
Hybrid 3D Nanostructure-Based Hole Transport Layer for Highly
Efficient Inverted Perovskite Solar Cells
Dan Ouyang, Cong Chen, Zhanfeng Huang, Lu Zhu, Yanfa Yan, and Wallace C. H. Choy*

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 16611−16619 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this study, we demonstrate a new hybrid three-dimensional (3D)
nanostructure system as an efficient hole transport layer (HTL) by a facile design
of a low-temperature solution process. It is realized by integrating high-conductive
chromium-doped CuGaO2 nanoplates synthesized with choline chloride (denoted
as Cr/CuGaO2-CC) into ultrasmall NiOx nanoparticles. First, we propose to
incorporate a Cr-doped strategy under hydrothermal synthesis conditions together
with controllable intermediates and surfactants’ assistance to synthesize fine-sized
Cr/CuGaO2-CC nanoplates. Subsequently, these two-dimensional (2D) nano-
plates serve as the expressway for improving hole transportation/extraction
properties. Meanwhile, the ultrasmall-sized NiOx nanoparticles are employed to
modify the surface for achieving unique surface properties. The HTL formed from the designed hybrid 3D-nanostructured system
exhibits the advantages of smooth and full-covered surface, remarkable charge collection efficiency, energy level alignment between
the electrode and perovskite layer, and the promotion of perovskite crystal growth. Consequently, nearly 20% of power conversion
efficiency with negligible hysteresis is achieved in inverted perovskite solar cells (PSCs). This work not only demonstrates the
potential applications of a 3D-nanostructured Cr/CuGaO2-CC/NiOx hybrid HTL in PSCs but also provides a fundamental insight
into the design of hybrid material systems by manipulating electric behavior and morphology structure for achieving high-
performance photovoltaic devices.
KEYWORDS: metal oxides, nanostructure, hole transport layer, alignment band structure, perovskite solar cells

1. INTRODUCTION

Among various device configurations of perovskite solar cells
(PSCs), the inverted structure (or p−i−n structure) has
garnered special attention from researchers because of its
negligible hysteresis effect and excellent photostability.1,2

While the recorded power conversion efficiency (PCE) of
normal-type PSCs has skyrocketed to 25.2%,3,4 the inverted-
type PSCs have a relatively low PCE of 22.3%,5 which asks for
more efforts to further improving inverted PSCs’ performances
for unlocking their full potential in photovoltaic applications. A
hole transport layer (HTL), as an essential architectural
component of inverted PSCs, plays significant roles in
selectively extracting holes and blocking electrons6−9 and
also greatly influences the crystallization and film quality of
perovskite formed on it for improving device performances.
Inorganic metal oxide-based HTLs, such as CuOx,

10 NiOx,
11

NiCo2O4,
12 and CuCrO2,

13 featuring high hole mobility, good
chemical stability, versatile deposition methods, and low-cost
production, have been studied in PSCs. The metal oxide
nanomaterials have different geometries such as two-dimen-
sional (2D) nanoplates and zero-dimensional (0D) nano-
particles.14−16 The ultrasmall 0D metal oxide nanoparticles can
offer a unique advantage in forming a smooth and compact
film by filling all the gaps and voids in the film. However, since
the nanoparticles are typically very small with size <15 nm,

holes have to travel a tortuous pathway from the nanoparticle-
based HTL to the electrode, thus increasing nonradiative
recombination’s probability and limiting photovoltaic perform-
ances.17 In comparison with the nanoparticles, nanostructures
such as nanosheets and nanoplates typically with less physical
boundaries and lower surface defects can provide more direct
conduction pathways for good charge transportation and
collection.18,19 However, the film formed from the bare
nanostructure only has to concern with realizing high-quality
morphology (compact, full-coverage, smooth, etc.) compared
with that of nanoparticle films. We, therefore, propose to take
advantage of the 0D nanoparticles and 2D nanoplates to
develop a hybrid nanostructured HTL for simultaneously
realizing effective hole transportation and extraction as well as
high-quality film morphologies.
Recently, 2D nanosheets and nanoflake materials, such as

graphene,20 black phosphorus,21,22 MoS2,
23,24 SnS2,

20 TiS2,
25,26

WS2,
27 Mxene,28,29 Nb2O5,

30 TiO2,
31 and 2D perovskite
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nanosheets,32 featuring superior mechanical property, excellent
tunable optoelectronic properties, and high carrier mobility
with ambipolar characteristics, have been broadly investigated
as carrier transport layers in PSCs. 2D nanosheet thin films not
only improve the infiltration of perovskite but also effectively
reduce the path to be traveled by the photogenerated charge
carriers within the device and thus promote the effective
collection of charge carriers. Moreover, the conclusion of the
improved device performance and stability using 2D nano-
sheets and nanoflakes has been verified by many scien-
tists.24,25,27,32,33 Various 2D nanostructures such as nanosheets
and nanoplates have attracted a lot of attention in nanoscale
optoelectronic devices due to their unique and multifunctional
properties.34,35 However, the device performance based on the
bare 2D nanomaterials exhibited poor performances due to the
limited conductivity and thickness.36−40 Most of them are
applied as dopants or surface modification layers to improve
the conductivity and tune the energy band gap of carrier-
transporting layers41−45 (Table S3). Delafossite CuGaO2
possesses 2D nanoplate geometry, and also, it is an interesting
p-type semiconductor.46,47 Recently, it has emerged as a
promising inorganic HTL material for solar cells, due to its
large band gap (∼3.6 eV), relatively high hole mobility (10−2

to 101 cm2 v−1 s−1), and low valence band maximum (∼−5.3
eV).47−51 Notably, CuGaO2 nanoplates synthesized from the
conventional hydrothermal route usually yield large and
agglomerated particles, where the diameters can be as large
as from a few hundred nanometers to about 1 μm.47−50

However, big nanoplates will cause large roughness, poor
contact, and large contact resistance with the adjacent layer,
which hinder their usage in inverted PSCs.
Herein, we demonstrate a new 3D-nanostructured hybrid

HTL by integrating novel fine-sized Cr/CuGaO2 nanoplates
synthesized with choline chloride (Cr/CuGaO2-CC) and
ultrasmall NiOx nanoparticles. We propose the Cr-doped
strategy in hydrothermal synthesis through controllable
intermediates together with the surfactant-assisted method to
synthesize CuGaO2 nanoplates with the smallest size reported
so far. In the meantime, the Cr/CuGaO2-CC nanoplates favor
the integration with NiOx nanoparticles to achieve a smooth
and compact surface morphology. These highly crystalline Cr/
CuGaO2-CC nanoplates serve as the expressway for hole
transportation in the hybrid HTL, while ultrasmall NiOx
nanoparticles provide a smooth and full-covered film
morphology. The designed nanostructured Cr/CuGaO2−
CC/NiOx hybrid HTL, therefore, displays a remarkable high

charge extraction/collection efficiency which benefits from
both the increased conductivity and suppressed recombination.
Furthermore, this hybrid HTL provides good energy-band
alignment between the electrode and perovskite layer to
diminish the potential barrier of the carrier extraction to the
electrode. Meanwhile, the noteworthy feature of low surface
energy in this hybrid HTL facilitates the formation of large
perovskite grains and thus reduces film defects. By employing
this hybrid HTL, a nearly 20% device efficiency with negligible
hysteresis is achieved in inverted PSCs. This work not only
demonstrates the potential applications of 3D-structured
hybrid HTLs in PSCs but also provides a new strategy to
achieve highly efficient photovoltaic devices by manipulating
electric behavior and morphology structure.

