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A B S T R A C T   

Although perovskite solar cells (PSCs) have made revolutionary progress in terms of power conversion efficiency 
(PCE), to achieve long-term stability and low-cost device manufacturing for commercialization of the devices, 
selection of proper hole transport layer (HTL) and affordable back contact are still crucial to realize the upscale 
manufacturing. However, the carbon-based perovskite still faces great challenges to further improve the device 
performance due to the low quality of the carbon/perovskite interface. Inorganic NiOx is a superior HTL 
candidate due to its favorable energy band alignment, superior chemical stability, high hole mobility, and low- 
cost manufacturing. To address the poor interface quality of the carbon-based PSCs, we report electrospun NiOx 
fibers as an effective HTL, resulting in highly efficient device performance of PCEs up to 13.73% when deployed 
in our carbon-based PSCs. NiOx has been introduced as an interfacial layer between the perovskite and the 
carbon counter electrode to study its impact on interfacial modification and device performance.   

1. Introduction 

Perovskite solar cells (PSCs) represent the most promising next- 
generation solar technology due to the high absorption coefficient, 
high mobility, and long diffusion length, with rapidly improved power 
conversion efficiency (PCE) up to 25.5% in the past decade and close to 
80% of the theoretical efficiency (Yoo et al., 2021). However, it is crit
ical to further reduce the cost of the PSCs to upscale manufacture the 
corresponding solar module. Particularly, the high-efficiency PSCs were 
produced in the laboratory with noble back contact, such as gold and 
silver, which is not feasible for large volumetric manufacturing. Carbon 
electrode was considered as a low-cost back contact with suitable work 
function for the perovskite (Hadadian et al., 2020). Particularly, high 
efficiency carbon-based PSCs still need to work with organic HTLs, such 
as spiro-OMeTAD and P3HT (Chu et al., 2019; Hawash et al., 2018; Jung 
and Park, 2015). To get the best out of spiro-OMeTAD, it requires 
dopants such as lithium bis(trifluoromethanesulfonyl)-imide (LiTFSI), 
tert-butylpyridine (t-BP), and a Co (III) complex to improve the hole 
conductivity, while adding these dopants will compromise the stability 
of the device (Wang et al., 2018). 

So, it was necessary to find a suitable replacement for organic HTL 
that didn’t have these issues. P-type metal oxide semiconductors possess 
several attractive properties such as transparency in the visible region, 
good thermal and chemical stabilities, excellent hole transport proper
ties, and easy tuning of the valence band maximum. For instance, NiOx- 
based HTL stands out because of its large bandgap, and deep-valence 
band position that helps in the extraction of holes (Jeng et al., 2014; 
Kaneko et al., 2019; Manders et al., 2013; Saranin et al., 2021). Despite 
boasting several benefits, NiOx is mostly used with p-i-n structured PSCs 
because the precursor solution for NiOx uses a polar solvent that can 
damage the perovskite layer (Singh et al., 2021). Though recently Icli et. 
al. demonstrated using IPA as the solvent for NiOx to fabricate the reg
ular n-i-p structure PSC, the resulting device could only deliver a PCE of 
10.9% due to the rough surface (Icli and Ozenbas, 2018). Kaneko et. al. 
then further modified the NiOx nanoparticles (NPs) by using hexanoic 
acid as a surfactant to prevent the agglomeration of the NPs and to 
obtain a smooth layer of NiOx. The resulting device delivered an 
impressive PCE of 13.1% (Kaneko et al., 2019). Despite these attempts, 
works on incorporating NiOx HTL in the n-i-p structured devices are few. 

