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A B S T R A C T   

Nickel hydroxide has been successfully employed as a precursor to the widely used, inorganic hole transport 
material (HTM) nickel oxide (NiOx). However, manufacturing NiOx HTM layers from nickel hydroxide is more 
complicated than those involving organometallic precursors due to its poor solubility/dispersibility. We report 
here a substantial increase in nickel hydroxide dispersibility in organic solvents by complexing it with mono
ethanolamine. These improvements have enabled us to develop a simpler method for processing nickel hydroxide 
that resemble the known sol-gel method. The new metal complex remains dispersed for months and converts to 
nickel oxide at a temperature similar to that of nickel hydroxide (270–300 ºC). An extensive characterisation of 
NiOx films obtained from the deposited precursor has been carried out. Perovskites solar cells have also been 
built with these films as a proof of concept, showing promising results for the layers sintered at low (270 ºC) and 
high (500 ºC) temperatures. The pixel with highest efficiency for both sintering temperatures were 14.7 % and 
16.7 %, respectively, which are close to or surpass the ones of the control samples (15.4 % and 15.7 %, 
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respectively). The applied unpaired t-test statistical method showed that the mean efficiency values for our thick 
samples prepared at 270 ◦C are not statistically different from those of the control cells. Furthermore, the samples 
prepared at 500 ◦C presented a significant statistical difference with the control cells, showing higher average 
efficiencies (12.8 % and 13.3 % versus 11.4 % and 11.7 %, reverse and forward measurements, respectively). The 
simplicity of the manufacturing method developed, together with the use of non-toxic organic compounds for its 
preparation and the promising results observed in solar devices, makes it suitable for being upscaled.   

1. Introduction 

Thanks to its unique combination of properties, nickel oxide has been 
used in a large number of fields, such as batteries[1], gas sensors[2], 
antimicrobial[3] and electrochromic[4] materials, catalysts[5], optical 
filters[6], ceramic structures[7,8], cements[9], efficient smart windows 
[10] and photovoltaics[11,12], but particularly perovskites solar cells 
(PSC)[11,13–15] and organic solar cells[16,17]. PSC devices use nickel 
oxide (NiOx) as a hole transport material (HTM) due to its p-type con
ductivity and an energetically favourable energy level alignment with 
photoactive lead halide perovskite-type absorbers [11]. It is often 
preferred to other HTM candidates such as spiro-OMeTAD[15,18], 
PEDOT:PSS[17], poly-TPD[19], PTAA[18], V2O5[20], CuInS2[21], 
CuSCN[22] or Cu2O[23] due to its high optical transmittance in com
parison to other inorganic HTM, hole conductivity and long-term 
chemical stability [11]. Chemical and high vacuum methods to obtain 
nickel oxide films for PSC have been developed[11,24–29] with the built 
devices showing promising efficiencies (power conversion efficiencies 
(PCE) of ca. 19 %)[25,26]. Low-vacuum and non-vacuum methods are 
preferred due to their easier processing, lower capital costs of equipment 
and potential to scale. These require close control (e.g., homogeneity 
and stability of the precursor solution, uniform deposition along the 
substrate) to achieve consistent HTM layers. As such, various chemical 
methods have been tested to obtain NiOx, such as, atomic layer depo
sition (ALD)[30], solvothermal[31], microwave synthesis[32] and 
electrodeposition[33]. One of the most widely used is the sol-gel route 
due to its simplicity[12,24,25,34–36]. This method consists of dissolv
ing a nickel organic salt together with a stabilizing agent in an organic 
solvent. The resulting solution is later deposited and thermally treated to 
obtain NiOx. Several metalorganic precursors have been tested[24,25, 
37]. These salts decompose to form the metal oxide at different tem
peratures which limits the substrates which can be used, e.g., nickel 
formate (Tprocess>340 ºC)[38,39], nickel acetate (Tprocess>350 ºC)[40], 
nickel bisacetylacetonate (Tprocess= 345 ºC)[41] and nickel oxalate 
(Tprocess= 365 ºC)[42]. In practice, these precursors are calcined at 
temperatures well above their decomposition temperature to improve 
device efficiency[25,43] (450–500 ºC). These temperature values also 
restrict the transparent conducting oxides (TCOs) that can be used to 
build the devices[44]. 

Another widely used method is based on the synthesis of nickel oxide 
nanoparticles (NPs) which generally uses pre-synthetised nickel hy
droxide as the NPs precursor. The hydroxide decomposes into oxide NPs 
at the lowest temperatures reported among NiOx precursors (i.e., 270 
and 300 ºC)[14,15,29,45–47]. Subsequently, the oxide particles ob
tained are dispersed by sonication and deposited. This method has 
produced PSC devices with PCE ranging from 15 % to 21 % depending 
on device configuration[15,29,45,47]. It is also suitable for flexible 
substrates, since NiOx is already present and only some heating is 
necessary to evaporate the remaining solvent (120 ºC)[45]. Further
more, NP-based films can be tuned through their particle size to adjust 
their energy level positions. This in turn can improve PSC efficiency due 
to improved charge extraction[11]. Although this method has several 
advantages over the sol-gel method, it requires more preparation steps 
which complicates industrial upscaling. To simplify the process of 
obtaining NiOx films from nickel hydroxide, other techniques such as 
electrochemical deposition[33] can be used. This technique deposits 
nickel hydroxide directly on the substrate, which gives it better 

processability than the NPs method and prevents the presence of 
dangerous nanoparticle dust during the manufacturing process. A PSC 
device efficiency of 21.74 % after UV ozone (UVO) surface treatment has 
been reported for these films[33]. Although electrodeposition of nickel 
hydroxide involves less complexity and is safer than processing the 
nickel hydroxide in the manner presented above, this method is still far 
from the simplicity of the sol-gel method. A straightforward method that 
allows to use nickel hydroxide nanoparticles as a precursor for NiOx 
films hasn’t yet been developed. 