2. RESULTS AND DISCUSSION

2.1. Cr/CuGaO2-CC Nanoplate Synthesis and Charac-
terization. Figure 1a shows X-ray diffraction (XRD) patterns
of undoped CuGaO2, Cr/CuGaO2, and Cr/CuGaO2-CC
nanocrystals. All diffraction peaks can be indexed to the
delafossite CuGaO2 phase (JCPDS card no. 41-0255) without
other impurities. As shown in Figure 1b, the obtained
nanocrystals possess the hexagonal nanoplate morphology
with an average diameter of 39 nm and a thickness of 10 nm,
which is much smaller than those of reported CuGaO2
nanocrystals (100−200 nm).47,48,52 The high-resolution TEM
(HRTEM) image of an individual Cr/CuGaO2-CC nano-
crystal reveals a clear crystalline structure with a lattice spacing
of about 5.7 Å, which corresponds to the (110) plane of Cr/
CuGaO2.

46 The selective area electron diffraction pattern
(SAED, inset in Figure 1b) also confirms the pure Cr/CuGaO2
phase. The elemental composition of the as-synthesized Cr/
CuGaO2-CC nanoplates is studied using scanning electron
microscopy (SEM−EDS) mapping technology. It can be
observed that all of the Cu, Ga, and Cr elements are
homogeneously distributed, as shown in Figure S1a−c. X-ray
photoelectron spectroscopy (XPS) spectra displayed in Figure
S1d−f further confirm the elemental composition of the as-
synthesized Cr/CuGaO2-CC. Importantly, XPS peaks located
at 932.3, 1117.6, and 375.5 eV correspond to Cu+, Ga3+, and
Cr3+, respectively. All the abovementioned results can verify
the Cr doped into CuGaO2 successfully.
The fine-sized Cr/CuGaO2-CC nanoplates are synthesized

under hydrothermal conditions by doping the Cr element,
adding the surfactant, and adjusting the intermediate, which is
confirmed by transmission electron microscopy and the

Figure 1. (a) XRD patterns of the as-synthesized CuGaO2, Cr/CuGaO2, and Cr/CuGaO2-CC NPs. (b) HRTEM image and indexed SAED pattern
of the as-synthesized Cr/CuGaO2-CC NPs.
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histogram of nanocrystal size from more than 100 nano-
particles (Figure S2). Clearly, by introducing Cr into CuGaO2,
the obtained Cr/CuGaO2 nanocrystals with a diameter of 48.3
nm and a thickness of 10 nm are much smaller than the
undoped CuGaO2 (diameter: 78.9 nm, thickness: 20 nm,
Figure S2a−d), which is the smallest among reported doped
CuGaO2 samples. The size reduction can be explained that
part of Ga atoms (0.62 Å) are easily substituted by small ionic
radius Cr (0.52 Å), which is similar to other doped CuGaO2.

53

By employing a surfactant, namely, choline chloride, a further
decreased size with a narrow size distribution of Cr/CuGaO2-
CC is observed from the statistical analysis of more than 100
nanocrystals (as shown in Figure S2e,f). The function of this
surfactant is to create a barrier for nanoparticles by binding on
particle surfaces and prevent the nanocrystals from growing
into larger nanocrystals. Notably, from FTIR spectra shown in
Figure S3, we observe a major peak at 3200 cm−1 for the Cr/
CuGaO2-CC sample, indexing into the existence of remaining
choline chloride (N−H stretching vibrations). It may benefit
for the interaction with the following spin-coated NiOx by
forming N−Ni bonds.54,55 With the assistance of the

surfactant, we tune the doping concentration and collected
the diameter and thickness of Cr/CuGaO2 nanocrystals with
different Cr-doping contents in Table S1. By increasing the Cr-
doping content, the diameter CuGaO2 decreases. Meanwhile,
the thickness will enlarge to about 10 nm when the doping
content increases to 7%.
We find that the aging time plays a critical role in

determining the size of the synthesized Cr/CuGaO2-CC.
Figure S4 shows SEM images of the precursor before
hydrothermal treatment and the corresponding final Cr/
CuGaO2-CC nanocrystals under different aging times (2, 6,
and 10 h). It is noted that the other parameters were
controlled to be the same. As shown in Figure S4a−c, there is
some nanoparticle aggregation in the precursor before
hydrothermal treatment. Moreover, as aging time increases,
the size of the formed small granule nanoparticle grows to a
thick nanosheet. XRD characterization of these precursors
before hydrothermal treatment revealed that the nanoparticles
formed in the beginning are Cu9Cl4(OH)10H2O intermediates
(as shown in Figure S5). After a longer aging time, these
intermediates transformed into CuO gradually (Figure S5).

Figure 2. (a) Device structure. (b) Energy-level diagram. (c) J−V characteristics of the best NiOx- and Cr/CuGaO2-CC/NiOx-based PSCs
measured under AM 1.5 G 100 mW cm−2 illumination. (d) J−V characteristics of devices extracted from forward and reverse sweeping based on
the Cr/CuGaO2-CC/NiOx HTL. (e) Steady photocurrent (red) and PCE (blue) under 1 sun illumination of the best Cr/CuGaO2-CC/NiOx
HTL-based PSCs. (f) IPCE spectra and the calculated JSC of NiOx and Cr/CuGaO2-CC/NiOx HTL-based PSCs.
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Notably, the gerhardtite-Cu9Cl4(OH)10H2O intermediate
phase formed by adding a Cl-containing surfactant has a
high degree of dispersion. From Figure S4d−f, it is easily seen
that the aging time has a strong impact on the size of the finally
obtained Cr/CuGaO2-CC nanocrystals. Especially, when the
aging time increases from 6 to 10 h, the nanoplates gradually
grow from 25 nm × 45 nm to 30 nm × 100 nm. Typically,
Cu2+ ions under weak alkaline conditions promote to form
intermediates due to the hydrolysis and condensation
reaction.56 By controlling the reaction condition, the formation
of intermediates with different morphologies could be
adjusted. Those intermediates with aging time ranging from
2 to 6 h featuring small nanoparticle size and less aggregation
morphology could convert to CuO/Cu2O seeds within a
relatively shorter time52 and favor to produce small-sized Cr/
CuGaO2-CC nanocrystals in the subsequent hydrothermal
treatment. Consequently, the abovementioned results illustrate
that the strategy of (1) doping Cr, (2) adding the surfactant,
and (3) adjusting the intermediate in the successful synthesis
allows us to demonstrate fine-sized CuGaO2 nanocrystal
nanoplates.
2.2. Inverted PSCs with a 3D-Nanostructured Hybrid

HTL. Regarding the film of the hybrid nanostructured HTL, we
first spin-coated a Cr/CuGaO2-CC film on ITO, where the top
SEM image is shown in Figure S6b. From the atomic force
microscopy (AFM) image shown in Figure S6e, the Cr/
CuGaO2-CC film exhibits a root mean square (RMS)
roughness value of about 23 nm. With ultrasmall NiOx
nanoparticles (Figure S6a,d), the proposed novel 3D-nano-
structured Cr/CuGaO2-CC/NiOx film with an RMS of about
14 nm (Figure S6f) was prepared via a room-temperature
solution process method, where the corresponding SEM image
is shown in Figure S6c.