Promisingly, one-dimensional (1D) nanostructured materials such as 
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nanorods, nanowires, and nanofibers (NFs) have gained considerable 
traction recently due to their increasing demands in technological ap
plications. They are being increasingly used for diverse applications in 
photonics and nano-electronics (Wang and Santiago-Avilés, 2003). 
Especially, carbon NFs have been gaining considerable attention for its 
use in the PSCs due to the improved device performance and stability 
(Habisreutinger and Blackburn, 2021; Schulz et al., 2016). However, 
limited work has been done on NiOx NFs for the PSCs application. Due to 
the strong dependence of its properties on morphology, NiOx NFs are of 
great practical importance in several engineering applications such as 
capacitors, photocatalysis, sensing, and other chemical catalysis (Liu 
et al.; Macdonald et al., 2014; Nakasa et al., 2005; Zang et al., 2014). Of 
all the physical techniques that have been successfully employed for 
their synthesis, electrospinning has turned out to be a promising choice 
because of its simplicity, scaling capability, economy, ability to syn
thesize long continuous fibers, and control over the NF morphology 
(Khalil et al., 2014; Sigmund et al., 2006). Such synthesized NFs have 
shown promising potential in several engineering domains including 
solar energy conversion owing to their adventitious properties such as 
large surface-to-volume ratio, high efficiency, fast charge trans
portation, high sensitivity, appreciable physical and chemical properties 
(Kim et al., 2011; Liu et al., 2011; Shim et al., 2009; Xia et al., 2003). 

In this work, we have successfully synthesized NiOx NFs as HTL for 
PSC by electrospinning technique and studied the optoelectronic prop
erties of the fibers. We systematically investigated the NiOx NFs HTL for 
the carbon-based PSCs. We have found a significant improvement of the 
PCE from 10.11% for HTL-free devices to 13.73% for NiOx NF-based 
devices. On the other hand, devices with NiOx NPs as HTL (12.94%) 
delivered a lower PCE when compared with the one using NFs, sug
gesting that the NiOx NFs could facilitate a rapid charge extraction. 

2. Experimental section 

2.1. Materials 

Cellulose acetate (Acros Organics, acetyl content ~ 39.8%), nickel 
(II) nitrate hexahydrate (Alfa Aesar, 99.9985%), nickel oxide nano
particles (US Research Nanomaterials, 99%, 10–20 nm), PbI2 (Sigma- 
Aldrich, 99.999%), PbBr2 (Alfa Aesar, 99.98%), formamidinium iodide 
(FAI, GreatCellSolar), methylammonium bromide (MABr, Great
CellSolar), CsI (BeanTown Chemical, 99.9%), SnCl2⋅2H2O (Acros Or
ganics, 97%), and thiourea (Alfa Aesar, 99%) were used without further 
purification. Dimethyl sulfoxide (DMSO) and dimethyl formamide 
(DMF) were purchased from Sigma-Aldrich and used as received. 

2.2. NiOx NPs and NFs synthesis 

NiOx NPs were synthesized following the previously reported work 
(Guo et al., 2021). Briefly, 0.05 mol Nickel (II) nitrate hexahydrate, i.e., 
Ni(NO3)2⋅6H2O was dissolved in 10 mL deionized water (DIW). Then 
NaOH solution was added into the as-dissolved Ni(NO3)2 solution under 
vigorous stirring until the solution turned into a turbid green color with 
a pH of 10. The solution was then filtered to obtain the precipitation 
which was washed by DIW to get rid of the impurities. The wet pre
cipitate was dried at 80 ◦C for 8 h and then ground into powder, which 
was then annealed in air at 270 ◦C for 2 h to get the NiOx NPs. NiOx NFs 
were synthesized as below: Nickel (II) nitrate hexahydrate was added to 
the cellulose acetate (CA) 12% (w/v) solution with acetone as solvent. 
After completely dissolved solution (0.5 mg/10 mL) formation, the 
spinning precursor solution was then loaded into a 10-mL syringe 
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) with a 22- 
gauge blunt needle (Hamilton Company, Reno, NV, USA) as the spin
neret. The nickel nitrate-loaded fibers were then spun as explained in 
our previous work (Angel et al., 2020). After the spinning process, the 
fibers formed on the aluminum foil directly beneath the spinneret tip 
were collected and annealed at 400 ◦C for 30 min in a box oven with an 

adequate supply of oxygen flow. 

