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Morphology-controlled nanostructures provide an effective strategy to modulate both oxygen evolution

reaction (OER) activity and photovoltaic performance in perovskite solar cells (PSCs). However, achieving

low OER overpotentials and high power conversion efficiency (PCE) simultaneously through morphology

engineering remains challenging. In this work, nickel oxide (NiOx) nanostructures with spindle-like (NiOx-

NS) and plate-like (NiOx-NP) morphologies were synthesized and evaluated as bi-functional OER

catalysts and hole transport layers (HTLs) in inverted PSCs. Structural and thermal analyses reveal that

NiOx-NS crystallizes into a cubic phase at a lower temperature (300 °C), whereas NiOx-NP requires

higher calcination temperatures, reflecting differences in precursor microstructure. Electrochemical

measurements indicate that NiOx-NS calcined at 300 °C delivers the lowest OER overpotential (395 mV

at 10 mA cm−2), outperforming NiOx-NP calcined at 400 °C (565 mV) and 500 °C (474 mV). This

enhanced activity is ascribed to favorable surface strain, increased defect density, and advantageous

facet exposure. When used as HTLs, NiOx-NS also delivers the highest PCE (13.25%) among all tested

devices, exceeding those based on NiOx-NP and commercial NiOx, owing to improved hole extraction

and interfacial contact. Overall, this study highlights the importance of morphology control and thermal

processing in tailoring NiOx for multifunctional nanomaterials in electrocatalytic and photovoltaic

applications.
1. Introduction

Hydrogen production via electrochemical water splitting is
a key technology for achieving a sustainable and carbon-neutral
energy system.1–3 Among the two half-reactions, the oxygen
evolution reaction (OER) in alkaline media is kinetically more
demanding than the hydrogen evolution reaction (HER) due to
its multistep, four-electron transfer pathway. This intrinsic
complexity leads to sluggish reaction kinetics and high over-
potentials.4 Consequently, the development of efficient, earth-
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abundant OER catalysts is essential for improving the overall
efficiency of water electrolysis.

Nickel-based oxides (NiOx) have emerged as promising OER
electrocatalysts owing to their low cost, chemical stability in
alkaline media, and favorable electrochemical properties.5–7

However, despite extensive efforts, establishing a clear correla-
tion between catalyst morphology and electrochemical perfor-
mance remains challenging. Such understanding is critical, as
catalyst morphology directly affects active-site exposure, charge-
transfer characteristics, and reaction kinetics, which collectively
govern catalytic efficiency.8 Elucidating morphology-
performance relationships is therefore essential for the
rational design of next-generation OER catalysts.

Beyond electrocatalysis, NiOx is a p-type wide-bandgap
semiconductor (>3.2 eV) that is widely used as a hole trans-
port layer (HTL) in transparent conducting lms,9,10 making it
attractive for perovskite-based photovoltaic (PV) applica-
tions.11,12 Recent studies have demonstrated that bi-layered
NiOx architectures, comprising compact and nanoporous
layers, can signicantly enhance interfacial contact and reduce
defect density, achieving a power conversion efficiency (PCE) of
∼20.7%.13 In addition, integration of NiOx with self-assembled
monolayers (SAMs) has been shown to improve interfacial
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the synthesis routes for generating NiOx nanostructures. (A) NiOx nano-spindles (NiOx-NS) and (B) NiOx

nano-plates (NiOx-NP).
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properties, optimize energy-level alignment, and suppress
defect formation in perovskite lm.14 Furthermore,
morphology-tailored NiOx layers, particularly when combined
with organic interlayers, effectively reduce open-circuit voltage
losses in perovskite solar cells (PSCs).15,16 Notably, in both OER
catalysis and HTL applications, NiOx morphology plays a deci-
sive role in determining functional performance.17,18

In this study, we systematically investigate the inuence of
NiOx morphology on OER activity and its effectiveness as an HTL
in PSCs. Two representative NiOx nanostructures with distinct
morphologies, spindle-like (NS) and plate-like (NP) nano-
structures, were synthesized via controlled hydrothermal and
thermal treatments, enabling direct comparison of their
morphology-dependent structural, electrochemical, and PV
properties. By correlating morphology with crystallization
behavior, surface characteristics, and device performance, this
work provides mechanistic insights into how morphology
governs the multifunctional performance of NiOx nanomaterials.
2. Experimental section and
computational method
2.1 Chemicals and materials