To investigate the effects of this 3D-nanostructured Cr/
CuGaO2-CC/NiOx film as an HTL, we fabricate inverted
PSCs with the configuration of ITO/Cr/CuGaO2-CC/NiOx/
MAPbI3−xClx/PCBM/C60/ZrAcac/Ag (shown in Figure 2a).
The energy-level diagram of various functional layers in the
PSCs is shown in Figure 2b, where the energy levels of
CH3NH3PbI3−xClx, PC61BM/C60, ZrAcac, and Ag are collected
from the literature,57,58 and the energy level of Cr/CuGaO2-
CC is calculated using ultraviolet photoelectron spectroscopy
(UPS) and ultraviolet−visible (UV−vis) spectroscopy, which
will be discussed in detail later. The current density−voltage
(J−V) characteristics of the optimized PSCs under the
illumination of AM 1.5 G, 100 mW cm−2 are presented in
Figure 2c. The champion PSCs with a NiOx/Cr/CuGaO2-CC
HTL offer a VOC of 1.08 V, a JSC of 22.93 mA cm−2, an FF of
0.81, and a PCE of 19.91% under a forward scan direction. It
exhibits about 11% enhancement compared to the control
device based on NiOx, including a VOC of 1.08 V, a JSC of 22.02
mA cm−2, an FF of 0.75, and a PCE of 17.91% (shown in
Figure S7). The improvement of the device efficiency is mainly
attributed to significantly enhanced JSC and FF, which is
contributed by the reduced transport path and enhanced hole
extraction of the Cr/CuGaO2-CC/NiOx HTL. The negligible
hysteresis curves of Cr/CuGaO2-CC/NiOx-based PSCs, as
shown in Figure 2d, indicate the good contact between the
HTL and perovskite layer,59 which is better than that of NiOx
(17.91%) and Cr/CuGaO2-CC (14.96%) HTL-based PSCs
(Table S2). Steady-state output efficiency measured at the
maximum power point voltage (Vmpp) is then studied to verify
the reliability of the device performance, as shown in Figure 2e.
After the illumination under 1 sun for 200 s, the stabilized
photocurrent and PCE remain 21.61 mA cm−2 and 19.71% at
0.912 V, respectively, agreeing well with the values measured

Figure 3. (a) Absorption spectra of perovskite growth on NiOx and Cr/CuGaO2-CC/NiOx HTLs. (b) Transmission spectra of NiOx and Cr/
CuGaO2-CC/NiOx HTLs. (c) UPS spectrum of the spin-coated Cr/CuGaO2-CC/NiOx film.
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from J−V curves (Figure 2d). However, it is found that the
reproducibility of Cr/CuGaO2-CC/NiOx HTL-based PSCs is
slightly poor than that of the NiOx HTL due to the size effect
of Cr/CuGaO2-CC on the film uniformity, as shown in Figure
S10.
2.3. Effects of the 3D-Nanostructured Hybrid HTL on

Inverted PSCs. The incident photo-to-electron conversion
efficiency (IPCE) spectra and the calculated JSC of the
corresponding device are displayed in Figure 2f. The integrated
JSC of the optimized devices is 21.90 and 20.80 mA cm−2 for
solar cells based on Cr/CuGaO2-CC/NiOx and NiOx,
respectively, which are consistent with the value determined
by the J−V measurement (see Figure 2d). Compared to NiOx-
based control devices, the IPCE of the Cr/CuGaO2-CC/NiOx-
based device is higher in the wavelength range from 350 to 500
nm. Similar results are obtained from the UV−vis absorption
of the NiOx and Cr/CuGaO2-CC/NiOx-coated perovskite
films, as shown in Figure 3a. The intensity of light absorption
of the Cr/CuGaO2-CC/NiOx-coated perovskite layers is
slightly higher in the range of 300−500 nm, which is attributed
to the light-scattering effect of large-sized Cr/CuGaO2-CC
nanocrystals inside the Cr/CuGaO2-CC/NiOx HTL; IPCE
and JSC thus improve. Furthermore, a slightly enhanced
transmission of the Cr/CuGaO2-CC/NiOx HTL than NiOx
also contributes to the increased JSC, as shown in Figure 3b.
To dig out the reasons for the improved device perform-

ances, we investigate the electrical properties of the Cr/
CuGaO2-CC/NiOx HTL. From the photoelectron spectros-
copy (UPS) spectra, the valence band maximum (VBM) of the
Cr/CuGaO2-CC film is estimated to be −5.22 eV, as shown in
Figure 3c. Interestingly, introducing Cr/CuGaO2-CC into a
NiOx layer to form 3D-structured Cr/CuGaO2-CC/NiOx
could form band-alignment energy level between NiOx and

ITO, favoring hole transfer from NiOx to ITO. Meanwhile, the
corresponding CBM is deduced to be −1.68 eV by UPS and
UV−vis absorption spectroscopy. From the band-alignment
energy-level diagram in Figure 2b, we observe that the VBM of
Cr/CuGaO2-CC/NiOx is a fairly well-matched energy level
with the VBM of CH3NH3PbI3−xClx (−5.40 eV);12 simulta-
neously, the conducting band maximum (CBM) is above the
CBM of the perovskite film, which is prerequisite to achieving
excellent device performance. Hence, the designed 3D-
nanostructured hybrid HTL not only makes it efficient to
extract the photoinduced holes from the perovskite into the
HTL and then transport to the electrode but also makes it
beneficial for block electrons from injection into the HTL.
The conductivity of the NiOx and Cr/CuGaO2-CC/NiOx is

studied by measuring the I−V curves across an ITO/HTL
(NiOx or Cr/CuGaO2-CC/NiOx)/Ag test structure (as
illustrated in Figure 4a). It is found that the Cr/CuGaO2-
CC/NiOx film shows enhanced conductivity compared to the
NiOx film. It may be because the fabricated 3D-structured Cr/
CuGaO2-CC/NiOx film can provide a direct channel for hole
transfer rather than the zigzag pathway between NiOx
nanoparticles, which accelerates the hole transport inside the
HTL. Moreover, the increase in the hole transport properties
was further proved from hole-only devices with the ITO/HTL
(NiOx or Cr/CuGaO2-CC/NiOx)/MoO3/Ag device config-
uration using the SCLC model (Figure 4b). The J−V curves
show that the Cr/CuGaO2-CC/NiOx film exhibited higher
current density at the same forward bias than the NiOx film,
indicating the better capability of hole extraction and transport
of the Cr/CuGaO2-CC/NiOx.
To further illustrate the hole extraction ability of HTL

materials, we conduct PL and TRPL for CH3NH3PbI3−xClx
films coated on glass, NiOx, and Cr/CuGaO2-CC/NiOx film