2.3. Solar cells fabrication 

PSCs were fabricated as mentioned in our previous work (Vijayar
aghavan et al., 2020). In brief, In doped SnO2 (ITO) substrates were 
successively sonicated in detergent solution, DIW, acetone, and IPA, 
followed by a 30 min UV-Ozone treatment. The SnO2 precursor was then 
spin-coated on the ITO substrates at 3500 rpm for 30 s and then 
annealed at 180 ◦C for 1 h. The SnO2 coated ITO substrates were 
transferred to the dry nitrogen-filled glovebox after a 10-minute UV- 
Ozone treatment. The triple cation perovskite precursor was then 
deposited by a two-step spin-coating procedure: 1000 rpm 10 s followed 
by 6000 rpm 30 s. Diethyl ether (DEE) was dropped on the spinning 
substrate 25 s before the end of spin-coating. The NiOx HTL was coated 
using the NP/NF solution in chlorobenzene (20 mg/mL) at 4000 r.p.m. 
for 30 s. Finally, 25 μm carbon paste was doctor bladed onto the cells. 

2.4. Materials and device characterization 

The morphology of the electrospun fibers and the surface 
morphology of the perovskite films with NiOx NFs and NPs were studied 
using a Thermo Scientific Apreo scanning electron microscope (SEM). 
Thermal properties of the obtained fibers were characterized at a rate of 
20 ◦C/min heating from 25 ◦C to 550 ◦C under N2 atmosphere using a TA 
differential scanning calorimetry (DSC 250). The distribution of chem
ical elements in the fibers and the films were studied using the energy- 
dispersive X-ray spectroscopy (EDS) equipped with the SEM. Park XE-70 
atomic force microscope (AFM) was used to study the surface roughness 
of the perovskite films with and without the NiOx HTLs. The wide-angle 
X-ray diffraction (XRD) patterns of the annealed fibers were studied 
using a Philips XPert Materials Research Diffractometer with a 45 kV, 
40 mA Cu Kα radiation (λ = 0.15405 nm). The X-ray photoelectron 
spectroscopy (XPS) was recorded using the Kratos Axis XPS system 
equipped with a monochromated Al X-ray source. The electrical char
acterization of the fabricated PSCs with an active area of 0.08 cm2 were 
recorded using a solar simulator (Newport, Oriel Class AAA 94063A, 
1000-Watt Xenon light source) with a Keithley 2420 source meter under 
simulated AM 1.5G (100 mW/cm2) solar irradiation. The light intensity 
was calibrated using a silicon reference cell (Newport, 91150 V, certified 
by National Renewable Energy Lab). The electrochemical impedance 
spectroscopy (EIS) measurement were measured using an electro
chemical workstation (Gamry Instruments). The EIS measurements were 
measured by applying a bias of the open-circuit voltage with frequencies 
ranging from 106 Hz to 1 Hz. 

3. Results and discussion 

Fig. 1(a) shows the schematic representation of the electrospinning 
process of the NiOx NFs. The as-span Ni(NO3)2 fibers and post-annealed 
fibers at 400 ◦C for 30 min are shown, respectively. The white CA fibers 
with Ni(NO3)2 were obtained at room temperature. Then, the Ni(NO3)2 
fibers were annealed at 400 ◦C in air to obtain the NiOx NFs. The thermal 
properties of the Ni(NO3)2-CA fibers were determined using the DSC, 
where the exothermic peaks shift to a higher temperature with addition 
of the Ni(NO3)2. The decomposition of the Ni(NO3)2 around 250 ◦C was 
observed, which is in line with the pure Ni(NO3)2 decomposition 
(Brockner et al., 2007). Fig. 1(c) shows that the scanning electron mi
croscopy (SEM) images of the synthesized NiOx fibers after annealing at 
400 ◦C for 30 min. It is observed that the NiOx NFs prepared by elec
trospinning becomes porous with one-dimensional (1D) fiber 
morphology after thermal treatment. The annealed fibers have a diam
eter of ~100 nm in average, while they are uniform along the entire 
length. Previous study by Cheng et. al. suggest that the formation of NFs 
were influenced by the solvent evaporation rate and polymer burning 
rate during the sintering process (Zhang et al., 2010). 
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Fig. 2(a) shows the XRD spectra of the pure CA, NiOx NPs, and NFs, 
respectively. The diffraction peaks are indexed as (100), (200), and 
(220). suggesting a face-centered cubic unit cell of NiOx (Harilal et al., 

