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We present a facile strategy to improve the conductivity and
homogeneousness of nickel oxide nanoparticles (NiO, NPs). The
inverted flexible perovskite solar cells (F-PSCs) prepared with NiO,
achieved impressive efficiencies of 22.68% under AM 1.5G and
35.59% under 1000 lux, respectively.

With advancements in electronic technology, the growing
demand for unmanned systems, building-integrated photovol-
taics, portable electronics, smart textiles, and the Internet of
Things (I0T) highlights the significant potential of F-PSCs as
efficient power sources."™ F-PSCs are especially suitable for
such applications due to their high power conversion efficiency
(PCE), cost-effective manufacturing, light-weight structure, and
exceptional flexibility.””

NiO, has been considered as a promising HTL in F-PSCs due to
its excellent optical transparency, chemical stability, and suitable
work function with perovskites.*® F-PSCs with p-i-n device struc-
ture, utilizing NiO, as the HTL, exhibit minimal hysteresis and long-
term stability. Currently, NiO, HTLs can be fabricated using meth-
ods such as atomic layer deposition (ALD), pulsed laser deposition
(PLD), sputtering, and sol-gel coating.'® Nonetheless, the stringent
preparation conditions (high-temperature annealing and/or high
vacuum) hinder their large-scale application and make them unsui-
table for flexible substrates. NiO, HTLs can be processed using
synthetic NiO, NPs, which are obtained by synthesizing Ni(OH),
through the chemical precipitation of nickel nitrate (Ni(NOs),) and
alkali, followed by calcination."* NiO, NPs can be easily used to
prepare HTLs for F-PSCs by solution processing. However, NiO, NPs
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synthesized by this method usually exhibit low intrinsic
conductivity.'>'* Additionally, the Ni(OH), formed through reaction
precipitation exhibits an uneven crystal grain size distribution due
to the inconsistent rate of reaction precipitation (first fast and then
slow), which further results in varying crystal grain sizes of the NiO,
NPs."* During the dispersion process, smaller particles tend to
adsorb onto the surface of larger particles, leading to agglomeration
and resulting in a rough NiO, film."® This poor surface morphology
causes inadequate interfacial contact with the perovskite film,
ultimately limiting the efficiency and stability of the prepared F-
PSCs.'®"” However, current research on NiO, NPs primarily focuses
on enhancing conductivity through doping, with limited attention
to the uniformity of NiO, NPs.>"°

In this work, we introduce a new method for obtaining
highly conductive and homogeneous NiO, NPs via an oxidant-
assisted method using ammonium persulfate (APS). Specifically,
APS is added to the Ni(NOj3), precursor solution, where it oxidizes
Ni*" into nickel oxide hydroxide (NiOOH), as shown in Fig. 1. This
process slows the initial reaction rate for forming nickel hydroxide
(Ni(OH),) NPs, promotes the formation of smaller and more uniform
Ni(OH), NPs, and facilitates the synthesis of well-dispersed NiO, NPs
with smaller and more uniform crystal grain sizes. Additionally,
NiOOH increases the Ni** content in the prepared NiO, NPs, which
helps improve their intrinsic conductivity. Adjusting the Ni** content
can also optimize the energy levels of NiO, NPs, minimizing energy
loss at the NiO,/perovskite interface. Ultimately, the PCE of inverted
F-PSCs prepared with the optimized NiO, HTL reaches 22.68%
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Fig. 1 Synthesis illustration of NiO, and NiO,—APS nanoparticles.
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under AM 1.5G and 35.59% under 1000 lux. Furthermore, the
optimized device retains 92% of its efficiency after 1000 bending
cycles and 91% of its initial efficiency after 1000 hours of unpack-
aged storage.