Figure 4. (a) I−V curves of ITO/NiOx/Ag and ITO/Cr/CuGaO2-CC/NiOx/Ag diodes. (b) J−V curve of the hole-only devices with the ITO/
HTL(NiOx or Cr/CuGaO2-CC/NiOx)/MoO3/Ag structure. (c) PL and (d) TRPL spectra of the perovskite on NiOx and Cr/CuGaO2-CC/NiOx
HTL, respectively.
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substrates, respectively, as shown in Figure 4c. It is clear that
both NiOx and Cr/CuGaO2-CC/NiOx interlayer quenched the
perovskite emission, and the 3D-nanostructured hybrid HTL
depicts stronger quenching compared to that of the NiOx film.
These results demonstrate that the formation of a 3D-
structured system with better band-alignment energy levels
plays a positive role in facilitating the hole extraction and
transfer from perovskite to the HTMs; thus, superior hole
collection could be expected for 3D-nanostructured hybrid
HTL-based PSCs. The improved hole extraction and transport
properties can be further confirmed by TRPL spectroscopy, as
shown in Figure 4d, where all curves are fitted using the two-
component exponential decay model.60 The average PL
lifetime (τave) of perovskite on the NiOx HTL is 86 ns and
sharply reduced to 55 ns for the Cr/CuGaO2-CC/NiOx HTL,
meaning a more rapid hole injection and transfer capability of
the Cr/CuGaO2-CC/NiOx HTL than that of the NiOx HTL.
The quick charger transfer of the Cr/CuGaO2-CC/NiOx HTL
is mainly attributed to the higher electrical conductivity and
the cascade energy alignment via dividing the energy difference
between the work function of ITO (4.70 eV) and NiOx (5.25
eV), facilitating quick hole transport from the perovskite layer
to the anode. As mentioned previously, holes may need more
time to pass through the NiOx nanoparticle film than the 3D-
nanostructured CuGaO2-CC/NiOx layer and increase the
possibility of unwanted internal recombination. The sup-
pressed charge recombination in the 3D-structured Cr/
CuGaO2-CC/NiOx HTL is beneficial for effectively improving
device performance.
In order to examine the effect of the suppressed

recombination process on the PSC performance, we compare
the dark J−V characteristics of Cr/CuGaO2-CC/NiOx- and
NiOx-based PSCs, as shown in Figure S8. The dark J−V
characteristics show that the Cr/CuGaO2-CC/NiOx-based
device achieved a lower leakage current density in the
diffusion-dominated region at reverse bias and a lower positive
bias compared with NiOx-based devices, indicating the
excellent blocking electron injection from ITO to Cr/
CuGaO2-CC/NiOx HTL. The blocking electron injection
originates from the large electron injection barrier of 3.06 eV
between ITO and Cr/CuGaO2-CC/NiOx HTL (shown in
Figure 2b).
It is well-known that film formation and surface morphology

of the CH3NH3PbI3−xClx absorber layer are crucial for the
device performance. From the top-view SEM image (Figure
5a,b), it can be seen that the average grain sizes of perovskite
on Cr/CuGaO2-CC/NiOx are relatively larger than that grown
on NiOx, which may be caused by the suppressed
heterogeneous nucleation on the more hydrophobic surface
(contact angle inserted in Figure 5c,d). The increased
crystallinity can be further demonstrated by the XRD patterns
in Figure S9. The intensity of two strong peaks at 14.5 and
28.4°, which are indexed to (110) and (220) of perovskite, is
similar to that of the Cr/CuGaO2-CC/NiOx film than NiOx
films. However, there is a smaller full width at half maxima
(FWHM) for the perovskite film on the Cr/CuGaO2-CC/
NiOx HTL than that of the pristine NiOx HTL, indicating a
bigger crystal size on the Cr/CuGaO2-CC/NiOx HTL, which
is consistent with the result from the SEM image (as shown in
Figure 5). Consequently, these highly efficient PSCs based on
the Cr/CuGaO2-CC/NiOx HTL is mainly attributed to the
promoted perovskite grain growth and very good electrical
properties of the Cr/CuGaO2-CC/NiOx film, which support

the superiority of the 3D-structured Cr/CuGaO2-CC/NiOx
HTL for achieving high-efficiency PSC devices.
Nowadays, stability is also a very important factor in this

field. Here, the storage stability for PSCs with NiOx and Cr/
CuGaO2-CC/NiOx as the HTL is shown in Figure S11. When
all sample devices’ storage under a N2 condition without
encapsulation for two months is studied, the PCE of Cr/
CuGaO2-CC/NiOx HTL-based PSCs almost remains un-
changed, while that of the NiOx HTL-based reference devices
just remains 80% of the original PCE. The improved stability
for Cr/CuGaO2-CC/NiOx HTL-based PSCs can be explained
by the improved perovskite film, which agrees with the results
in Figure 5.

3. CONCLUSIONS
In summary, we demonstrate a new 3D-nanostructured hybrid
HTL by introducing fine-sized 2D Cr/CuGaO2 nanoplates and
ultrasmall 0D NiOx nanoparticles, which offers the effective
transportation and extraction of holes as well as high film
quality. We propose the Cr-doped strategy under a hydro-
thermal condition together with controlled surfactant-assisted
intermediates to synthesize the smallest size Cr/CuGaO2
nanoplates reported. By integrating with ultrasmall NiOx
nanoparticles, a room-temperature solution-processed 3D-
nanostructured Cr/CuGaO2-CC/NiOx film is formed. The
HTL features enhanced conductivity, more efficient charge
transport ability, more favorable energy-level alignment, and
promoted the perovskite crystal growth as compared to the
pristine material counterparts of NiOx and Cr/CuGaO2-CC.
The inverted PSCs based on this hybrid HTL obtain a PCE of
19.91% with negligible hysteresis, outperforming those of
standard reference PSCs based on the pristine NiOx nano-
particle HTL (the highest PCE = 17.60%). Consequently, our
work not only demonstrates a promising 3D-structured Cr/
CuGaO2-CC/NiOx HTL for high-performance PSCs but also
provides a new strategy to design efficient metal oxide
nanocomposite-based CTLs for high-efficiency photovoltaic
devices.

Figure 5. SEM images of perovskite formed on (a) NiOx and (b) Cr/
CuGaO2-CC/NiOx HTL, respectively. SEM images of (c) NiOx and
(d) Cr/CuGaO2-CC/NiOx HTL, where contact angles are inserted in
the images, respectively.
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4. EXPERIMENTAL SECTION
4.1. Materials. All chemicals with analytical reagent grade were

used as received unless otherwise noted. Gallium nitrate hydrate
(Ga(NO3)3·xH2O, 99.99%) and chromium (III) nitrate nonhydrate
(Cr(NO3)3, 99%) were purchased from Strem Chemicals, Inc.
Ethylene glycol (EG, 99.8%) was purchased from Sigma-Aldrich.
Choline chloride (CC, 98%) and copper (II) nitrate trihydrate
(Cu(NO3)2·3H2O, 99%) were purchased from JK Science. Besides,
for other similar chemicals, refer to our previous works.2,12

4.2. Synthesis of Cr/CuGaO2-CC Nanoplates. 0.6 mmol
Cu(NO3)2·3H2O, 0.6−x mmol Ga(NO3)3·xH2O, x mmol Cr(NO3)3,
and 240 mg of CC were mixed in 3 mL of deionized (DI) water and 3
mL of EG with stirring for 10 min. Then, 0.5 M KOH solution was
added dropwise to adjust the pH value to 8 in an ice bath. After
stirring at ambient for 2 h, the prepared solution was transferred into a
20 mL Teflon-lined autoclave and kept at 250 °C in an oven for 2 h.
The precipitate was collected after cooling down to room temperature
and washing with dilute aqueous ammonia solution and dilute HNO3
solution in sequence several times to remove the impurity. After
washing with DI water and ethanol, the obtain nanocrystals were
finally stored in isopropanol for further use.
4.3. Preparation of HTL Films and Fabrication of Devices.