In this paper, we present a simple method to manufacture NiOx films 
using nickel hydroxide as a precursor. We prepared an organometallic 
compound from a previously synthesised nickel hydroxide powder and 
monoethanolamine that is easily and quickly dispersible in ethanol, 
unlike nickel hydroxide[48]. The obtained colloidal dispersion is very 
stable, showing no sedimentation several months after preparation. The 
simplicity of this process is similar to that of the sol-gel method since 
only hydroxide powder and amine need to be mixed. Furthermore, this 
method avoids colloidal dispersion by sonication and thermal treatment 
of the precursor powder in the oven (both steps characteristic of the NPs 
method) whilst the material retains a decomposition temperature close 
to that of nickel hydroxide (i.e., best among NiOx precursors). By 
removing these steps, we simplify NP processing, making it easier to 
upscale and combine the smooth processing of the sol-gel method with 
the advantages of using nickel hydroxide as NiOx precursor. The ob
tained nickel oxide films have been electrically, optically, morphologi
cally, and compositionally characterised. Finally, we show its potential 
application as HTM on inverted PSC devices demonstrating the validity 
of this method. 

2. Experimental section 

All chemicals were purchased from Sigma-Aldrich unless stated 
otherwise. Chemical purities are those provided by suppliers. All sam
ples were prepared using the chemicals from these suppliers and with 
those purities. All compounds were weighed using an analytical balance 
(±0.1 mg). 

2.1. Synthesis of nickel hydroxide (P1) 

Synthesis of this precursor employed the coprecipitation method 
developed by Fei Jang et al.[48]. Briefly, 54.2 mmol of nickel (II) nitrate 
hexahydrate (99.999 %) was dissolved in 100.0±0.1 mL of distilled 
water using magnetic stirring. Then 50.0±0.1 mL of a 10 M sodium 
hydroxide (≥98 %) solution was prepared using a volumetric flask. It 
was added drop-by-drop to the stirred nickel solution until reaching a 
pH of 10.00±0.01 (Orion Star a211 pHmeter). The obtained green 
powder was filtered using Buchner funnel vacuum filtration (Whatman 
qualitative filter paper, grade 1) and washed with DI water and ethanol. 
The powder was dried for 6 h at 80 ºC in a conventional oven. Finally, 
the powder was ground in an alumina mortar. 

2.2. Preparation of nickel hydroxide-monoethanolamine complex (M1) 

50.0 mg of nickel hydroxide powder (P1) and 2.7 mmol of mono
ethanolamine ((≥99 %), molar ratio 1:5) were mixed with a stirring bar 
at 40 ± 5 ºC using a hot plate stirrer. Samples stirred for different times 
were prepared: 24 h (D24h), 48 h (D48h) and 72 h (D72h). 
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2.3. Nickel complex dispersion, film deposition, and thermal treatment 

The resulting nickel complex was mixed with ethanol (≥ 99.8 %, 
Fisher Scientific) and shaken for 1 min. The solid content was 1.25 % 
(weight % of nickel hydroxide precursor; the weight % of the other 
components was: 4.12 % of monoethanolamine and 94.63 % of ethanol). 
A turbid dispersion was obtained and filtered with a 0.2μm PTFE filter. 
The filtered dispersion was deposited on soda lime-glass (SLG) and TEC- 
7 fluoride-doped tin oxide (FTO) by spin coating at 6000 rpm for 30 s. 
The films were thermally treated at 180 ºC (F180), 270 ºC (F270), 320 ºC 
(F320), 400 ºC (F400) and 500 ºC (F500) for 30 min in a high temperature 
titanium hot plate (±2 ◦C). 

2.4. Solar cell fabrication 

Lead iodide (99.99 %) was purchased from TCI Chemicals. [6,6]- 
Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from 
Ossila (Sheffield, United Kingdom). 

2.4.1. Preparation of substrates 
FTO glass was employed as the substrate (2.7×2.7 cm2). A small strip 

of the FTO layer (0.5±0.1 cm) was removed by employing zinc powder 
and a 2 M solution of hydrochloric acid (HCl, prepared with a 20.0 
±0.1 mL volumetric flask). The substrates were rinsed with deionised 
water and sequentially sonicated in an ultrasonic bath at 40 ◦C for 
15 min with 2 % (vol%) Hellmanex detergent, water, acetone, and iso
propanol. The substrates were then dried to N2 and treated by plasma 
irradiation (oxygen plasma cleaner) for 8 min prior to the deposition of 
the device layers. 

2.4.2. Preparation of hole transport layers (HTLs) 
NiOx films were prepared on cleaned FTO substrates. The nickel 

complex dispersion that was developed in this manuscript and a control 
solution (sol-gel method, nickel acetate dihydrate dissolved in 2- 
methoxyethanol[43]) were used to obtain these films. 

Nickel complex solution films were spin-coated for 30 s at 6000 rpm 
(“thin” films) and 2000 rpm (“thick” films) and heated in a high tem
perature titanium hot plate (±2 ◦C) for 30 min at 270 ºC and 500 ºC. 
These films were labelled -thin(270), thick(270), thin(500) and thick 
(500) films. No thickness measurements were made. 

Control solution films were spin-coated for 30 s at 3000 rpm[43] and 
heated in a high temperature titanium hot plate (±2 ◦C) for 30 min at 
270 ºC and 500 ºC. These films were labelled -control(270) and control 
(500) films-. 