Nickel(II) nitrate hexahydrate (Ni(NO3)2$6H2O, 99.99%), nickel(II)
acetate tetrahydrate (Ni(CH3CO2)2$4H2O, 98%), di-
methylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO,
99%), isopropanol (IPA, 99.5%), and cetyltrimethylammonium
bromide (CTAB, 95%) were purchased from Sigma-Aldrich. M-
ethylammonium bromide (MABr, >99.99%), methylammonium
iodide (MAI, >99.99%), formamidinium iodide (FAI, 99.99%),
and methylammonium chloride (MACl, >99.99%) were obtained
from Great Cell Solar Materials. Potassium hydroxide (KOH,
99.98%), urea (CO(NH2)2, > 99.9%), and bathocuproine (BCP,
98%) were supplied by Thermo Fisher Scientitic. Cesium iodide
(CsI, 99.999%), lead iodide (PbI2, >99%), fullerene (C60, 99.95%),
silver (Ag, 99.99%), and anhydrous ethanol (Koptec, 200 proof)
were received from Acros Organics, Tokyo Chemical Industries
(TCI), Solaris Chem, Kurt J. Lesker, and Decon Labs, Inc.,
respectively. All the chemicals were used as received without
further purication. Ketjenblack EC600JD was provided by Lion
Specialty Chemicals Co., Ltd (JP), and commercial nickel oxide
(NiOx-com) nanoparticles were provided by US Research Nano-
materials Inc. (99.98%). Ultrapure de-ionized water with a resis-
tivity of 18.2 MU$cm was obtained from a Purelab Flex3 water
purication system (ELGA, UK).
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2 Synthesis of NiOx nanostructures

NiOx nanocrystals with NS and NP morphologies were synthe-
sized via hydrothermal and annealing routes by controlling the
nickel precursors, pH regulation, and the use of CTAB,19–21 as
illustrated in Scheme 1. NiOx-NS was obtained through urea-
assisted hydrolysis combined with surfactant-directed aniso-
tropic growth, whereas NiOx-NP was formed via direct KOH
precipitation under strongly alkaline conditions using KOH. In
the urea-assisted route (Route A), gradual pH evolution during
hydrothermal treatment promotes the formation of hydroxide-
based precursors, while CTAB, known to selectively adsorb on
specic crystal facets and to stabilize surfaces with compatible
surface energies,19–21 acts as a structure-directing agent,
promoting anisotropic growth.7 In contrast, direct pH control
with KOH (Route B) enables rapid precipitation of nickel
hydroxide precursors, leading to the formation of NiOx-NP
nanocrystals.

2.2.1 Details of NiOx nano-spindle synthesis and catalyst
preparation. NiOx-NS samples were synthesized via a modied
hydrothermal method adapted from previous work.22 In brief,
1.450 g of Ni(NO3)2$6H2O, 0.600 g of urea, and 0.911 g of CTAB
were dissolved in 200 mL of ultrapure water under continuous
stirring. The solution was transferred to a Teon-lined stainless-
steel autoclave and heated at 120 °C for 24 h. Aer naturally
cooling to room temperature, the resulting precipitate was
separated and washed three times using a 1 : 1 (v/v) mixture of
ultrapure water and ethanol, followed by centrifugation. The
collected solids were dried in a vacuum oven at 60 °C for 24 h and
subsequently calcined in air at 300 °C or higher temperatures for
3 h. This process yielded NiOx with a well-dened nano-spindle
morphology.

A measured amount of NiOx-NS was ultrasonically dispersed
in 5 mL of hexane and then added to a pre-sonicated suspen-
sion of carbon black (Ketjenblack EC600JD) in ethanol. The
formulation was adjusted to achieve an estimated NiOx loading
of 60 wt% on carbon. The combined suspension underwent an
additional 2 h of sonication and was le to settle overnight. The
mixture was then centrifuged to remove the supernatant, and
the resulting solid was air-dried. The nal product, consisting of
carbon-supported NiOx nano-spindles, is denoted as NiOx-NS/C.
For example, NiOx-NS-300/C and NiOx-NS-500/C refer to NiOx

nano-spindles on carbon calcined at 300 °C and 500 °C for 3 h,
respectively.