Cr/CuGaO2-CC isopropanol suspension (5% doping level, ∼25 mg/
mL) was spin-coated on ultraviolet ozone-treated ITO substrates at
2000 rpm by two times. The NiOx solution was prepared according to
our previous report11 and then spin-coated on top of the Cr/
CuGaO2-CC layer at 2000 rpm. For comparison, the bare NiOx film
was also formed. For the detailed device fabrication process, refer to
our previous work.12

4.4. Characterization and Measurement. For all similar
measurement and the corresponding equipment, refer to our previous
works.12,61

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c21064.

Characterization of materials and perovskite solar cells
(PDF)

■ AUTHOR INFORMATION

Corresponding Author
Wallace C. H. Choy − Department of Electrical and Electronic
Engineering, The University of Hong Kong, Hong Kong
999077, China; orcid.org/0000-0002-9535-4076;
Email: chchoy@eee.hku.hk

Authors
Dan Ouyang − Department of Electrical and Electronic
Engineering, The University of Hong Kong, Hong Kong
999077, China

Cong Chen − Department of Physics and Astronomy, and
Wright Center for Photovoltaics Innovation and
Commercialization (PVIC), University of Toledo, Toledo,
Ohio 43606, United States; orcid.org/0000-0003-2692-
1871

Zhanfeng Huang − Department of Electrical and Electronic
Engineering, The University of Hong Kong, Hong Kong
999077, China

Lu Zhu − Department of Electrical and Electronic Engineering,
The University of Hong Kong, Hong Kong 999077, China

Yanfa Yan − Department of Physics and Astronomy, and
Wright Center for Photovoltaics Innovation and
Commercialization (PVIC), University of Toledo, Toledo,

Ohio 43606, United States; orcid.org/0000-0003-3977-
5789

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.0c21064

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the University Grant Council of the
University of Hong Kong (grant# 201811159147, and
Research Equipment Fund), the General Research Fund
(grant 17200518, 17201819, and 17211220) and Collaborative
Research Grant (C7035-20G) from the Research Grants
Council (RGC) of Hong Kong Special Administrative Region,
China, and the Environment Conservation Fund of ECF
Project 64/2018.

■ REFERENCES
(1) Chen, W.; Wu, Y.; Yue, Y.; Liu, J.; Zhang, W.; Yang, X.; Chen,
H.; Bi, E.; Ashraful, I.; Gratzel, M.; Han, L. Efficient and Stable Large-
area Perovskite Solar Cells with Inorganic Charge Extraction Layers.
Science 2015, 350, 944−948.
(2) Yang, B.; Ouyang, D.; Huang, Z.; Ren, X.; Zhang, H.; Choy, W.
C. H. Multifunctional Synthesis Approach of In:CuCrO 2 Nano-
particles for Hole Transport Layer in High-Performance Perovskite
Solar Cells. Adv. Funct. Mater. 2019, 29, 1902600.
(3) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
Halide Perovskites as Visible-light Sensitizers for Photovoltaic Cells. J.
Am. Chem. Soc. 2009, 131, 6050−6051.
(4) National Renewable Energy Laboratory. NREL Efficiency Chart.
2019, https://www.nrel.gov/pv/assets/pdfs/best-research-cell-
efficiencies.20190128.pdf (accessed January 28, 2019).
(5) Zheng, X.; Hou, Y.; Bao, C.; Yin, J.; Yuan, F.; Huang, Z.; Song,
K.; Liu, J.; Troughton, J.; Gasparini, N.; Zhou, C.; Lin, Y.; Xue, D.-J.;
Chen, B.; Johnston, A. K.; Wei, N.; Hedhili, M. N.; Wei, M.;
Alsalloum, A. Y.; Maity, P.; Turedi, B.; Yang, C.; Baran, D.;
Anthopoulos, T. D.; Han, Y.; Lu, Z.-H.; Mohammed, O. F.; Gao, F.;
Sargent, E. H.; Bakr, O. M. Managing Grains and Interfaces via
Ligand Anchoring Enables 22.3%-Efficiency Inverted Perovskite Solar
Cells. Nat. Energy 2020, 5, 131−140.
(6) Lopez-Varo, P.; Jiménez-Tejada, J. A.; García-Rosell, M.;
Ravishankar, S.; Garcia-Belmonte, G.; Bisquert, J.; Almora, O. Device
Physics of Hybrid Perovskite Solar cells: Theory and Experiment. Adv.
Energy Mater. 2018, 8, 1702772.
(7) Bai, Y.; Meng, X.; Yang, S. Interface Engineering for Highly
Efficient and Stable Planar p-i-n Perovskite Solar Cells. Adv. Energy
Mater. 2018, 8, 1701883.
(8) Chueh, C.-C.; Li, C.-Z.; Jen, A. K.-Y. Recent Progress and
Perspective in Solution-processed Interfacial Materials for Efficient
and Stable Polymer and Organometal Perovskite Solar Cells. Energy
Environ. Sci. 2015, 8, 1160−1189.
(9) Roose, B.; Wang, Q.; Abate, A. The Role of Charge Selective
Contacts in Perovskite Solar Cell Stability. Adv. Energy Mater. 2018, 9,
1803140.
(10) Zuo, C.; Ding, L. Solution-Processed Cu2O and CuO as Hole
Transport Materials for Efficient Perovskite Solar Cells. Small 2015,
11, 5528−5532.
(11) Zhang, H.; Cheng, J.; Lin, F.; He, H.; Mao, J.; Wong, K. S.; Jen,
A. K.-Y.; Choy, W. C. H. Pinhole-Free and Surface-Nanostructured
NiOx Film by Room-Temperature Solution Process for High-
Performance Flexible Perovskite Solar Cells with Good Stability and
Reproducibility. ACS Nano 2016, 10, 1503−1511.
(12) Ouyang, D.; Xiao, J.; Ye, F.; Huang, Z.; Zhang, H.; Zhu, L.;
Cheng, J.; Choy, W. C. H. Strategic Synthesis of Ultrasmall NiCo2 O4
NPs as Hole Transport Layer for Highly Efficient Perovskite Solar
Cells. Adv. Energy Mater. 2018, 8, 1702722.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.0c21064
ACS Appl. Mater. Interfaces 2021, 13, 16611−16619

16617

https://pubs.acs.org/doi/10.1021/acsami.0c21064?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c21064/suppl_file/am0c21064_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wallace+C.+H.+Choy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9535-4076
mailto:chchoy@eee.hku.hk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Ouyang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2692-1871
http://orcid.org/0000-0003-2692-1871
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhanfeng+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanfa+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3977-5789
http://orcid.org/0000-0003-3977-5789
https://pubs.acs.org/doi/10.1021/acsami.0c21064?ref=pdf
https://doi.org/10.1126/science.aad1015
https://doi.org/10.1126/science.aad1015
https://doi.org/10.1002/adfm.201902600
https://doi.org/10.1002/adfm.201902600
https://doi.org/10.1002/adfm.201902600
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20190128.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20190128.pdf
https://doi.org/10.1038/s41560-019-0538-4
https://doi.org/10.1038/s41560-019-0538-4
https://doi.org/10.1038/s41560-019-0538-4
https://doi.org/10.1002/aenm.201702772
https://doi.org/10.1002/aenm.201702772
https://doi.org/10.1002/aenm.201701883
https://doi.org/10.1002/aenm.201701883
https://doi.org/10.1039/c4ee03824j
https://doi.org/10.1039/c4ee03824j
https://doi.org/10.1039/c4ee03824j
https://doi.org/10.1002/aenm.201803140
https://doi.org/10.1002/aenm.201803140
https://doi.org/10.1002/smll.201501330
https://doi.org/10.1002/smll.201501330
https://doi.org/10.1021/acsnano.5b07043
https://doi.org/10.1021/acsnano.5b07043
https://doi.org/10.1021/acsnano.5b07043
https://doi.org/10.1021/acsnano.5b07043
https://doi.org/10.1002/aenm.201702722
https://doi.org/10.1002/aenm.201702722
https://doi.org/10.1002/aenm.201702722
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.0c21064?rel=cite-as&ref=PDF&jav=VoR