Table 1 shows a summary of the samples prepared. Similar films 
were prepared for the cyclic voltammetry analysis. 

2.4.3. Assembly of perovskite solar cell (PSC) devices 
All the PSCs were fabricated with the inverted configuration (p-i-n). 

For the perovskite layer, a 1.25 M solution of methyl ammonium iodide 
(MAI) and lead iodide (PbI2) in a 4:1 v/v mixture of dimethyl form
amide/ dimethyl sulfoxide (DMF/DMSO) was prepared before filtering 
through a 0.2 μm PTFE syringe filter. The perovskite solution was spin- 
coated over the NiOx-coated substrates at 4000 rpm for 30 s in a N2-filled 
glovebox. 200 μL of ethyl acetate were dropped as antisolvent as close to 
7 s as possible (looking at stopwatch) after the start of the spin-coating of 
the perovskite layer. The perovskite films were then placed on top of a 
high temperature titanium hot plate (±2 ◦C) at 100 ◦C for 10 min and 
left to cool down for two additional minutes. 100 μL of a 22 mM solution 
of PCBM in chlorobenzene was spin coated on top of the perovskite layer 
at 3000 rpm for 30 s and allowed to dry. Finally, 100 μL of a 1.4 mM 
solution of bathocuproine (BCP) in ethanol was spin coated on top of the 
PCBM layer at 6000 rpm for 30 seconds and allowed to dry. Silver was 
evaporated as the metallic contact in a high-vacuum physical vapour 
deposition chamber (Edwards E306 Bell Jar Evaporator) under pressure 
below 1.5 ×10− 5 mbar. Each substrate had 8 pixels per substrate. 

2.5. Characterisation 

The crystallinity of the powders and films was analysed by X-Ray 
Diffraction (Bruker D8 Discover XRD) using Cu Kα radiation source (λ =
1.5406 Å, angle range 2θ = 30− 85). Thermogravimetric Analysis and 
Differential Scanning Calorimetry in air (TGA/DSC) was used to find the 
hydroxide to oxide transition temperature of the precursor powder 
(STA6000, Perkin Elmer) and to analyse the thermal chemistry of the 
metallic complex (Seteram Labsys Evo (STA)). Pyrolysis-gas chroma
tography-mass spectrometry (Py-GC-MS, Pyrolizer: CDS Analytical 
Pyroprobe 5000 series, GC: Agilent 7890B and MS: Leeco Pegasus BT) 
and Fourier transform infrared spectroscopy (FTIR Microscope, Perkin 
Elmer Spotlight 400) were used to analyse the functional group in the 
precursors. The Tyndall effect of the dispersions was imaged with a 
Canon EOS 750D camera (exposure time: 13 s, camera aperture: F5.6, 
ISO sensitivity: 400) using a red laser (630–680 nm wavelength) as light 
source. UV/visible spectroscopy (Perkin Elmer Lambda 9 UV-Vis-NIR 
spectrometer) was used to obtain transmission spectra of nickel oxide 
films and FTO substrate (wavelength range λ = 300–800 nm). The films 
wettability was analysed by contact angle (FTA 1000 B Class) using 
distilled water. The morphology of nickel hydroxide precursor powder 
was analysed by scanning electron microscopy (SEM, JEOL 7800 F FEG- 
SEM) and atomic force microscopy (AFM, JPK Nanowizard 3 AFM-SKP) 
was used to study the surface topography of nickel oxide films. The 
surface chemistry of films was analysed by X-ray photoelectron spec
troscopy (XPS, Kratos Axis Supra). The blocking effect of the nickel 
oxide layers was evaluated by cyclic voltammetry (CV) with a Gamry 
600 potentiostat using a non-aqueous electrolyte containing 2 mM 
ferrocene (Fe(C5H5)2) and 0.1 M solution of tetrabutylammonium hex
afluorophosphate (Bu4N+PF6

- ) in acetonitrile. The counter electrode was 
a platinum wire and Ag/Ag+ electrode was used as a reference. All scan 
rates of CV measurements were performed at 50 mV/s. The resistance of 
the films was obtained from the slope of I-V curves for the FTO/NiOx/Ag 
structure. These I-V curves were measured with a Keithley 2400 source 
meter from 2 V to − 0.1 V and from − 0.1 V to 2 V, with a step size of 
50 mV and a scan rate of 108 mV/s (due to the configuration of the 
equipment). For the photovoltaic characterisation of the perovskite 
devices, the current voltage curves of the devices were also measured 
with the above equipment and a class AAA solar simulator (Newport 
Oriel Sol3A), under simulated AM1.5 sun illumination (calibrated 
against a KG5 filtered silicon reference cell, Newport Oriel 91150-KG5). 
A mask of (0.09 cm)2 was employed to avoid contributions from scat
tered light from the glass. The I-V curves were measured from 1.18 V to 
− 0.1 V and from − 0.1 V to 1.18 V, with a step size of 20 mV and a scan 
rate of 93 mV/s (due to the configuration of the equipment). 

Table 1 
Description of NiOx samples prepared for solar devices and cyclic voltammetry 
analysis.  