As illustrated in Fig. 1, the Ni(OH), and NiO, NPs prepared using
the new method are denoted as Ni(OH),-APS and NiO,-APS,
respectively (0.3 mol% APS was added to the Ni(NO;), precursor
solution, with the dosage preliminarily optimized, as detailed in Fig.
S1 and Table S1 (ESIt)). As presented in transmission electron
microscopy (TEM) images (Fig. 2a-d), the control Ni(OH), exhibits
large crystal sizes, broad size distribution, and significant aggrega-
tion. In contrast, the APS-assisted synthesis of Ni(OH),-APS results
in smaller crystal size, narrower size distribution, and the absence of
aggregation. Similarly, the NiO, and NiO,-APS, derived from
Ni(OH), and Ni(OH),-APS, respectively, display similar improve-
ments. As shown in Fig. 2e-h, NiO,~APS demonstrates more uni-
form and smaller crystal size compared to control NiO,, with the
average crystal sizes of 6.42 nm and 9.85 nm, respectively (see the
statistical size distribution in Fig. S2, ESIt). This improvement is
attributed to the addition of APS into the Ni(NOs), precursor
solution, which triggers a new chemical reaction:

2Ni(NO3), + (NH4),S,05 + 2TBAOH
— 2NiOOH + 2NH,NO; + (TBA),SO,.

The reaction reduced the initial rate of the original chemical
reaction (Ni(NOs), + 2TBAOH — Ni(OH), + 2TBANO;), leading
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to a more uniform precipitation rate for Ni(OH), formation.
Furthermore, the NiOOH generated in the new reaction effec-
tively prevented the accumulation of Ni(OH), NPs caused by
uneven crystal grain sizes, thereby facilitating the formation of
Ni(OH),-APS NPs with smaller and more homogeneous crystal
grain sizes. This further determines the morphology of NiO,
NPs after the sintering of Ni(OH), NPs. Further X-ray diffraction
(XRD) and Raman characterization revealed that the prepared
NiO, and NiO,-APS NPs exhibit similar diffraction peaks, con-
firming their identical composition and structure (Fig. S3, ESI?).
The control Ni(OH), and Ni(OH),-APS were further investigated
by X-ray photoelectron spectroscopy (XPS). In the oxygen 1s spec-
trum (Fig. 2i and j), the two peaks at 532.2 eV and 530.8 €V
correspond to NiOOH and Ni(OH),, respectively.">'® The NiOOH
content in Ni(OH),~APS reaches 28.5%, significantly higher than the
14.8% observed in the control Ni(OH),. The NiOOH in the control
Ni(OH), NPs formed due to exposure to air during the reaction
process, with a small amount of oxygen participating in the reaction.
This confirms that APS promotes the formation of NiOOH from
Ni(NO;),.">"® Additionally, the dark green color of Ni(OH),-APS (Fig.
S4, ESIt) also further supports this observation, as the control
Ni(OH), appears apple green, while NiOOH is black."’ Notably,
the characteristic peak of S 2p is absent in the Ni(OH),-APS XPS
spectrum (Fig. S5, ESIt), indicating that APS is completely removed
during the cleaning steps and does not affect the subsequent NiO,
preparation process. The new synthesis method primarily optimizes
Ni(OH),, leading to small grain sizes and uniform NiO, NPs.
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(a)—(h) The TEM micrographs and magnified TEM micrographs of the as-prepared Ni(OH),, Ni(OH),—APS, NiO, and NiO,—APS NPs, respectively.