(13) Zhang, H.; Wang, H.; Zhu, H.; Chueh, C.-C.; Chen, W.; Yang,
S.; Jen, A. K.-Y. Low-Temperature Solution-Processed CuCrO2 Hole-
Transporting Layer for Efficient and Photostable Perovskite Solar
Cells. Adv. Energy Mater. 2018, 8, 1702762.
(14) Concina, I.; Ibupoto, Z. H.; Vomiero, A. Semiconducting Metal
Oxide Nanostructures for Water Splitting and Photovoltaics. Adv.
Energy Mater. 2017, 7, 1700706.
(15) Liu, A.; Meng, Y.; Zhu, H.; Noh, Y.-Y.; Liu, G.; Shan, F.
Electrospun p-Type Nickel Oxide Semiconducting Nanowires for
Low-Voltage Field-Effect Transistors. ACS Appl. Mater. Interfaces
2018, 10, 25841−25849.
(16) Wu, H.; Xu, M.; Da, P.; Li, W.; Jia, D.; Zheng, G. WO3-
reduced Graphene Oxide Composites with Enhanced Charge
Transfer for Photoelectrochemical Conversion. Phys. Chem. Chem.
Phys. 2013, 15, 16138−16142.
(17) Ohsaki, Y.; Masaki, N.; Kitamura, T.; Wada, Y.; Okamoto, T.;
Sekino, T.; Niihara, K.; Yanagida, S. Dye-sensitized TiO2 Nanotube
Solar Cells: Fabrication and Electronic Characterization. Phys. Chem.
Chem. Phys. 2005, 7, 4157−4163.
(18) Li, Z.; Liu, C.; Zhang, X.; Ren, G.; Han, W.; Guo, W.
Developing 1D Sb-Embedded Carbon Nanorods to Improve
Efficiency and Stability of Inverted Planar Perovskite Solar Cells.
Small 2019, 15, 1804692.
(19) Hou, Y.; Wang, L.; Zou, X.; Wan, D.; Liu, C.; Li, G.; Liu, X.;
Liu, Y.; Jiang, C.; Ho, J. C.; Liao, L. Substantially Improving Device
Performance of All-Inorganic Perovskite-Based Phototransistors via
Indium Tin Oxide Nanowire Incorporation. Small 2020, 16, 1905609.
(20) Li, M.; Zuo, W. W.; Wang, Q.; Wang, K. L.; Zhuo, M. P.;
Köbler, H.; Halbig, C. E.; Eigler, S.; Yang, Y. G.; Gao, X. Y.; Wang, Z.
K.; Li, Y.; Abate, A. Ultrathin Nanosheets of Oxo-functionalized
Graphene Inhibit the Ion Migration in Perovskite Solar Cells. Adv.
Energy Mater. 2019, 10, 1902653.
(21) Muduli, S. K.; Varrla, E.; Kulkarni, S. A.; Han, G.; Thirumal, K.;
Lev, O.; Mhaisalkar, S.; Mathews, N. 2D Black Phosphorous
Nanosheets as A Hole Transporting Material in Perovskite Solar
Cells. J. Power Sources 2017, 371, 156−161.
(22) Batmunkh, M.; Vimalanathan, K.; Wu, C.; Bati, A. S. R.; Yu, L.;
Tawfik, S. A.; Ford, M. J.; Macdonald, T. J.; Raston, C. L.; Priya, S.;
Gibson, C. T.; Shapter, J. G. Efficient Production of Phosphorene
Nanosheets via Shear Stress Mediated Exfoliation for Low-Temper-
ature Perovskite Solar Cells. Small Methods 2019, 3, 1800521.
(23) Capasso, A.; Matteocci, F.; Najafi, L.; Prato, M.; Buha, J.; Cina,̀
L.; Pellegrini, V.; Carlo, A. D.; Bonaccorso, F. Few-Layer MoS2Flakes
as Active Buffer Layer for Stable Perovskite Solar Cells. Adv. Energy
Mater. 2016, 6, 1600920.
(24) Liang, M.; Ali, A.; Belaidi, A.; Hossain, M. I.; Ronan, O.;
Downing, C.; Tabet, N.; Sanvito, S.; Ei-Mellouhi, F.; Nicolosi, V.
Improving Stability of Organometallic-halide Perovskite Solar Cells
Using Exfoliation Two-dimensional Molybdenum Chalcogenides. npj
2D Mater. Appl. 2020, 4, 40.
(25) Huang, P.; Yuan, L.; Zhang, K.; Chen, Q.; Zhou, Y.; Song, B.;
Li, Y. Room-Temperature and Aqueous Solution-Processed Two-
Dimensional TiS2 as an Electron Transport Layer for Highly Efficient
and Stable Planar n-i-p Perovskite Solar Cells. ACS Appl. Mater.
Interfaces 2018, 10, 14796−14802.
(26) Yin, G.; Zhao, H.; Feng, J.; Sun, J.; Yan, J.; Liu, Z.; Lin, S.; Liu,
S. Low-temperature and Facile Solution-processed Two-dimensional
TiS2 as An Effective Electron Transport Layer for UV-stable Planar
Perovskite Solar Cells. J. Mater. Chem. A 2018, 6, 9132−9138.
(27) Malek, N. A. A.; Alias, N.; Umar, A. A.; Zhang, X.; Li, X.; Saad,
S. K. M.; Abdullah, N. A.; Zhang, H.; Weng, Z.; Shi, Z.; Li, C.; Rosli,
M. M.; Zhan, Y. Enhanced Charge Transfer in Atom-Thick 2H-WS 2
Nanosheets’ Electron Transport Layers of Perovskite Solar Cells. Sol.
RRL 2020, 4, 2000260.
(28) Huang, P.; Chen, Q.; Zhang, K.; Yuan, L.; Zhou, Y.; Song, B.;
Li, Y. 21.7% Efficiency Achieved in Planar n−i−p Perovskite Solar
Cells via Interface Engineering with Water-soluble 2D TiS2. J. Mater.
Chem. A 2019, 7, 6213−6219.

