDI,Cl/NiO@CSs-composite
were prepared accordingly (Fig. 2(a)). The PSC based on pure CSs, and
CSs to NiO weight ratio (1:9, 1:4, and 3:7) denoted as devices A, B, C,
and D, respectively. The dependence of device performance on pure CSs
and different weight ratio of CSs to NiO were first investigated to
identify the optimum weight ratio for the best counter electrode. The
current-voltage (J —V) characteristic curves and incident photon-to-
electron conversion efficiency (IPCE) are shown in Fig. 3(c, d), and
their corresponding photovoltaic parameters data are summarized in
Table 1. It was found that device-A showed current leakage and low
shunt resistance due to poorer coverage on the perovskite surface,
which also result in a low open-circuit voltage (Vo) and small fill factor
(FF). On the other hand, PSCs based on large quantity of NiO or CSs in
the electrodes of devices B and D also showed low FF due to increased
series resistance. The NiO@CSs-composite layer in device-C was found
to be efficient with weight ratio of 1:4. The resulting PCE of the opti-
mized device was 11.70%, which implies that NiO@CSs-composite
layer with proper integration works well as back-contact.

A cross-sectional SEM image of the optimum device is shown in
Fig. 4(a), where the individual layers of c-TiO,/MAPbI,Cl/NiO@CSs-
composite can be distinguished with thicknesses of 30 nm, 650 nm, and
~4 m, respectively. The photovoltaic performance obtained from the
optimum device-C are presented in Fig. 3(c), which achieve a Jsc of
22.056mAcm™? a Voc of 0.84V, a FF of 63.155%, leading to an
overall PCE of 11.70%. The higher V¢ could be due to the better en-
ergy levels alignment at NiO@CSs-composite/perovskite interface,
which minimizes the charge-extraction barrier and enlarges the built-in
potential across the solar cell. Additionally, the enhanced Jsc and FF
can be interpreted as the consequences of efficient hole extraction and
electron blocking capability of the NiO@CSs-composite electrode,
which is reflected in the corresponding improvement in the IPCE
measurements (Fig. 3(d)).
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Fig. 3. (a, b) The steady-state photoluminescence spectra and time-resolved PL decay of pure MAPbI,Cl-perovskite, MAPbI,Cl-coated layers of carbon spheres and
different weight ratio of carbon spheres to nickel oxide in NiO@CSs-composite electrode. (c) Current-voltage characteristic curves of the corresponding devices. (d)
Incident photon-to-electron conversion efficiency with integrated current density.

Table 1
Photovoltaic parameters of the prepared PSCs under the illumination of AM
1.5G, 100 mW/cm?

Device Jsc (mAcm™2) Integrated Jsc Voc (V) FF (%) PCE (%)
(mA cm™?2)

A 22.019 21.8 0.59 43.028 5.59

B 21.35 22.04 0.83 43.228 7.66

C 22.056 22.90 0.84 63.155 11.70

D 21.20 22.35 0.79 53.06 8.89

Stability is a critical concern for PSCs because the intrinsic affinity
of organometal halide perovskites for moisture degrade their unsealed
devices in humidity. Herein, we tested the stability only for the device-
C because it gives best photovoltaic performance so far. The stability of
the device-C by exposing it directly to the ambient environment at 25
and with 40-60% humidity without encapsulation is depicted in
Fig. 4(b).

It can be seen that device-C maintains the majority of the original
PCE up to 300h, while it slightly decreases from 11.70% to 11.22%
after 1500 h, showing only 0.48% loss. This long-term stability per-
formance is attributed to the small porosity of NiO@CSs-composite
owing to the smaller size of NiO on CSs, which could inhibit the in-
trusion of the oxygen/moisture through the counter electrode.
Moreover, we have also measured the stability of power output as a
function of time under a constant voltage bias at maximum power point

tracking (inset Fig. 4(b)). The PCE for the PSC based on NiO@CSs-
composite rose directly to steady state and yield a maximum value of
11.70% at 0.95V. This demonstrates that PSC prepared with weight
ratio of CSs to NiO (1:4 w/w) in the composite electrode has fast charge
transfer and collection across the device, resulting in the device directly
reaches a steady state with respect to the voltage.

4. Conclusion

In summary, we employed cost-effective NiO@CSs-composite as
counter electrode in large-sized (area of 1 cm?) planar PSCs for the first
time. After hydrothermally-mixing process of NiO and CSs, the doctor-
bladed NiO@CSs-composite electrode in device-C displayed a high Js¢
of 22.056 mA cm ™2 and high V¢ of 0.84 V. When compared to pure
CSs-based electrode in device-A, the NiO@CSs-composite exhibited a
dramatic increase in FF. These results showed that the embedded-NiO is
an essential part of the as-prepared electrode for obtaining high per-
formances of carbon-based PSCs. The best device-C also maintained
96% of the original PCE's value after 1500 h at maximum power point
tracking for 2000 s when exposed to ambient environment without
encapsulation. Since, the prices of noble metal electrodes and OHTMs
are much higher than the commercially available NiO and CSs, these
results establish NiO integration in CSs as a versatile and promising
route towards scalable fabrication of PSCs at low-cost, as well as of-
fering numerous possibilities to choose and optimize the materials, and
architectures of the devices. Moreover, extending the application of the
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Fig. 4. (a) Cross-sectional SEM image of device-C based on NiO@CSs-composite electrode. (b) Long-term stability of device-C under ambient environment at 25
and with 40-60% humidity without encapsulation (inset is the normalized PCE at the maximum power point tracking for the optimized device-C).

NiO@CSs-composite electrode to high-quality perovskite-films forma-
tion will definitely benefit the construction of other high performance
optoelectronic devices.
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