2017). The particle size was calculated according to the Scherrer for
mula, i.e., Dhkl = Kλ

βhklcosθ , where K is the particle shape factor, λ is X-ray 
wavelength, βhkl is the half-width of (hkl) reflection, and θ bragg angle 

Fig. 1. (a) Schematic representation of electrospinning NiOx NFs, and photographic images of as-spun and sintered fibers. The NiNO3 dissolved into the CA/acetone 
solution was shown. (b) Differential scanning calorimetry (DSC) of cellulose acetate (CA) and Ni(NO3)2 -CA fibers, and (c) SEM images of annealed NiOx fibers at 
400 ◦C for 30 min under different magnification. 

Fig. 2. (a) XRD pattern of as-prepared pure CA fibers, NiOx NPs, and NiOx NFs. XPS spectra of (b) Ni 2p and (c) O 1s core level of NiOx NFs, and NPs. (d) Tauc plot 
was used to estimate the bandgap of NiOx NFs and NPs. 
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corresponding to (hkl) reflection (Bokuniaeva and Vorokh, 2019). The 
particles size for the NiOx NPs was calculated to be ~40 nm with a K ~ 
0.9 as a spherical crystal, while the particles size for the NiOx NFs was 
calculated to be ~90 nm with a K ~ 2 as a tetrahedron crystal for the 
fibers (Langford and Wilson, 1978). 

Supporting information Fig. S1 presents the XRD spectra of perov
skite film. The XRD patterns indicate that the perovskite structure. A 
(001) diffraction peak corresponding to PbI2 plane at 12.4◦ was 
observed in the XRD spectrum, which is associated with the slightly PbI2 
rich in the precursor (Wang et al., 2017). The bandgap of 1.61 eV of the 
perovskite film was determined using the UV–Vis transmittance spec
trum of perovskite film, as shown in supporting information Fig. S2. 

The samples were then analyzed for XPS to examine the factual 
valence states and constitutions within the samples. Fig. 2 (b) shows the 
high-resolution spectra of Ni 2p, and Fig. 2 (c) shows the high-resolution 
spectra of O 1s of NiOx NFs and NPs respectively. The Ni 2p region for 
NFs comprises four easily discernible features: Ni 2p3/2 main peak and 
its satellite at ~852 eV and ~860 eV, and the Ni 2p1/2 main peak and its 
satellite at ~871 eV and ~877 eV respectively. This is a clear indication 
that Ni exists in +2 oxidation states. The secondary 2p3/2 peak observed 
at ~855 eV is designated to Ni3+ oxidation state in NiOOH and Ni2O3 
due to the Ni2+ vacancies because of excess oxygen or deficiency in 
nickel. The presence of NiOOH can be attributed to the surface 
adsorption of water and the formation of hydroxides. This is clear evi
dence that the NiOx is non-stoichiometric with significant Ni2+ va
cancies, which makes it a p-type material, and hence a suitable 
candidate as an HTL, while pure stoichiometric NiO acts as an insulator 
(Icli and Ozenbas, 2018). No apparent shift was observed for the Ni 2p 
peaks for NiOx NP indicating that the major components of the NiOx 
remain unchanged. The spectra of O 1s has a peak at ~528 eV that 
corresponds to the lattice oxygen in NiOx, and the other peak 

corresponds to the hydroxylation that has occurred when films have 
been briefly exposed to the ambient environment (Hayat et al., 2019; 
Peck and Langell, 2012). The optical band gap was estimated using Tauc 
plot: (αhν)1/r vs energy of the photons, where r represents the nature of 
the transition of the charge carriers and r = ½ for direct bandgap ma
terials. The bandgap was found by extrapolating the linear region of the 
curve to (αhν)2 = 0. The bandgap was observed to be ~3.28 and ~3.38 
eV for the NFs and NPs, respectively, which is similar to values reported 
previously (Hosny, 2011). 