2.2.2 Details of NiOx nanoplate synthesis and catalyst
preparation. NiOx-NP samples were synthesized via a two-step
RSC Adv., 2026, 16, 9796–9805 | 9797

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00607h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 1
:1

6:
38

 A
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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
process. First, Ni(OH)2 nanoplates were prepared using
a hydrothermal method adapted from the literature.23 Speci-
cally, 0.107 g of Ni(CH3CO2)2$4H2O was dissolved in 50 mL of
ultrapure water, followed by the addition of 1 mL of 1 M KOH to
raise the pH to ∼13. The solution was transferred to a Teon-
lined autoclave and heated at 180 °C for 24 h. Aer cooling to
room temperature, the supernatant was removed, and the
precipitate was washed three times with a 3 : 1 (v/v) mixture of
ultrapure water and ethanol. The product was collected by
centrifugation and air-dried. In the second step, the resulting
Ni(OH)2 nanoplates were calcined in air at 400 °C and 500 °C for
4 h in a tube furnace, producing NiOx nanoplates labeled as
NiOx-NP-400 and NiOx-NP-500, respectively.

Each of the NiOx-NP sample was then loaded on Ketjenblack
EC600JD by following the same procedure used for NiOx-NS/C.
The resulting carbon-supported materials are designated as
NiOx-NP-400/C and NiOx-NP-500/C, corresponding to their
respective calcination temperatures.

2.3 Working electrode preparation and electrochemical
measurements

To prepare the catalyst ink, 5 mg of NiO nanocrystals were
dispersed in amixture containing 1.0 mL of acetone and 20.0 mL
of 5% Naon® solution, followed by ultrasonication for 1 h to
achieve uniform dispersion. Subsequently, 30.0 mL of the ink
was drop-cast onto a pre-cleaned glassy carbon (GC) rotating
disk electrode (RDE) (5 mm diameter; Pine Research Instru-
mentation) and allowed to dry at room temperature.

Electrochemical measurements were conducted at room
temperature on a Gamry 1000 E workstation using a standard
three-electrode setup. The working electrode was a GC RDE
coated with the carbon-supported catalyst, while a saturated Ag/
AgCl (4 M KCl) electrode and a graphite rod served as the
reference and counter electrodes, respectively. All potentials
were converted to the reversible hydrogen electrode (RHE) scale
using ERHE = EAg/AgCl + 1.0258 (V), and the OER overpotential
was calculated as EOER = ERHE − 1.23(V).

2.4 Perovskite precursor solution preparation

A 1.5 M Cs0.05FA0.84MA0.11Pb(I0.985Br0.015)3 perovskite precursor
solution was prepared by mixing 6.55 mg of MABr, 16.93 mg of
MAI, 19.49 mg of CsI, 216.68 mg of FAI, 746.8 mg of PbI2, and
8.1 mg of MACl in 1 mL of DMF : DMSO (4 : 1 v/v) solvent
mixture. The solution included 8% excess PbI2 and MACl to
promote improved perovskite crystallization and lm forma-
tion. Aer stirring overnight, the solution was ltered using
a 0.22 mm PTFE syringe lter before use.

2.5 Fabrication of perovskite solar cells

Fluorine-doped tin oxide (FTO) coated glass substrates
(2.5× 2.5 cm2) were washed with detergent and deionized water
before being sonicated for 5 min each in acetone and IPA. The
substrates were then dried using a nitrogen stream and treated
with UV-ozone for 30 min. For PCE assessment, NiOx inks were
prepared by dispersing 15 mg of the respective NiOx nano-
materials in 1 mL of a 1 : 1 (v/v) IPA: ethanol solvent mixture.
9798 | RSC Adv., 2026, 16, 9796–9805
These inks were statically spin-coated onto the cleaned FTO
substrates at 4000 rpm for 30 s, followed by thermal annealing
on a hot plate at 140 °C for 10 min under ambient conditions.
Subsequent device fabrication was performed inside a nitrogen-
lled glovebox maintained at <1 ppm O2 and <5 ppm H2O. The
perovskite layer was deposited using a two-step spin-coating
process. The precursor solution was statically dispensed and
spin-coated at 1000 rpm for 10 s, followed by 5000 rpm for 25 s.
During the nal 10 s of the second spin step, 300 mL of chlo-
robenzene was dripped onto the rotating substrate to induce
rapid crystallization. The resulting lm was immediately
annealed on a hot plate at 100 °C for 1 h, yielding a uniform,
black, mirror-like perovskite lm. A 15 nm layer of C60 was then
deposited via thermal evaporation as the electron transport
layer. This was followed by dynamic spin-coating of a 5 nm BCP
layer (0.5 mg mL−1 in IPA) at 5000 rpm for 20 s and subsequent
annealing at 80 °C for 5 min. Finally, an 80 nm Ag top electrode
was thermally evaporated under ultrahigh vacuum (∼10−7

Torr), completing the device architecture.