Sample Nickel precursor 
concentration (M) 

Spin coater 
speed (rpm, 

30s) 

Heating 
temperature 

(ºC) 

Precursor 

Thin 
(270) 

0.11 6000 270 Nickel 
hydroxide 

Thick 
(270) 

0.11 2000 270 Nickel 
hydroxide 

Control 
(270) 

0.20 3000 270 Nickel 
acetate 

Thin 
(500) 

0.11 6000 500 Nickel 
hydroxide 

Thick 
(500) 

0.11 2000 500 Nickel 
hydroxide 

Control 
(500) 

0.20 3000 500 Nickel 
acetate  
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3. Results and discussion 

3.1. Nickel hydroxide precursor and metalorganic compound 

Precursor powder (P1) was synthetised by co-precipitation as 
described in the experimental section. XRD analysis (green line, Fig. 1a) 
shows peaks with d-spacings values of 2.69, 2.33, 1.56 and 1.49 Å that 
can be related with the (100), (101), (110) and (111) crystallographic 
planes (respectively) of β-nickel hydroxide (JCPDS No. 14–0117). The 
low intensity and broadness of the peaks suggest a small particle size or 
sub-domains or may indicate low crystallinity. Agglomerates of small 
particles with particle sizes < 100 nm are observed in the SEM image 
(Fig. 1c), confirming the small particle size indicated by the XRD data. 
No obvious Ni(OH)2 platelets were seen by SEM which can be linked to 
the low peak intensity observed in XRD. The notable difference in the 
amplitude of the Ni(OH)2 peaks may be related to a rapid formation of 
the precursor powder, a consequence of using a strong alkali (NaOH 
10 M) as a precipitation agent and low supersaturation conditions dur
ing precipitation. This generates a disordered growth of nickel hydrox
ide resulting in different peak widths[49]. The XRD diffractogram of the 
precursor powder treated for 2 h at 270 ºC (P2, black, Fig. 1a) shows 
better-defined peaks with d-spacings values of 2.43, 2.09, 1.49, 1.27 and 
1.22 Å that are consistent with the expected nickel oxide peaks (JCPDS 
NiO nº: 78–0643) and are related to planes (111), (200), (220), (311) 
and (222), respectively. The crystallite size obtained from Scherrer 
equation (D= (kλ/β cos θ), where D is the size of the particle, K is the 
Scherrer’s constant (0.94) and λ is the X-ray wavelength (1.5406 Å) for 
this powder ranges from 2.7 to 4.3 nm. No nanoparticles can be 
distinguished in SEM analysis for P2 (Fig. 1d). If the sintering temper
ature of precursor powder is increased up to 500 ◦C, an increase in 
particle size and crystallinity of nickel oxide particles can be detected in 
XRD analysis (Supporting Information, Fig. S1a)). Nanoparticles with 
sizes <25 nm are observed for P3 (SI, Fig. S1b). 

The TGA/DSC analysis of P1 (Fig. 1b) shows 2 main stages of mass 

loss: firstly, between 50 and 175 ºC related to a dehydration process of 
the nickel precursor (Ni(OH)2.xH2O → Ni(OH)2 + xH2O, endothermic 
peak around 90 ºC) and then between 220 and 330 ºC related to a nickel 
hydroxide dehydroxylation process (Ni(OH)2 → NiO + H2O, endo
thermic peak around 275 ºC)[50]. The 2nd stage of mass loss confirms 
that the transition from nickel hydroxide to nickel oxide happens at the 
expected temperature, within the range of temperatures previously 
observed by other researchers (270–320 ºC)[14,15,29,45–47,50]. 

The precursor powder P1 was used to obtain the nickel hydroxide- 
monoethanolamine complex, M1 as per the experimental procedure. 
The TGA curve of (Fig. 2a) shows 4 regions of mass loss corresponding to 
4 dTG peaks at 160 ºC, 195 ºC, 262 ºC and 390 ºC. The 1st and 2nd peaks 
can be related to the loss of MEA (53 % and 14.6 % mass loss with 
respect to the initial mass, respectively). The boiling point of MEA (170 
ºC) is similar to the value of the first dTG peak observed, indicating that 
this evaporated MEA may not bonded to the nickel[51]. The second dTG 
peak appears at a temperature higher than the MEA boiling point (195 ºC 
vs 170 ºC) suggesting that this MEA is coordinated to the nickel hy
droxide[51]. The 3rd peak can be related to the transition to nickel oxide 
[50]. The 4th loss of mass observed at 390 ºC and associated with a high 
intensity exothermic peak (Fig. 2a, DSC) is related to the elimination of 
the remaining carbonaceous residues through oxidation[52]. Generally, 
a temperature higher than the precursor decomposition temperature is 
needed to obtain an organic-free metal oxide film in sol-gel processes 
that use amines as stabilizers[25,43]. In Figs. 2b and 2c, the GC-MS data 
of evolved gases from M1 at 400 ºC and 500 ºC, respectively are shown. 
The peak with the largest area observed in both analyses is the MEA peak 
(retention time: 774.5 s and 773.8 s, respectively). This points out that a 
large part of MEA is not coordinated to nickel hydroxide as observed in 
TGA analysis (Fig. 2a). On the other hand, the other main peaks that 
appear in both GC-MS analyses are related to amine-based compounds 
(e.g., methenamine, N-methoxy or pyrazine). The presence of these 
peaks suggests that there is some chemical bonding between the nickel 
hydroxide and part of the added MEA. Fig. 2d shows the FT-IR spectra of 