(29) Yang, L.; Dall’Agnese, C.; Dall’Agnese, Y.; Chen, G.; Gao, Y.;
Sanehira, Y.; Jena, A. K.; Wang, X. F.; Gogotsi, Y.; Miyasaka, T.
Surface-Modified Metallic Ti 3 C 2 T x MXene as Electron Transport
Layer for Planar Heterojunction Perovskite Solar Cells. Adv. Funct.
Mater. 2019, 29, 1905694.
(30) Han, D.; Xin, Y.; Yuan, Q.; Yang, Q.; Wang, Y.; Yang, Y.; Yi, S.;
Zhou, D.; Feng, L.; Wang, Y. Solution-Processed 2D Nb 2 O 5 (001)
Nanosheets for Inverted CsPbI 2 Br Perovskite Solar Cells: Interfacial
and Diffusion Engineering. Sol. RRL 2019, 3, 1900091.
(31) Chen, T.-P.; Lin, C.-W.; Li, S.-S.; Tsai, Y.-H.; Wen, C.-Y.; Lin,
W. J.; Hsiao, F.-M.; Chiu, Y.-P.; Tsukagoshi, K.; Osada, M.; Sasaki, T.;
Chen, C.-W. Self-Assembly Atomic Stacking Transport Layer of 2D
Layered Titania for Perovskite Solar Cells with Extended UV Stability.
Adv. Energy Mater. 2018, 8, 1701722.
(32) Yang, S.; Liu, W.; Han, Y.; Liu, Z.; Zhao, W.; Duan, C.; Che, Y.;
Gu, H.; Li, Y.; Liu, S. 2D Cs 2 PbI 2 Cl 2 Nanosheets for Holistic
Passivation of Inorganic CsPbI 2 Br Perovskite Solar Cells for
Improved Efficiency and Stability. Adv. Energy Mater. 2020, 10,
2002882.
(33) Chen, T.; Tong, G.; Xu, E.; Li, H.; Li, P.; Zhu, Z.; Tang, J.; Qi,
Y.; Jiang, Y. Accelerating Hole Extraction by Inserting 2D Ti3C2-
MXene Interlayer to All Inorganic Perovskite Solar Cells with Long-
term Stability. J. Mater. Chem. A 2019, 7, 20597−20603.
(34) Xi, Q.; Gao, G.; Zhou, H.; Zhao, Y.; Wu, C.; Wang, L.; Guo, P.;
Xu, J. Highly Efficient Inverted Solar Cells based on Perovskite
Grown Nanostructures Mediated by CuSCN. Nanoscale 2017, 9,
6136−6144.
(35) Yin, X.; Zhai, J.; Du, P.; Li, N.; Song, L.; Xiong, J.; Ko, F. 3 D
NiO Nanowall Hole-Transporting Layer for the Passivation of
Interfacial Contact in Inverted Perovskite Solar Cells. Chemsuschem
2020, 13, 1006−1012.
(36) Dasgupta, U.; Chatterjee, S.; Pal, A. J. Thin-film Formation of
2D MoS2 and Its Application as A Hole-transport Layer in Planar
Perovskite Solar Cells. Sol. Energy Mater. Sol. Cells 2017, 172, 353−
360.
(37) Huang, P.; Wang, Z.; Liu, Y.; Zhang, K.; Yuan, L.; Zhou, Y.;
Song, B.; Li, Y. Water-Soluble 2D Transition Metal Dichalcogenides
as the Hole-Transport Layer for Highly Efficient and Stable p-i-n
Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2017, 9, 25323−
25331.
(38) Kim, Y. G.; Kwon, K. C.; Le, Q. V.; Hong, K.; Jang, H. W.;
Kim, S. Y. Atomically Thin Two-dimensional Materials as Hole
Extraction Layers in Organolead Halide Perovskite Photovoltaic Cells.
J. Power Sources 2016, 319, 1−8.
(39) Kim, J.; Mat Teridi, M. A.; Mohd Yusoff, A. R. b.; Jang, J. Stable
and Null Current Hysteresis Perovskite Solar Cells based Nitrogen
Doped Graphene Oxide Nanoribbons Hole Transport Layer. Sci. Rep.
2016, 6, 27773.
(40) You, P.; Tang, G.; Yan, F. Two-dimensional Materials in
Perovskite Solar Cells. Mater. Today Energy 2019, 11, 128−158.
(41) Chen, W.; Li, K.; Wang, Y.; Feng, X.; Liao, Z.; Su, Q.; Lin, X.;
He, Z. Black Phosphorus Quantum Dots for Hole Extraction of
Typical Planar Hybrid Perovskite Solar Cells. J. Phys. Chem. Lett.
2017, 8, 591−598.
(42) Feng, S.; Yang, Y.; Li, M.; Wang, J.; Cheng, Z.; Li, J.; Ji, G.; Yin,
G.; Song, F.; Wang, Z.; Li, J.; Gao, X. High-Performance Perovskite
Solar Cells Engineered by an Ammonia Modified Graphene Oxide
Interfacial Layer. ACS Appl. Mater. Interfaces 2016, 8, 14503−14512.
(43) Bhosale, S. S.; Jokar, E.; Fathi, A.; Tsai, C.-M.; Wang, C.-Y.;
Diau, E. W.-G. Functionalization of Graphene Oxide Films with Au
and MoO x Nanoparticles as Efficient p -Contact Electrodes for
Inverted Planar Perovskite Solar Cells. Adv. Funct. Mater. 2018, 28,
1803200.
(44) Kakavelakis, G.; Paradisanos, I.; Paci, B.; Generosi, A.;
Papachatzakis, M.; Maksudov, T.; Najafi, L.; Del Rio Castillo, A. E.;
Kioseoglou, G.; Stratakis, E.; Bonaccorso, F.; Kymakis, E. Extending
the Continuous Operating Lifetime of Perovskite Solar Cells with a
Molybdenum Disulfide Hole Extraction Interlayer. Adv. Energy Mater.
2018, 8, 1702287.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.0c21064
ACS Appl. Mater. Interfaces 2021, 13, 16611−16619