2.6 Current–voltage characterization of the solar cell

Current–voltage (J–V) measurements were performed using
a Keithley 4200-SCS semiconductor characterization system in
conjunction with a solar simulator (Photo Emission Tech)
under standard AM1.5 G illumination at 100 mW cm−2. The
voltage was swept in the reverse direction at a scan rate of 0.01 V
s−1. The active area of each tested device was 0.09 cm2.

2.7 Other characterization methods

X-ray diffraction (XRD) patterns were recorded using a PAN-
alytical X'pert Pro diffractometer equipped with a Cu Ka1 radi-
ation source. Transmission electron microscopy (TEM) was
performed on a JEOL 2100 F microscope operated at 200 kV. For
TEM characterization, nanocrystal samples (without carbon
support) were dispersed in hexane and drop-cast onto TEM
grids, followed by cleaning to remove residual organics. Ther-
mogravimetric analysis (TGA) was carried out under a nitrogen
atmosphere using a TA Instruments Q50 system (TA-Q50
Thermo Balance), with samples heated from room tempera-
ture to 500 °C at 10 °C min−1. Raman spectra were acquired
using a DXR Raman microscope (Thermo Scientic) equipped
with a 532 nm excitation laser, operated at a power of 2 mW.
High-resolution TEM (HRTEM) was performed on Thermo
Fisher Talos 200X.

2.8 Computational methods

All the spin-polarized Density Functional Theory (DFT) calcu-
lations were performed using the Vienna Ab initio Simulation
Package (VASP) code.24 The projector augmented wave (PAW)25

method was used to describe the interaction between the frozen
core and free valence electrons. Perdew–Burke–Ernzerhof (PBE)
exchange–correlation function,26 within generalized gradient
approximation (GGA) calculations, along with semiempirical D3
dispersion correction, for van der Waal's interaction, was used
for all the calculations.27,28 The cutoff energy of structure opti-
mization was set to 450 eV throughout the simulation. A
© 2026 The Author(s). Published by the Royal Society of Chemistry
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vacuum of 18 Å was added along the direction normal to the
catalyst surface to avoid the error due to self-interaction among
periodic slabs. A Monkhorst–Pack grid of 5 × 5 × 1 k-point
mesh was used to sample the Brillouin zone for NiO(001)
surface. The structural relaxation was performed iteratively
until the energy and force criteria converged to 10−5 eV and
10−2 eV Å−1. The Hubbard U parameter (Ueff) of 6.00 eV is used
for Ni on NiO.29

Considering the four-electron transfer pathway using OH−

(alkaline medium) as the active species, the four steps of the
OER are described as

* + OH− / *OH + e− (r1)

*OH + OH− / *O + H2O(l) + e− (r2)

*O + OH− / *OOH + e− (r3)

*OOH + OH− / * + O2(g) + H2O(l) + e− (r4)

where, * represents the active site on the catalyst.
Accordingly, the Gibbs free energy change (DG) of each

elementary step is given by,

DG1 ¼ E*OH � E*� EH2O þ 1

2
EH2

þ ðDZPE� TDSÞ1 � eURHE

(1)

DG2 ¼ E*O � E*OH þ 1

2
EH2

þ ðDZPE� TDSÞ2 � eURHE (2)

DG3 ¼ E*OOH � E*O � EH2O þ 1

2
EH2

þ ðDZPE� TDSÞ3 � eURHE

(3)

DG4 ¼ E* � E*OOH þ
�
2EH2OðlÞ � 3

2
EH2

�
þ 4:92

þ ðDZPE� TDSÞ4 � eURHE (4)

where, Ei = electronic energy (i = intermediates), ZPEi = zero-
point energy, and TSi = entropic correction of the surface
adsorbed species.
Fig. 1 XRD patterns of carbon-supported NiOx-NS-300/C, NiOx-NP-
400/C, NiOx-NP-500/C, along with the reference pattern for cubic
NiO (ICDD PDF 65-2901).
3. Results and discussion
3.1. Morphology-controlled synthesis and characterization
of NiOx