Fig. 1. a) XRD analysis of powders P1 (nickel hydroxide, precursor powder) and P2 (nickel oxide, sintered at 270 ºC for 2 h in a conventional oven), b) DSC/TGA 
nickel hydroxide precursor (P1),c) and d) SEM micrography of nickel hydroxide precursor powder (P1) and nickel oxide (P2). 
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P1, MEA and M1. The FT-IR spectrum of M1 shows a narrow and 
low-intensity peak around 3640 cm− 1 related to Ni(OH)2 (O-H stretch
ing[53]). It also shows characteristic MEA peaks around 3400 and 
3300 cm− 1 (O-H and N-H stretching[54]) and 1600, 1360 and 
1030 cm− 1. All the peaks mentioned above are shifted to lower wave
number values with respect to the same peaks observed for P1 and MEA. 
The change in position of the characteristic bands of the MEA is nor
mally caused by the interaction of the metal with the ligand system[55]. 
Lower wavenumber values are obtained when the molecular weight 
increases (since frequency of vibration is inversely proportional to the 
molecular weight of the vibrating molecule), which is consistent with 
the formation of a new chemical compound composed of ethanolamine 
and nickel hydroxide. Other characteristic MEA peaks around 1160, 
1080, 950 cm− 1 related to -C-C-, -C-N- or -C-O- stretching[54], greatly 
decreased in intensity or were not observed. This is commonplace when 
a ligand (MEA) coordinates with a metal (nickel)[55]. A new peak at 
430 cm− 1 related to the M-O bond (oxygen from MEA) also appears in 
the M1 spectrum[56]. These results confirm the formation of a metallic 
complex between nickel and MEA previously suggested by the GC-MS 

and DSC-TGA analyses. 

3.2. Nickel oxide films 

M1 was easily mixed with ethanol thanks to the excellent miscibility 
of MEA with polar organic solvents, thus obtaining particle dispersions 
(D samples).In Fig. 3a), it can be observed that the dispersion colour is 
different depending on the processing time − 24 h, 48 h and 72 h- of the 
thermal treatment at 40 ºC (D24h, D48h and D72h respectively). The 
colour change could be related with a partial oxidation of the starting Ni 
(OH)2 (green) to NiOOH (black)[57]. 

These samples were deposited on bare glass via spin coating, ther
mally treated, and their transmittance measured using UV–vis spec
troscopy (SI, Fig. S2). The average transmittance in the visible range 
(380–750 nm) of these samples is ≥86 %. The film transmission in the 
visible range is similar for the 3 samples. The dispersion with the 
shortest processing time should be selected (D24h) to simplify the pro
duction of nickel oxide. However, to prepare NiOx films, D48h was used 
because D24h showed incomplete dispersion of P1 (i.e., sediment at the 

Fig. 2. a) DSC-TGA/dTG of M1 (nickel hydroxide powder and MEA mixture), b) GC-MS at 400 ºC of M1, c) GC-MS at 500 ºC of M1, d) FT-IR analysis of P1 (nickel 
hydroxide), MEA and M1(mixture of P1 and MEA). 
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bottom of the vial after mixing with ethanol). A change in the colour of 
D48h was observed over time (Fig. 3). This changed from bright green 
(freshly prepared sample) to yellowish brown at 72 h and dark brown at 
2 weeks. This dark brown colour remains stable after 7 months of 
preparation (SI, Fig. S3). The Tyndall effect was observed when a red 
laser light (630–680 nm wavelength) passed through D48h at these 3 
stages of time (Fig. 3b), c) and d)) indicating the presence of suspended 
colloidal particles. Furthermore, no solid precipitation appeared after 7 
months (SI, Fig. S3c)), confirming a stable colloidal dispersion. The 
colour change observed in Fig. 3b), c) and d) suggests again that nickel 
oxide is oxidised to nickel oxyhydroxide. FT-IR analysis of freshly pre
pared D48h (green) and D48h 72 h after preparation (brown-yellowish) 
showed the presence of a tiny peak at 3643 cm− 1 (both) associated to Ni- 
OH vibration[58] (SI, Fig. S4, zoomed area). These peaks partially 
demonstrate that the nickel oxidation hypothesis is valid, since both Ni 
(OH)2 and NiOOH show this band. However, we couldn’t detect in D48h 
(72 h) the presence of a band around 420 cm− 1 related to Ni-O 
stretching vibration mode[58]. This band would have confirmed the 
presence of NiOOH but the band is probably too weak to be observed 
given that the higher intensity O-H stretch is only visible for this sample. 

The spin-coated films prepared from D48h were thermally treated for 
30 min at different temperatures: 270 ºC (F270), 320 ºC (F320), 400 ºC 
(F400) and 500 ºC (F500). The transmittance spectra for these films are 
similar to bare FTO (Fig. 4). The samples processed at lower T (F270 and 
F320) presented lower transmittance than FTO in some regions of the 
visible range (between 500 and 800 nm, Fig. 4, inset). F400 and F500 
show a smaller difference in transmittance compared with FTO. The 
XRD analysis of these films (SI, Fig. S5) doesn’t show any peaks related 
to nickel oxide or nickel hydroxide, since the FTO signal is very intense, 
and the expected NiOx film thickness is very low. 

The measurement of film resistance is presented in Fig. 5a. Samples 
F180 and F270 showed the highest (lowest gradient) and lowest (highest 
gradient) resistance, respectively. The large decrease in resistance from 
F180 to F270 is expected due to the transition from nickel hydroxide (very 
low conductivity) to NiOx[59] at 270ºC. The oxide phase has better 
conductivity than the hydroxide, showing a greater difference in con
ductivity between both at temperatures close to 300 ºC[59]. On the 
other hand, from F270 to F320 the resistance increases and then decreases 
again with temperature (decreases from F320 to F400 and from F400 to 
F500, Fig. 5a) so that F500 exhibits a similar film resistance to F270. A 
different trend can be seen in the F-series contact angle measurements 