The surface morphologies of the bare perovskite, NiOx NFs, and NPs 
deposited on the perovskite layer were studied by SEM as shown in Fig. 3 
(a)-(c). The nanoscale NiOx NPs and NiOx NFs were dissolved in a non- 
polar solvent, e.g., chlorobenzene, which can be directly spin-coated on 
the perovskite films as an HTL without decomposing the perovskite film. 
The NiOx NPs and NFs are uniformly distributed on the perovskite and 
confirmed by the EDS mapping corresponding to the Ni element. To 
evaluate the surface roughness variation without and with the NiOx 
HTLs, AFM surface morphologies were collected as shown in Fig. 3 (g)- 
(i). The as-deposited perovskite film possessed a surface root-mean- 
square (RMS) roughness ~6.35 nm. It is shown that the NiOx NPs 
made the perovskite layer smoother up to RMS ~ 5.41 nm, while the 
NiOx NFs could further increase the surface roughness to RMS ~ 7.90 
nm. This can be because the NiOx NFs might be embedded in the film 
and sticking out of the plane. For carbon-based PSCs, this can be ad
vantageous as the carbon electrode is mesoporous, and hence these fi
bers, that are out of the plane of the perovskite film, can be embedded 
into the carbon electrode, thereby increasing the effective contact area 
between the fibers and the carbon, and hence, efficient extraction of 
holes comes from the perovskite (Fig. 3(a)). 

Fig. 4(a) shows a schematic of the perovskite/Carbon interface with 
and without NiOx NFs and NP as HTL. Photoexcitation occurs in the 

Fig. 3. (a-c) Surface morphology, (d-f) EDS mapping of Ni and (g-i) large scale non-contact AFM image showing the topography of bare perovskite, perovskite with 
NiOx NPs, and NFs respectively. 
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perovskite upon absorption of the incoming solar spectrum, and the 
generated holes diffuse to the carbon electrode. In the case of bare 
perovskite, since both the perovskite and carbon surfaces are rough, the 
effective area of contact at this interface is limited, and hence inefficient 
extraction of holes occurs. When the pristine perovskite film was 
covered with NiOx NPs, the surface becomes much smoother, and hence 
holes can be easily extracted, thereby improving the performance of the 
device. When NFs are deposited on the perovskite film, the surface 
roughness increases even further. But this turns out to be an advantage 
as the increased roughness is due to the fibers standing out of the plane. 
As shown in Fig. 4(b), the introduction of NiOx nanofibers makes the 
interface between the carbon and perovskite denser, and hence the 
effective surface area of contact between the carbon and NFs increases, 
thereby improving the hole extraction capability. Moreover, the diffu
sion of holes is highly directional since NiOx NFs are highly directional 
(1D), which can enable a faster extraction of holes. 

To validate our hypothesis, we fabricated PSCs with NiOx NFs/NPs as 
HTL with an n-i-p structure configuration of ITO/SnO2/perovskite/ 
NiOx/Carbon, where a 25 μm thick carbon was doctor bladed as the 
counter electrode as shown in Fig. 4(b). The device performance with 
HTL-free PSCs is shown in Fig. 4(c) with reverse and forward scan. 
Firstly, we optimize the performance for NiOx-based devices for 
different thicknesses of NiOx HTL by varying the spin-coating speed 
from 2000 to 4000 r.p.m. As shown in supporting information Table S1, 
devices with NPs and NFs deposited at 3000 r.p.m. recorded the best 
PCE due to the impressive Jsc and FF. The electrical parameters of the 
champion devices for each condition are summarized in Table 1. PSCs 
fabricated with NiOx HTL demonstrated a significant increase in open- 
circuit voltage (Voc), fill factor (FF), and PCE. The champion cell with 
NiOx NFs and NPs had recorded a 26.37% and 21.87% improvement in 
PCE respectively when compared with the reference cell without NiOx 
HTLs. The significant boost in PCE can be attributed to the drastic 
improvement in Voc and FF of the devices due to the efficient extraction 

of holes by NiOx NFs/NPs, and thereby avoiding the non-radiative 
recombination with electrons that might have occurred had they not 
been extracted, as in the case of reference cells. Particularly, both NiOx 
HTLs can also address the hysteresis issue of the current voltage curve of 
the HTL-free carbon-based perovskite. Supporting information Table S2 
shows the electrical parameters of the champion cells under reverse scan 
(RS) and forward scan (FS). Hysteresis index (HI) was calculated using 
equation (1) to estimate the hysteresis changes. 