Thermal transformation of hydroxide precursors with different
morphologies was examined by TGA and derivative thermog-
ravimetry (DTG), as shown in Fig. S1. The NiOx-NS precursor
from Route (A) exhibited two major mass losses at ∼300 °C
(∼13.72 wt%) and∼340 °C (∼30.86 wt%) (Fig. S1a), attributed to
CTAB-assisted conversion to NiOx followed by formation of non-
stoichiometric phases at higher temperature. In contrast, the
NiOx-NP precursors from Route (B) began losing mass at ∼250 °
C, indicating lower thermal stability, with a sharp loss between
275 and ∼300 °C marking the onset of NiOx-NP formation
(Fig. S1b).
© 2026 The Author(s). Published by the Royal Society of Chemistry
The crystallinity of carbon-supported NiOx samples calcined at
different temperatures was further examined by XRD (Fig. 1). NiOx-
NS fully crystallized at 300 °C aer 3 h calcination (NiOx-NS-300/C),
whereas NiOx-NP required $400 °C for 4 h to achieve complete
crystallization. Clear NiO diffraction peaks were observed for NiOx-
NS-300/C, while NP precursors treated at 300 °C retained the
hexagonal Ni(OH)2 phase with no detectable NiO reections (XRD
pattern not shown). Complete phase transformation was achieved
for carbon-supported NP samples calcined for 4 h at 400 °C (NiOx-
NP-400/C) and 500 °C (NiOx-NP-500/C), both showing well-dened
cubic NiO diffraction patterns (ICDD PDF 65-2901). The rhombo-
hedral NiO phase is excluded by the absence of characteristic peak
splitting at 2q = 37.24–37.30° and 62.84–62.92° (ICDD PDF 89-
3080), consistent with HRTEM (vide infra). These results indicate
that NiOx-NS crystallizes fully at a lower temperature, whereas
NiOx-NP requires higher calcination temperatures, with all nal
products adopting the cubic phase.

Fig. 2 compares the morphologies of the hydroxide precur-
sors obtained from both synthetic routes and their corre-
sponding free-standing NiOx nanostructures. Route (A) yields
clustered nanowires (∼25 nm in diameter and 80–100 nm in
length, Fig. 2a), which transform into nano-spindles (NiOx-NS-
300) aer calcination at 300 °C for 3 h (Fig. 2b). Each NS
consists of multiple polycrystalline NiOx domains composed of
5–7 nm primary crystallites (also see Fig. 3a), in good agreement
with the crystalline size of 5.6 nm estimated from the Scherrer
equation30 based on (200) peak broadening (1.5114°) in Fig. 1.
In contrast, Route (B) produces monodisperse hexagonal
platelets with well-dened edges, ∼60 nm in lateral size and
<8 nm in thickness (Fig. 2c). Subsequent calcination at 500 °C
for 4 h (NiOx-NP-500) results in a mixture of large- and small-
area NiOx nanoplates with reduced thickness (Fig. 2d).

HRTEM was employed to examine the crystallographic
structure of pristine NiOx samples prepared without carbon
RSC Adv., 2026, 16, 9796–9805 | 9799
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Fig. 2 TEM images of Ni(OH)2 precursors and the resulting NiOx nanostructures. (a) As-synthesized Ni(OH)2-based nano-spindle precursor
(Route A); (b) NiOx nano-spindles obtained by annealing the Ni(OH)2 nano-spindles at 300 °C for 3 h (e.g., NiOx-NS-300); (c) As-synthesized
Ni(OH)2-based nano-plate precursor (Route B); and (d) NiOx nano-plates obtained by annealing the Ni(OH)2 nano-plates at 500 °C for 4 h (e.g.,
NiOx-NP-500).

Fig. 3 High-resolution TEM (HRTEM) analysis and selected area electron diffraction (SAED) patterns. (a–d), HRTEM image of pristine NiOx-NS-
300: (a) HRTEM image; (b) zoomed-in view of the region marked by the blue box, showing measured lattice spacing; (c) corresponding di-
ffractogram of the zoomed-in area; (d) SAED pattern. (e–h), Corresponding HRTEM observations for pristine NiOx-NP-500: (e), overview image;
(f) zoomed-in view with lattice spacing; (g) diffractogram; (h) SAED pattern.