(Fig. 5b). The highest contact angles were observed for F180 (75.1º) and 
F400 (68.7º), respectively. The contact angle decreases several degrees 
when the temperature increases from 180 ºC (F180, 73.6±1.5º) to 270 ºC 
(F270, 55.9±2.8º). It remains similar at 320 ºC (F320, 55.1±2.8º) and 
increases again at 400 ºC (F400, 67.2±3.6º). Finally, the contact angle 
decreases again at 500 ºC (F500, 55.7±1.9º) to reach values close to F270 
and F320. The film resistance and contact angle results suggest that 
surface modification is taking place during the thermal treatment. To 
further study changes in surface composition, XPS analysis was carried 
out (Fig. 5c and Fig. 5d) of the F-series. All F samples except F180 exhibit 
2 peaks around 853.9 eV and 855.5 eV (Fig. 5c) that are characteristic of 
NiO and NiOOH contributing heavily to the composition. Nickel oxide 
exhibits a split spin-orbital with a difference between its components of 
1.71 eV[60], which is similar to the that observed in all F samples but 
F180. F180 only presents 1 peak at 856 eV (Fig. 5c), which is related to a 
majority presence of nickel hydroxide phases (Ni2p3/2 Ni(OH)2)[60]. 
The XPS data also confirm that the transition from nickel hydroxide to 
oxide has occurred at 270ºC. The O1s spectral component of nickel oxide 
is also found for samples F270, F320, F400 and F500 (peak around 529.3 eV 
[60], Fig. 5d). 

Fig. 3. a) Picture of 3 dispersions at 24 h, 48 h and 72 h of processing time at 40 ºC (hot-plate stirrer, ±5 ◦C) of M1, b) D48h freshly prepared, c) D48h 72 h after 
preparation, d) D48h 2 weeks after preparation. 

Fig. 4. Transmission spectra of D48h films treated at different temperatures for 
30 min (zoomed in transmittance range 65 %-81 %). 
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To clarify the compositional differences between these samples, a 
quantitative analysis of the spectra was carried out using the Biesinger et 
al. model[60,61]. Ni2p XPS signals related to Ni(OH)2, NiOOH (β and γ) 
and NiO were considered for the quantification (SI, Fig. S6, example of 
phase deconvolution, F270). The results showed (Table 2) that F180 
contains negligible quantities of NiO (< 2 %). It initially increases to 
63.1 % (F270) to a maximum of 68.7 % (F500), with the NiOOH phases 
decreasing from 29.6 % (F180) to below 8 % for all other tested tem
peratures. It indicates a conversion from NiOOH + Ni(OH)2 to NiO at 
270 ºC. Table 2 also shows that the lowest percentages of Ni(OH)2 were 
obtained for F270 and F500 (29.4 % and 24.5 %, respectively). The 
amount of Ni(OH)2 increased from 29.4 % (F270) to 31.7 % and 34.4 % 
for F320 and F400, respectively. 

These values suggest that the higher contact angle obtained for F400 
with respect to F270 can be related to a higher presence of nickel hy
droxide. Whilst surprising, it has been demonstrated before that the 
hydroxide interacts weakly with water (hydrophobic) while other nickel 
species such as NiOOH[62] or nickel oxide[63] show a high affinity for it 
(hydrophilic). This weak interaction of Ni(OH)2 with H2O is observed in 
F180 with this sample showing the highest contact angle. The elimination 
of the remaining hydrophilic organics around 400 ºC (confirmed by 
DSC/TGA analysis, Fig. 2a) would also explain the higher contact angle 
observed in F400. As the temperature increases, the percentage of nickel 
hydroxide is expected to decrease as the amount of nickel oxide in
creases due to dehydroxylation[50]. This is clearly seen comparing F270 
and F500 as Ni(OH)2 decreases from 29.4 % to 24.5 % and NiO increases 
from 63.1 % to 68.7 % (Table 2). However, an unexpected increase in 

the amount of nickel hydroxide is observed for F320 and F400 with respect 
to F270 (Table 2). This is ascribed to the nickel-attached MEA dis
appearing from the film and reacting with some of the NiO present 
converting it into Ni(OH)2 and NiOOH. The possible reaction stages 
could be as shown below:  

1. Ni(OH)2NiOOH(MEA)x+ MEA
(
free

)
̅̅̅→
270℃ NiOx(MEA)y +

A Ni(OH)2+ D NiOOH+ MEA(g
)
+ OOC(g

)

2. NiOx(MEA)y + A Ni(OH)2 + D NiOOH ̅̅̅→
400℃ NiOx(MEA)z +

BNi(OH)2 + E NiOOH + OOC(g)

3. NiOx(MEA)z + B Ni(OH)2 + E NiOOH ̅̅̅→
500℃ NiOx + CNi(OH)2 +

F NiOOH + OOC(g)

* (MEA)x>(MEA)y>(MEA)z, A<B, B>C and A>C, D<E, E>F and 
D>F 

** OOC: Other Organic Compounds that are not MEA 
*** NiOx contains Ni+2 and Ni+3 species in an unknown ratio 
At 270ºC, the nickel hydroxide metallic complex transitions to nickel 

oxide and, part of the MEA evaporates. Unbound MEA evaporates 
completely (2nd dTG peak in Fig. 2a) while the bonded MEA only 
partially evaporates (reaction 1). As the temperature increases, the MEA 
bond to NiOx is broken, consequently producing a reverse transition 
from NiOx to Ni(OH)2 and NiOOH (reaction 2). The hypothesis of a re
action between MEA and nickel oxide that would generate more nickel 
hydroxides and new organic compounds is supported by the high pres
ence of new amine-based compounds (e.g., pyrazine or triazole) detec
ted in GC-MS analyses (Figs. 2b and 2c). The organic matter bonded to 
nickel completely disappears around 450 ºC (end of mass loss, DSC-TGA 
analysis, Fig. 2a). Above 450 ºC, no presence of organic matter is 
detected, which means that no extra Ni(OH)2 should be generated (no 
reverse transition from oxide to hydroxide happening from this tem
perature). The remaining nickel hydroxide is then easily dehydroxylated 
at 500 ºC (reaction 3), which explains the high increase in the amount of 

Fig. 5. a) Conductivity measurement of D48h films treated at different temperatures (180, 270, 320, 400 and 500 ◦C) for 30 min, b) Contact angle measurements of 
D48h films treated at different temperatures for 30 min, (representative angles were selected) c) Ni2p XPS measurements of F-series films, d) O1s XPS measurements 
of F-series films. 