HI =
PCEreverse − PCEforward

PCEreverse
(1)  

where PCEreverse and PCEforward are the calculated PCE by RS and FS, 
respectively. Larger HI values correlate with increased hysteresis. As 
shown in Table S2, devices without NiOx shows the highest HI of 
17.01%. The devices with NPs and NFs had much lower HI of 6.9% and 
5.97% respectively. The significant hysteresis for NiOx-free devices is 
associated with the poor interface between the perovskite and carbon 
electrode, which affects the carrier transport via the interface. The 
drastically improved interfacial contacts for NiOx-based devices led to 
reduced hysteresis with better carrier transport. 

External quantum efficiency (EQE) spectra of the champion devices 
are shown in Fig. 5(c), where integral photocurrents as a function of 
wavelength are also presented. It is shown that the perovskite devices 
with NiOx HTLs shown improved EQE at short wavelength (<500 nm). 
The integrated photocurrent densities have a relatively smaller inte
grated EQE current density compared with the Jsc derived from J-V 
curves due to the poor reflectivity of the carbon electrode to sunlight and 
the perovskite/carbon interface still need to be improved (Peng et al., 
2021). 

EIS measurements were used to study the carrier recombination 
behavior in the devices. The Nyquist plots of perovskite devices with 
different HTL at an applied bias voltage of 0.5 V under dark conditions 
are shown in supporting information Fig. S4. The obtained data were 
fitted using Z-View software according to a simplified equivalent circuit. 
The semicircles at high frequency under dark conditions correspond to 
the recombination resistance (Rrec), and the devices with NiOx HTL show 
the maximum Rrec (Zhou et al., 2019). This increased Rrec signifies a 
better interfacial contact, reduced carrier recombination, and efficient 
extraction of charge carriers after the incorporation of NiOx. These re
sults are consistent with the device performance, which is further proof 
that adding the NiOx layer can improve the electrical performance of the 

Fig. 4. (a) Schematic illustration of hole extraction with and without NiOx HTL, (b) J-V curves with forward and reverse scan, and (c) external quantum efficiency 
(EQE) spectra of the champion cells with and without NiOx layer with the integrated current. 

Table 1 
Electrical parameters of champion devices with and without NiOx NFs and NPs.  

Cells Voc¸V Jsc, mA/cm2 FF, % PCE, % 

Without NiOx  0.99  21.21  48.04  10.11 
With NiOx NPs  1.0  22.07  58.4  12.94 
With NiOx NFs  1.03  22.07  60.62  13.73  
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devices. 
To study about the reproducibility of the devices, we fabricated 10 

cells each for the three different conditions: PSC without HTL (Refer
ence), and PSCs with NiOx NFs and NPs as HTL. It is clear from the 
distribution that the average PCE of the devices with NiOx NFs as HTL is 
higher than the average PCE for reference cells as well as cells with NP 
HTL. This, along with the slightly reduced Rs, and hugely increased Rsh 
(by almost 2–3 folds) is due to the improved interfacial contact with the 
carbon electrode which accelerates the hole extraction, and due to the 
inherent ability of NiOx to block the electrons. The boost in the Voc in
dicates that non-radiative recombination has been suppressed due to the 
electron blocking ability of the HTL. 

Fig. 6(a) shows the energy diagram in the NiOx HTL based perovskite 
solar cells, where the NiOx could promote the carrier extraction with 
desired band alignment. In addition, it is expected that the NiOx HTL can 
also improve the device stability due to the improved interface to pre
vent moisture and oxygen attack the perovskite layer. Fig. 6(b) shows 
the device stability of the planar carbon-based PSCs based on NiOx as 
HTL. The non-encapsulated device performance under ambient condi
tions (humidity: ca. 60%) without illumination for 120 h. The PCE of the 
device without NiOx started dropping faster than the devices with NiOx. 
However, all these devices had >90% initial PCE even after 120 h of 

storage. This is evidence that all the devices show excellent stability 
against moisture regardless of NiOx due to the carbon electrode which 
acts as a good hydrophobic barrier layer inhibiting water-indicated 
degradation of perovskite film. The initial accelerated degradation of 
the device without NiOx under light can be attributed to the unfavorable 
ion diffusion from perovskite films to the electrodes. NiOx may hinder 
the iodide escape from perovskite film, thus suppressing the sudden 
degradation of device performance (Chu et al., 2019). 