16618

https://doi.org/10.1002/aenm.201702762
https://doi.org/10.1002/aenm.201702762
https://doi.org/10.1002/aenm.201702762
https://doi.org/10.1002/aenm.201700706
https://doi.org/10.1002/aenm.201700706
https://doi.org/10.1021/acsami.7b08794
https://doi.org/10.1021/acsami.7b08794
https://doi.org/10.1039/c3cp53051e
https://doi.org/10.1039/c3cp53051e
https://doi.org/10.1039/c3cp53051e
https://doi.org/10.1039/b511016e
https://doi.org/10.1039/b511016e
https://doi.org/10.1002/smll.201804692
https://doi.org/10.1002/smll.201804692
https://doi.org/10.1002/smll.201905609
https://doi.org/10.1002/smll.201905609
https://doi.org/10.1002/smll.201905609
https://doi.org/10.1002/aenm.201902653
https://doi.org/10.1002/aenm.201902653
https://doi.org/10.1016/j.jpowsour.2017.10.018
https://doi.org/10.1016/j.jpowsour.2017.10.018
https://doi.org/10.1016/j.jpowsour.2017.10.018
https://doi.org/10.1002/smtd.201800521
https://doi.org/10.1002/smtd.201800521
https://doi.org/10.1002/smtd.201800521
https://doi.org/10.1002/aenm.201600920
https://doi.org/10.1002/aenm.201600920
https://doi.org/10.1038/s41699-020-00173-1
https://doi.org/10.1038/s41699-020-00173-1
https://doi.org/10.1021/acsami.8b03225
https://doi.org/10.1021/acsami.8b03225
https://doi.org/10.1021/acsami.8b03225
https://doi.org/10.1039/c8ta01143e
https://doi.org/10.1039/c8ta01143e
https://doi.org/10.1039/c8ta01143e
https://doi.org/10.1002/solr.202000260
https://doi.org/10.1002/solr.202000260
https://doi.org/10.1039/c8ta11841h
https://doi.org/10.1039/c8ta11841h
https://doi.org/10.1002/adfm.201905694
https://doi.org/10.1002/adfm.201905694
https://doi.org/10.1002/solr.201900091
https://doi.org/10.1002/solr.201900091
https://doi.org/10.1002/solr.201900091
https://doi.org/10.1002/aenm.201701722
https://doi.org/10.1002/aenm.201701722
https://doi.org/10.1002/aenm.202002882
https://doi.org/10.1002/aenm.202002882
https://doi.org/10.1002/aenm.202002882
https://doi.org/10.1039/c9ta06035a
https://doi.org/10.1039/c9ta06035a
https://doi.org/10.1039/c9ta06035a
https://doi.org/10.1039/c7nr01135k
https://doi.org/10.1039/c7nr01135k
https://doi.org/10.1002/cssc.201903025
https://doi.org/10.1002/cssc.201903025
https://doi.org/10.1002/cssc.201903025
https://doi.org/10.1016/j.solmat.2017.08.012
https://doi.org/10.1016/j.solmat.2017.08.012
https://doi.org/10.1016/j.solmat.2017.08.012
https://doi.org/10.1021/acsami.7b06403
https://doi.org/10.1021/acsami.7b06403
https://doi.org/10.1021/acsami.7b06403
https://doi.org/10.1016/j.jpowsour.2016.04.032
https://doi.org/10.1016/j.jpowsour.2016.04.032
https://doi.org/10.1038/srep27773
https://doi.org/10.1038/srep27773
https://doi.org/10.1038/srep27773
https://doi.org/10.1016/j.mtener.2018.11.006
https://doi.org/10.1016/j.mtener.2018.11.006
https://doi.org/10.1021/acs.jpclett.6b02843
https://doi.org/10.1021/acs.jpclett.6b02843
https://doi.org/10.1021/acsami.6b02064
https://doi.org/10.1021/acsami.6b02064
https://doi.org/10.1021/acsami.6b02064
https://doi.org/10.1002/adfm.201803200
https://doi.org/10.1002/adfm.201803200
https://doi.org/10.1002/adfm.201803200
https://doi.org/10.1002/aenm.201702287
https://doi.org/10.1002/aenm.201702287
https://doi.org/10.1002/aenm.201702287
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.0c21064?rel=cite-as&ref=PDF&jav=VoR


(45) Yu, J. C.; Hong, J. A.; Jung, E. D.; Kim, D. B.; Baek, S.-M.; Lee,
S.; Cho, S.; Park, S. S.; Choi, K. J.; Song, M. H. Highly Efficient and
Stable Inverted Perovskite Solar Cell Employing PEDOT:GO
Composite Layer as A Hole Transport Layer. Sci. Rep. 2018, 8, 1070.
(46) Zhang, H.; Wang, H.; Chen, W.; Jen, A. K.-Y. CuGaO2 : A
Promising Inorganic Hole-Transporting Material for Highly Efficient
and Stable Perovskite Solar Cells. Adv. Mater. 2017, 29, 1604984.
(47) Renaud, A.; Chavillon, B.; Le Pleux, L.; Pellegrin, Y.; Blart, E.;
Boujtita, M.; Pauporté, T.; Cario, L.; Jobic, S.; Odobel, F. CuGaO2: A
Promising Alternative for NiO in P-type Dye Solar Cells. J. Mater.
Chem. 2012, 22, 14353.
(48) Yu, M.; Natu, G.; Ji, Z.; Wu, Y. p-Type Dye-Sensitized Solar
Cells Based on Delafossite CuGaO2 Nanoplates with Saturation
Photovoltages Exceeding 460 mV. J. Phys. Chem. Lett. 2012, 3, 1074−
1078.
(49) Srinivasan, R.; Chavillon, B.; Doussier-Brochard, C.; Cario, L.;
Paris, M.; Gautron, E.; Deniard, P.; Odobel, F.; Jobic, S. Tuning the
Size and Color of the P-type Wide Band Gap Delafossite
Semiconductor CuGaO2 with Ethylene Glycol Assisted Hydro-
thermal Synthesis. J. Mater. Chem. 2008, 18, 5647.
(50) Xiong, D.; Zeng, X.; Zhang, W.; Wang, H.; Zhao, X.; Chen, W.;
Cheng, Y.-B. Synthesis and Characterization of CuAlO2 and AgAlO2
Delafossite Oxides through Low-Temperature Hydrothermal Meth-
ods. Inorg. Chem. 2014, 53, 4106−4116.
(51) Wang, J.; Ibarra, V.; Barrera, D.; Xu, L.; Lee, Y.-J.; Hsu, J. W. P.
Solution Synthesized p-Type Copper Gallium Oxide Nanoplates as
Hole Transport Layer for Organic Photovoltaic Devices. J. Phys.
Chem. Lett. 2015, 6, 1071−1075.
(52) Xu, Z.; Xiong, D.; Wang, H.; Zhang, W.; Zeng, X.; Ming, L.;
Chen, W.; Xu, X.; Cui, J.; Wang, M.; Powar, S.; Bach, U.; Cheng, Y.-B.
Remarkable Photocurrent of P-type Dye-sensitized Solar Cell
Achieved by Size Controlled CuGaO2 Nanoplates. J. Mater. Chem.
A 2014, 2, 2968−2976.
(53) Renaud, A.; Cario, L.; Deniard, P.; Gautron, E.; Rocquefelte,
X.; Pellegrin, Y.; Blart, E.; Odobel, F.; Jobic, S. Impact of Mg Doping
on Performances of CuGaO2 Based p-Type Dye-Sensitized Solar
Cells. J. Phys. Chem. C 2013, 118, 54−59.
(54) Xue, Q.; Bai, Y.; Liu, M.; Xia, R.; Hu, Z.; Chen, Z.; Jiang, X.-F.;
Huang, F.; Yang, S.; Matsuo, Y.; Yip, H.-L.; Cao, Y. Dual Interfacial
Modifications Enable High Performance Semitransparent Perovskite
Solar Cells with Large Open Circuit Voltage and Fill Factor. Adv.
Energy Mater. 2017, 7, 1602333.
(55) Bai, Y.; Chen, H.; Xiao, S.; Xue, Q.; Zhang, T.; Zhu, Z.; Li, Q.;
Hu, C.; Yang, Y.; Hu, Z.; Huang, F.; Wong, K. S.; Yip, H.-L.; Yang, S.
Effects of a Molecular Monolayer Modification of NiO Nanocrystal
Layer Surfaces on Perovskite Crystallization and Interface Contact
toward Faster Hole Extraction and Higher Photovoltaic Performance.
Adv. Funct. Mater. 2016, 26, 2950−2958.
(56) Pendashteh, A.; Rahmanifar, M. S.; Mousavi, M. F.
Morphologically Controlled Preparation of CuO Nanostructures
under Ultrasound Irradiation and their Evaluation as Pseudocapacitor
Materials. Ultrason. Sonochem. 2014, 21, 643−652.
(57) Chen, W.; Liu, F.-Z.; Feng, X.-Y.; Djurisǐc,́ A. B.; Chan, W. K.;
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