Table 2 
Percentage of each nickel specie obtained by XPS spectra deconvolution.   

NiO (%) Ni(OH)2 (%) NiOOH (%) Total (%) 

F180 1.5 68.9 29.6 100 
F270 63.1 29.4 7.5 100 
F320 63.2 31.7 5.1 100 
F400 57.9 34.3 7.8 100 
F500 68.7 24.5 6.8 100  
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NiO observed in F500 with respect to F400 (Table 2). These reactions were 
simplified by not adding possible by-products such as Ni(OH)2(MEA) or 
NiOOH(MEA). This makes the reactions easier to understand and keeps 
the focus on NiOx, Ni(OH)2 and the NiOOH interaction. The high 
number of compounds taking part in these proposed reactions, very 
clearly shows the complexity of producing nickel oxide electrodes which 
is why they are difficult to make consistently to a high quality. 

On the other hand, the difference in the resistance of the films can be 
explained by the presence of different species of nickel and organic 
matter and the size of NiOx crystals. Samples F180 and F270 showed the 
highest and lowest film resistance, respectively (Fig. 5a) in the F-series. 
This agrees with Wu and Hsieh observations[64]; before the transition to 
NiOx, the hydroxides precursor shows a low conductivity that highly 
increases when the conversion to oxide happens and then decrease as 
the temperature increases. This important increase in conductivity (or 
decrease in resistance) due to the dehydroxylation is observed in F270 
(mostly composed of NiOx) when compared to F180 (mostly composed of 
nickel hydroxides). The conductivity then decreases with temperature, 
perhaps due to the increase in the grain size[64]. The increase in 
resistance from the NiOx formation (in our case at 270ºC) can be 
observed in sample F320 which shows a higher resistance than F270 
(Fig. 5a). Its higher resistance may also be associated with the higher 
presence of Ni(OH)2 (non-conductive) and lower presence of NiOOH 
(conductive) with respect to F270 (Table 2). However, F400 showed lower 
resistance than F320 even though it contains a higher percentage of Ni 
(OH)2 and a possibly larger nickel oxide grain size[64].In this case, the 
lower resistance of F400 is related to the removal of non-conductive 
organic matter at 400 ºC (Fig. 2a, exothermic peak) and the increase 
of conductive Ni3+ compounds (NiOOH and NiOx[33,65], Table 2) 
which increase charge carrying, p-type defects (holes) in the material. 
The decrease in resistance of sample F500 (Fig. 5a) is related to the large 
increase in conductive NiOx phase and the decrease in Ni(OH)2. The 
average RMS roughness for the FTO substrate, F270 and F500 is 37.23 nm, 
25.84 nm and 52.67 nm, respectively (AFM measurements, SI, Fig. S7) 
which appears to be a reduction in substrate roughness for the F270 
sample compared to the bare FTO indicating the peaks and troughs are 
evened out by the presence of the HTM layer. This may be beneficial in 
terms of electrical conductivity if this material is used in PSC devices[33, 
66]. The apparent greater roughness of sample F500 compared to F270 is 
explained by the increase in grain size in F500 due to the higher tem
perature applied which may lead to a form of Ostwald ripening where 
smaller nanoparticles recystallise into larger ones. 

Cyclic voltammetry is a simple and efficient method to explore the 
blocking effect on compact layers[67]. We used this method to compare 
the blocking effect of our NiOx films (thin(270), thick(270), thin(500) 
and thick(500) samples) with control films (control(270) and control 
(500) samples). Both type of samples were sintered at 270 ºC and 500 ºC 
for 30 min. A description of the different samples prepared can be found 
in Table 1. 

The CV data of pure FTO (Table 3) presents a Nernstian response, in 
which the peak-to-peak separation value (ΔEP) between the anodic peak 
potential (EPA) and the cathodic peak potential (EPC) is 741 mV. Because 
of the signals detected, which are related to the redox reaction of 

ferrocene, bare FTO was proposed as the reference sample to evaluate 
the blocking performance of the NiOx layers. The ratio of peak current 
density (IP(NiOx)/IP(FTO) from the Randles-Sevcik equation[68]) could 
then be used to explain the electrochemical behaviour of the NiOx 
layers. 

IP = k × n3/2 × A × c × D1/2 × ν1/2 (Randles-Sevcik equation)[68] 
* k is a constant, n is the number of electrons transferred in the redox 

couple, A is the electrode area, D is the diffusion coefficient and ν is the scan 
rate. 

The blocking layer efficiency is higher if a lower IP(NiOx)/IP(FTO) ratio 
is obtained. In our case the current density (IP) value detected for the 
FTO substrate was the lowest among all the measured samples, making 
impossible to detect any blocking effect using the bare FTO as reference 
(Table 3). We also realised that the curves of the samples sintered at 270 
ºC and 500 ºC were different (Fig. 6) and the IP was higher for the high 
temperature samples (Table 3), which also holds true for bare FTO 
samples after a thermal treatment (SI, Fig. S8) indicating that the ther
mal process is impacting the substrate. Consequently, we can only 
compare samples sintered at the same temperature. It can be observed in 
Fig. 6a) and b) that CV curves are similar for our samples (nickel hy
droxide precursor) and the control samples (nickel acetate precursor), 
showing the former ones lower IP values than the latter ones (Table 3, e. 
g., 0.500 mA versus 0.529 mA, samples sintered at 500 ºC, B(500) and 
control(500), respectively). These lower values could indicate a better 
blocking effect for our nickel oxide samples or at least a similar blocking 
effect to that of the optimised control samples. 