4. Conclusions 

In summary, we introduced the NiOx NFs as the HTLs for the planar 
carbon-based n-i-p PSCs. The overall efficiency of carbon-based PSC was 
enhanced by the inclusion of NiOx NF/NP HTL deposited on the 
perovskite layer. The interfacial contact was improved between the 
perovskite and carbon, which enhanced the hole extraction capability of 
the counter electrode. This contributed to the enhancement in the 
electrical characteristics of the devices compared to HTL-free devices, 
achieving a champion efficiency of 13.73% with NiOx NFs and 12.94% 
with NPs, as compared to only 10.11% without HTL. This work dem
onstrates that NiOx NFs is a suitable candidate for carbon-based 
perovskite with prolonged stability. 

Fig. 5. Statistical distribution of (a) Voc, (b) Jsc, (c) FF, (d) PCE, (e) Rs, and (f) Rsh of PSCs with and without NiOx NFs/NPs as HTLs.  

Fig. 6. (a) Energy diagram of the NiOx HTL in the perovskite solar cells, and (b) stability test of the perovskite solar cells without and with the NiOx NP and NF HTLs, 
respectively. 
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Jeon, N.J., Correa-Baena, J.-P., Bulović, V., Shin, S.S., Bawendi, M.G., Seo, J., 2021. 
Efficient perovskite solar cells via improved carrier management. Nature 590 (7847), 
587–593. 

Zang, L., Zhu, J., Xia, Y., 2014. Facile synthesis of porous NiO nanofibers for high- 
performance supercapacitors. J. Mater. Eng. Perform. 23 (2), 679–683. 

Zhang, L., Hu, J., Voevodin, A.A., Fong, H., 2010. Synthesis of continuous TiC nanofibers 
and/or nanoribbons through electrospinning followed by carbothermal reduction. 
Nanoscale 2 (9), 1670–1673. 

Zhou, J., Wu, J., Li, N., Li, X., Zheng, Y.-Z., Tao, X., 2019. Efficient all-air processed 
mixed cation carbon-based perovskite solar cells with ultra-high stability. J. Mater. 
Chem. A 7 (29), 17594–17603. 

S.N. Vijayaraghavan et al.                                                                                                                                                                                                                    

https://doi.org/10.1016/j.solener.2021.10.039
https://doi.org/10.1016/j.solener.2021.10.039
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0005
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0005
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0005
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0010
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0010
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0010
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0015
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0015
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0015
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0020
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0020
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0020
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0020
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0025
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0025
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0025
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0030
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0030
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0030
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0035
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0035
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0035
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0040
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0040
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0040
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0040
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0045
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0045
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0045
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0050
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0050
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0050
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0055
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0055
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0055
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0060
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0060
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0065
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0065
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0070
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0070
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0070
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0070
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0075
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0075
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0080
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0080
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0080
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0085
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0085
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0090
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0090
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0090
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0100
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0100
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0100
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0105
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0105
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0105
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0110
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0110
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0110
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0115
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0115
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0120
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0120
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0120
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0125
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0125
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0125
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0130
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0130
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0130
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0130
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0135
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0135
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0135
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0140
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0140
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0140
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0145
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0145
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0145
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0150
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0150
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0150
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0150
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0155
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0155
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0155
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0155
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0160
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0160
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0160
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0165
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0165
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0165
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0170
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0170
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0170
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0175
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0175
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0175
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0180
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0180
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0180
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0180
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0185
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0185
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0190
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0190
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0190
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0195
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0195
http://refhub.elsevier.com/S0038-092X(21)00895-1/h0195

	Interfacial engineering with NiOx nanofibers as hole transport layer for carbon-based perovskite solar cells
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 NiOx NPs and NFs synthesis
	2.3 Solar cells fabrication
	2.4 Materials and device characterization

	3 Results and discussion
	4 Conclusions
	Author contribution
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