Ni 2P spectra of NiO, and NiO,—APS films.
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The NiO, and NiO,-APS films were prepared by spin-coating
onto flexible indium tin oxide (ITO)/polyethylene glycol terephtha-
late (PET) substrates using inks prepared from NiO, NPs and
NiO,-APS NPs, respectively. As shown in the scanning electron
microscopy (SEM) images (Fig. S6, ESIt), the NiO,~APS film
exhibits a flatter and smoother surface compared to the control
NiO, film, likely due to the smaller size and uniformity of the
NiO,-APS NPs. The chemical state of NiO,-APS films was analyzed
using XPS, and the results were compared to those of the NiO,
films (Fig. 2k and 1). The NiO, and NiO,-APS films show the same
characteristic peaks in the Ni 2p spectrum, with peaks at 855.5 and
853.6 eV corresponding to Ni*" and Ni**, respectively."**° Ni** is
typically derived from Ni** vacancies at the grain boundaries of the
oxygen-enriched NiO, lattice, which enhances conductivity and
facilitates hole transport.'® The Ni 2p spectrum reveals that the
Ni**/Ni** ratio in the NiO,~APS film (2.21) is higher than that in the
control NiO, film (1.74), indicating enhanced hole transport and
conductivity in the NiO,-APS film. The O 1s spectrum (Fig. S7,
ESIT) indicates that the increase in Ni*" in NiO,-APS films is
attributed to the higher proportion of NiOOH.** Additionally, the
smaller crystal grain sizes of Ni(OH),-APS NPs may contribute to
the increase in Ni** by facilitating complete annealing in an
oxygen-rich environment."*

The conductivity of NiO, and NiO,~APS films was calculated
by measuring the current density-voltage (J-V) curves of devices
with the structure of ITO/NiO, or NiO,-APS/Au (Fig. 3a). The
calculated conductivity values of NiO, and NiO,-APS films are
1.19 x 107> mS em™ " and 1.82 x 10> mS cm™ , respectively.*'**
Additionally, the conductive atomic force microscopy (c-AFM)
images in Fig. 3b and c also indicated that NiO,~APS film exhibits
better conductivity and a more uniform current distribution com-
pared to the control NiO, film. To determine the hole mobility of
NiO, and NiO,-APS films, we measured the space-charge-limited
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Fig. 3 (a) The J-V of the devices with the structure of ITO/NiO, or NiO,—
APS/Au. (b) and (c) c-AFM images of NiO, and NiO,—APS film-coated ITO/
PET. (d) The space-charge-limited current of hole-only devices with the
structure of ITO/NiO, or NiO,—APS/spiro-OMeTAD/Au. (e) and (f) KPFM
images of NiO, and NiO,—APS film-coated ITO/PET. (g) and (h) The UPS
spectra of NiO, and NiO,—APS films. (i) Energy-level diagram of the PSCs.
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current of the devices with the structure of ITO/NiO, or NiO,~APS/
spiro-OMeTAD/Au (Fig. 3d). The hole mobility increased from 9.2 x
107" em” V' 57! (NiQ) to 2.6 x 10° em® V' s (NiO,~APS),
indicating improved charge transport in the NiO,~APS films.>

The surface potential distribution of the NiO, and NiO,-APS
films was studied via the Kelvin probe force microscope (KPFM). As
shown in Fig. 3e and f, the contact potential difference (CPD) of
NiO,-APS films is lower than that of control NiO, films, indicating a
higher work function (Wg) for the NiO,~APS films.**** Furthermore,
the energy levels of NiO, and NiO,-APS films were calculated using
ultraviolet photoelectron spectroscopy (UPS) and ultraviolet-visible
absorption spectra (UV-vis) (Fig. 3g, h and Fig. S8, ESIf). The
resulting energy level diagram is shown in Fig. 3i. Compared to
the control NiO, film, the valence band (VB) of the NiO,-APS film
decreased from —5.29 eV to —5.45 eV, and the Fermi level (Eg)
shifted from —4.54 eV to —4.76 eV, which was consistent with the
KPFM results. Additionally, the VB of the NiO,-APS film is closer to
that of the perovskite film, facilitating hole transport and reducing
energy loss.