9800 | RSC Adv., 2026, 16, 9796–9805 © 2026 The Author(s). Published by the Royal Society of Chemistry
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support. For NiOx-NS-300, well-dened lattice fringes are
observed (Fig. 3a and b), with an interplanar spacing of
∼0.24 nm derived from the fast Fourier transform (FFT) di-
ffractogram (Fig. 3c), consistent with the (111) lattice spacing of
cubic NiO (d111 = 2.4217 Å, ICDD PDF 65-2901). The corre-
sponding selected area electron diffraction (SAED) pattern
(Fig. 3d) conrms a single-phase cubic structure. A similar
analysis of NiOx-NP-500 (Fig. 3e–h) reveals pronounced lattice
fringes, indicative of high crystallinity. The magnied region
(Fig. 3f) shows an interplanar spacing of ∼0.24 nm corre-
sponding to the {111} planes of cubic NiO, with the nanoplate
oriented along the [011] zone axis. This suggests that the
exposed edges of NiOx-NP-500 correspond to {111} and {200}
facets (Fig. 3f), and the basal surface of the nanoplate is most
likely parallel to the {110} facet. This structural assignment is
supported by the FFT diffractogram (Fig. 3g), which resolves the
{111} reections, and by the SAED pattern (Fig. 3h), which
Fig. 4 OER performance of NiOx-NS-300/C, NiOx-NP-400/C, and N
recorded in 1 M KOH at an electrode rotation speed of 1600 rpm. The ho
cm−2, used to evaluate the OER overpotential; (b) OER overpotentials o
slopes of three catalysts obtained from (a–d) chronoamperometry plots s
NiOx-NP-400/C (at 1.855 V vs. RHE), and NiOx-NP-300/C (at 1.665 V vs.
RDE for a duration of 1 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry
exhibits sharp diffraction spots characteristic of single-phase
cubic NiO. The consistent lattice spacings and diffraction
features observed for both NiOx-NS-300 and NiOx-NP-500
conrm their high crystallinity and a cubic phase, regardless
of synthesis route. Nevertheless, the distinct morphologies and
local structure features indicate synthesis-dependent micro-
structural variations that may inuence physical properties. The
distinct NiOx crystallization observed for the two types of
precursors (Fig. 1 and S1) can be attributed to differences in
precursor domain size and NiOx evolution pathways. Speci-
cally, NS precursors consist of thin nanowires (∼25 nm in
diameter) that fragment into discrete small nanocrystals during
conversion to NiOx, whereas NP precursors comprise larger
platelets (∼25 nm in lateral size) and undergo comparatively
limited structural reorganization. The higher surface energy
associated with the NS precursors consequently lowers the
thermal energy barrier for phase transformation, enabling NiOx
iOx-NP-500/C. (a) Polarization curves (current density vs. potential)
rizontal dashed line indicates the benchmark current density of 10 mA
f three catalysts at a current density of 10 mA cm−2 1 M KOH; (c) Tafel
howing current density vs. time for NiOx-NS-300/C (at 1.625 V vs. RHE),
RHE), measured in 1 M KOH at a rotation speed of 1600 rpm using an
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crystallization at lower calcination temperatures than required
for NP precursors.

Raman spectroscopy was used to probe optical phonon
modes and defects in both NiOx-NS-300 and NiOx-NP-500
(Fig. S2). The NiOx-NS-300 spectrum (Fig. S2a) shows peaks at
345–355, 520–530, 740–750, and 1070–1080 cm−1, correspond-
ing to the one-phonon transverse optical (TO), one-phonon
longitudinal optical (LO), second-order transverse optical
(2TO), and second-order longitudinal optical (2LO) modes,
respectively,31–34 consistent with NiO nanorods (30–80 nm)
previously reported.35 Defect-induced lattice symmetry breaking
activates otherwise forbidden modes. Accordingly, a feature
near 250 cm−1 within the one-phonon band is attributed to
defect-induced phonons associated with lattice distortion and
vacancies.36–38 In contrast, NiOx-NP-500 (Fig. S2b) exhibits only
two dominant peaks at 490–500 and 1060–1070 cm−1, assigned
to the LO36 and 2LO39 modes, respectively. The absence of TO
and defect-related modes indicates a lower defect concentration
in nano-plates, likely arising from their planar morphology and
implying distinct material properties relative to nano-spindles.
3.2. OER performance

OER polarization curves of the NiOx catalysts, measured in 1 M
KOH using a three-electrode conguration with a GC RDE, are
shown in Fig. 4a. At 10 mA cm−2, NiOx-NS-300/C, NiOx-NP-400/C,
and NiOx-NP-500/C exhibited overpotentials of 395 mV, 565 mV,
and 474 mV vs. RHE, respectively (Fig. 4b). Among nanoplate
catalysts, NiOx-NP-500/C outperformed NiOx-NP-400/C, indicating
enhanced OER activity with higher calcination temperature.