The photovoltaic performance of devices with NiO, and NiO,~
APS HTLs was evaluated in F-PSCs with an inverted structure of ITO/
NiO, or NiO,~APS/PTAA/perovskite/PCBM/BCP/Ag, as illustrated in
Fig. 4a. The PTAA is primarily aimed at passivating the NiO,/
perovskite interface. Fig. 4b shows the J-V curves of the optimized
F-PSCs measured under AM 1.5G illumination, with detailed photo-
voltaic parameters listed in Table S2 (ESIt). The PCE of the device
with NiO,~APS HTL reached 22.68%, higher than the 19.63% for the
device with the control NiO, HTL. This efficiency is relatively higher
compared to other f-PSC studies using NiO, as the hole transport
material (Table S3, ESIt). Moreover, the NiO,~APS based devices
exhibited negligible hysteresis. Fig. S9 (ESIT) shows the statistical
photovoltaic performance of different devices (20 devices), with the
distribution trends matching the changes observed in the optimal
photovoltaic parameters. The PCE enhancement of the NiO,-APS
based devices is primarily attributed to improvements in open-
circuit voltage (Voc), short-circuit current density ( Jsc), and fill factor
(FF). The increase in Js¢ of NiO,~APS based devices is attributed to
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Fig. 4 (a) Schematic diagram of F-PSCs with NiO, HTL. (b) The reverse
and forward scanned J-V curves of the best-performed F-PSCs based on
NiO, and NiO,—APS HTL. (c) The J-V curves of the best-performed
F-PSCs based on NiO,—APS HTL measured under different indoor light
illumination. (d) Bending stability of F-PSCs with convex bending cycles
at a curvature radius of 5 mm. (e) Long-term storage stability of the
unencapsulated F-PSCs under air environments with RH of 30-40%.
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the flatter and smoother surface of the NiO,~APS films and the
smaller contact angle (27°) of the perovskite precursor solution on
the NiO,~APS/PTAA film compared to the control NiO,/PTAA film
(32°), which promotes the formation of high-quality perovskite films
(Fig. S10 and S11, ESIt). The improvements in V¢ and FF of NiO,~
APS based F-PSCs are due to the excellent conductivity of NiO,~APS
films and matched energy level, which helps reduce the series
resistance (Rs) and increase the recombination resistance (Ryec) of
the devices (Fig. S12, ESIF).>**” Furthermore, considering the suit-
ability of F-PSCs for Internet of Things (IoT) applications,”** we
investigated the photovoltaic performance of NiO,-APS-based
F-PSCs under different indoor light intensities (Fig. S13, ESIT).
Fig. 4c shows the J-V curves of the champion F-PSC, with high
PCEs of 35.59%, 32.92%, and 28.28% under 1000 lux, 500 lux, and
200 lux, respectively (Table S4, ESIt).

Finally, to assess mechanical durability, F-PSCs with NiO,
and NiO,-APS HTLs were subjected to repeated bending cycles
with a 5 mm radius. Fig. 4d shows the PCE changes during the
repeated F-PSC bending cycles. As the number of cycles
increased, device performance gradually decreased. After 1000
bending cycles, the NiO,-APS based F-PSCs retained 92% of
their initial PCE, while the control NiO, based F-PSCs retained
only 78% of their PCE. This is attributed to the superior NiO,/
perovskite interfaces in NiO,-APS based F-PSCs, compared to
the significant gaps observed at the NiO,/perovskite interfaces
of control NiO,-based F-PSCs, as shown in Fig. S10 (ESIT).
During bending, these gaps in the control NiO,-based F-PSCs
are prone to cracking and slippage, compromising their bend-
ing stability. Additionally, NiO,~APS based F-PSCs demon-
strated excellent long-term stability (Fig. 4e), retaining 91% of
their initial PCE after 1000 hours of storage for unpackaged
devices in an environment with 30-40% relative humidity at
room temperature. In contrast, the control NiO, based F-PSCs
retained only 72% of their PCE.

In summary, we have innovatively synthesized NiO,-APS
NPs to achieve high conductivity and a uniformly flat HTL in
F-PSCs. Compared to reference devices, inverted F-PSCs based
on the NiO,-APS HTL exhibit superior photovoltaic perfor-
mance, with a PCE of 22.68% under AM 1.5G and 35.59%
under 1000 lux illumination. Furthermore, NiO,-APS based
F-PSCs demonstrate remarkable operational and mechanical
stability. This study offers a pathway to advancing high-
performance F-PSCs and provides a new approach to enhancing
HTL performance.
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