In alkaline media, OER proceeds via a four-electron transfer
mechanism,40 with overpotential largely governed by OH−

adsorption.4 The lower overpotential of NiOx-NS-300/C indicates
weaker OH− adsorption (Fig. 4a),41–43 which contributes to its
superior activity. As evidenced in Fig. 3 and S2, this behavior is
attributed to the tensile strain induced by oxygen vacancies44

and inter-crystal defects,45 as well as exposure of high-index
facets that increase active sites46 and promote favorable OH−

adsorption–desorption kinetics,47 consistent with its low Tafel
slope of 68 mV dec−1 (Fig. 4c). The spindle morphology further
enhances accessible surface area and charge/mass trans-
port.48,49 In contrast, NiOx-NP predominantly exposes low-index
facets (Fig. 3f), such as {111} surfaces, which are known to bind
Fig. 5 Free energy diagram of OER on NiO(001), calculated using first-
principles Density Functional Theory (DFT) method.

9802 | RSC Adv., 2026, 16, 9796–9805
intermediates more strongly and limit activity.50 The fraction of
more active {001} facets is therefore signicantly lower in NiOx-
NP than in NiOx-NS-300, explaining the higher overpotentials of
the nanoplate catalysts.

Despite their similar morphologies, NiOx-NP-400/C and
NiOx-NP-500/C exhibit markedly different OER performance.
NiOx-NP-400/C shows a higher overpotential and larger Tafel
slope (565 mV at 10 mA cm−2, 131 mV dec−1) than NiOx-NP-500/
C (474 mV, 73 mV dec−1, Fig. 4b and c), indicating stronger OH−

adsorption and slower kinetics. DFT calculations on NiO(001)
surfaces (Fig. 5) reveal that tensile strain can reduce the theo-
retical overpotential from 1.03 V (unstrained) to 0.59 V at 5%
strain, indicating a strain-assisted lowering of the rate-limiting
barrier. Experimentally, however, NiOx-NP-500/C, which is ex-
pected to have less tensile strain, exhibits a lower overpotential
than NiOx-NP-400/C. This discrepancy suggests that no strain
exists and/or the dominant exposed facets in NiOx-NP may not
be the highly active {001} facets,50 but rather less active facets
such as {011}, consistent with HRTEM analysis. Interestingly,
the NiOx-NS system shows lower overpotentials and relatively
consistent behavior across calcination temperatures. At 10 mA
cm−2, the OER overpotentials for NiOx-NS-300/C (395 mV) and
NiOx-NS-500/C (364 mV) are very close (Fig. S3), with only
a slight decrease for the higher-temperature sample, despite the
theoretical prediction that NiOx-NS-300/C should exhibit
a lower OER overpotential still not being observed. These results
conrm that the spindle-like NiOx-NS morphology provides
superior intrinsic activity and that its OER performance is
largely insensitive to calcination temperature, highlighting its
advantage for efficient water oxidation.

Chronoamperometry tests (Fig. 4d) conducted for 1 h at
1600 rpm in 1 M KOH, at 1.625 V (NiOx-NS-300/C), 1.855 V (NiOx-
NP-400/C), and 1.665 V (NiOx-NP-500/C) vs. RHE, corresponding
to their respective 10 mA cm−2 overpotentials, reveal distinct
stability trends. NiOx-NP-500/C shows stable, gradually
increasing current, indicating excellent durability and possible in
situ activation, whereas NiOx-NP-400/C undergoes rapid current
decay. NiOx-NS-300/C exhibits only a minor decline, indicating
superior stability relative to NiOx-NP-400/C. These trends are
attributed to electrochemically active surface area (ECSA) stabi-
lization and degradation dynamics under forced convection,
which enhances oxygen removal but may accelerate catalyst
dissolution and ECSA loss. Although no visible dissolution was
observed, further analyses are required to conrm Ni leaching.
Overall, these results demonstrate that morphology and stoichi-
ometry critically govern both OER activity and durability,
underscoring the importance of coordinated structural design
and thermal processing in Ni-based oxide electrocatalysts.
3.3. Photovoltaic performance

To further assess morphology-dependent NiOx performance as
HTLs, NiOx-NS-300 and NiOx-NP-500 were incorporated into
PSCs, with a commercial NiOx (NiOx-com) used as a reference.
This comparison is intended to evaluate relative HTL perfor-
mance under identical testing conditions, rather than to ach-
ieve the maximum absolute PCE. Consequently, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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measurements were performed without exhaustive optimiza-
tion, although state-of-the-art PSC architectures and processing
were employed.

Fig. 6 presents the device structure (Fig. 6a) and PV perfor-
mance (Fig. 6b) of PSCs using different NiOx-based HTLs. J–V
curves and box-and-whisker plots reveal that NiOx-NS-300
delivers the highest efficiency among the tested devices. As
shown in Fig. 6b and c, the best NiOx-NS-300-based PSC achieved
Fig. 6 Photovoltaic (PV) performance of perovskite solar cells (PSCs) inc
of the inverted PSC architecture using nanostructured NiOx as the HTL; (
NiOx-NP-500, and commercial NiOx (NiOx-com); (c) box-and-whisker
voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) of de

© 2026 The Author(s). Published by the Royal Society of Chemistry
a PCE of 13.25%, with an open-circuit voltage (Voc) of 0.91 V,
a short-circuit current density (Jsc) of 25.19 mA cm−2, and a ll
factor (FF) of 58.1%. In comparison, the best NiOx-NP-500 device
reached a PCE of 9.25%, with Voc = 0.93 V, Jsc = 23.34 mA cm−2,
and FF= 42.8%), while the NiOx-com device achieved 11.88% (Voc
= 0.98 V, Jsc = 23.36 mA cm−2, FF = 51.5%).

The superior performance of NiOx-NS-300 arises primarily
from enhanced Jsc and FF, indicating more efficient hole
orporating different NiOx as hole transport layers (HTLs). (a) Schematic
b) J–V curves of the best-performing devices based on NiOx-NS-300,
plots, summarizing the short-circuit current density (Jsc), open-circuit
vices with different NiOx-based HTLs.

RSC Adv., 2026, 16, 9796–9805 | 9803
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extraction at the NiOx/perovskite interface, improved interfacial
contact, favorable energy-level alignment, and higher bulk
conductivity.51,52 Ink photographs (Fig. S4) show that NiOx-NS-300
exhibits a darker (black) coloration than NiOx-NP-500 and NiOx-
com, suggesting a distinct Ni oxidation state53 associated with
stronger p-type character and improved conductivity.54 Addi-
tionally, the narrower PCE distribution for NiOx-NS-300-based
devices indicates improved HTL uniformity, enabling more
consistent layer deposition and enhanced device reproducibility.

Although OER catalysis and hole transport in PSCs operate
through distinct mechanisms and performance metrics, both
functions are strongly governed by NiOx morphology. In OER,
spindle-like NiOx benets from defect-rich surfaces, favorable
facet exposure, lattice strain effects, and enhanced charge-
transport pathways, which collectively facilitate intermediate
adsorption and accelerate reaction kinetics; whereas in PSCs,
these same characteristics promote enhanced hole hopping
transport andmore efficient hole extraction at the NiOx/perovskite
interface. This comparison highlights that morphology-induced
structural features can simultaneously optimize NiOx perfor-
mance across electrochemical and photovoltaic applications.

4. Conclusions

In conclusion, NiOx nanostructures with spindle- and plate-like
morphologies were synthesized via controlled hydrothermal
and annealing processes, enabling a systematic evaluation of
morphology-dependent properties. The spindle-like NiOx, which
crystallized at a lower temperature (300 °C), exhibited superior
OER activity, delivering lower overpotentials (395 mV vs. 565 and
474 mV at 10 mA cm−2) and smaller Tafel slopes (68mV dec−1 vs.
131 and 73 mV dec−1) than NiOx nanoplates calcined at 400 and
500 °C, respectively, together with enhanced operational stability.
Beyond electrocatalysis, spindle-like NiOx also demonstrated
superior performance as a hole transport layer in perovskite solar
cells, achieving higher device efficiency and improved uniformity
compared with plate-like NiOx and commercial NiOx specimens.
The best spindle-like NiOx-based device reached a power
conversion efficiency of 13.25% (Voc = 0.91 V, Jsc = 25.19 mA
cm−2, FF= 58.1%), exceeding those using a plate-like NiOx-based
device or the commercial benchmark. The distinct crystallization
behaviors from the two types of precursors are attributed to
differences in their microstructures, while the enhanced OER
and photovoltaic performance of spindle-like NiOx is ascribed to
favorable facet exposure, tensile strain, higher defect density, and
enhanced interfacial charge transport, as supported by structural
characterization and DFT analysis. Overall, this work highlights
morphology control and thermal optimization as effective strat-
egies to tailor phase transformation, electrocatalytic activity, and
charge-transport properties, providing guidance for the design of
multifunctional NiOx materials for water oxidation and perov-
skite photovoltaic applications.
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