3.3. Performance in inverted perovskite solar cells 

The NiOx films thermally treated at 270 ºC and 500 ºC were used to 
fabricate inverted PSC devices. Both films, F270 and F500 showed the best 
wettability, electrical conductivity, and highest percentage of NiOx 
among the prepared films. They also present a good morphology (AFM, 
SI, Fig. S7). Furthermore, films prepared at different thickness (6000 and 
2000 rpm, thin and thick samples, respectively) have a similar CV per
formance than control samples. Hence both thicknesses and tempera
tures were studied with the aim of finding out how much it can influence 
the cell performance. 

These results were below compared with those obtained for the 
control samples thermally treated at 270 ºC and 500 ºC. 

The comparison between the mean values of JSC, VOC, FF and PCE of 
all samples was supported by a parametric statistical method, specif
ically a 2-sample unpaired t-test with a significance threshold for the 
two-tailed P value of 0.05 (5 %, Table S1). The normal distribution was 
verified with a Saphiro-Wilk test (Table S2) considering a significance 
level (α) of 0.05 (if P-value > α, the null hypothesis H0 is accepted and 
therefore the data is assumed to be normally distributed). 

3.3.1. Low-temperature sintered samples (270 ºC). Thin(270) and thick 
(270) vs control(270) 

In Table 4, a higher mean FF is observed for the control samples 
sintered at 270 ºC compared to thin(270) and thick(270) samples. The 
result of the unpaired t-test showed that these mean differences between 
our samples and control samples are statistically significant (Table S1, 
forward and reverse measurements). It’s suspected that the high dif
ferences between the FF of our samples and the control sample is related 
to the optimised thickness of control films, since no big differences in 
surface pinholes (current leaks) could be detected by CV analysis (Ip 
values 0.466, 0.455 and 0.466 mA for thin(270), thick(270) and control 
(270) respectively). Control sample presents a concentration of nickel 
oxide precursor (NiAc) of 0.20 M (Table 1) while our samples concen
tration is 0.11 M (Ni(OH)2) meaning that thicker films have been 
probably obtained for the former. Remarkably, our thick(270) and thin 
(270) samples don’t present statistically significant differences with the 
mean JSC values of the control samples (Table S1), despite showing 

Table 3 
Summary of CV characteristic of pure FTO and NiOx thin films.  

Samples FTO Thin 
(270) 

Thick 
(270) 

Control 
(270) 

Thin 
(500) 

Thick 
(500) 

Control 
(500) 

EPC 

(mV) 
805 635 651 637 581 579 577 

EPA 

(mV) 
63 141 111 181 297 295 308 

ΔEP 

(mV) 
741 494 540 456 284 283 269 

IPC 

(mA) 
0.387 0.466 0.455 0.466 0.508 0.500 0.529  
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lower film transmittance (1.5 % less transmittance on average, Fig. S9, 
lower NiOx transmittance means lower photons absorbed by perovskite) 
and using a solvent with lower boiling point (ethanol, 78ºC vs 2-methox
yethanol 125 ºC for control samples). Solvents with higher boiling point 
evaporate more slowly allowing the structural relaxation of the depos
ited film before its crystallisation, which favours the growth of aligned 
grains[51] giving a more homogeneous NiOx surface. This would lead to 
a better crystallisation of the perovskite film and, consequently, to a 
higher short-circuit current[66]. Both factors are apparently not detri
mental for our samples. These similar values of JSC at lower thicknesses 
could be related to a higher presence (in percentage) of nickel oxide in 
our samples due to the use of a more suitable precursor (nickel hy
droxide) at this sintering temperature (270 ºC). This would reduce the 
sheet resistance of our samples[69], which could allow more charges to 
be extracted from the perovskite absorber. The mean PCE difference 
between our thick(270) (non-optimised) and control(270) (optimised) 
cells (Table 4, 11.1 % versus 12.1 %, respectively) is also not statistically 
significant. This together with the current values obtained for these films 
and formulations with non-optimal parameters shows the potential of 
this new method to produce good NiOx films at this temperature. 

3.3.2. High-temperature sintered samples (500 ºC). Thin(500) and thick 
(500) vs control(500) 

Thick(500) samples present the highest average efficiencies (Table 4) 
compared to thin(500) and control(500) samples. However, only control 
(500) samples present statistically significant differences with thick 
(500) in forward and reverse measurements (Table S1). The better PCE 
of thick(500) with respect to control(500) corresponds with a very sta
tistically significant difference between their mean currents (Table S1). 
These lower JSC values for control(500) samples could be related to the 
higher IP (higher current leaking) observed by these samples (Table 3). 
Thin(500) samples showed a statistically significant improvement in 
their average FF over thin(270) samples (Table S1), which can be 

directly correlated with the higher presence of nickel oxide (XPS results, 
Table 2) and the elimination of the carbon residue (DSC/TGA, Fig. 2a) at 
500 ºC. 

However, control(500) didn’t show a statistically significant 
improvement in any parameter with respect to the control samples 
prepared at low temperature (Table S1), although a decrease in the 
average JSC and efficiency was observed (Table 4). 

Thick(500) samples also provided the highest performance pixel 
(16.7 % versus 15.7 % of the control sample, Fig. S10) and, along with 
the highest average efficiencies, it shows the potential of this new 
method to produce quality NiOx films that could be implemented as HTL 
on inverted PSCs with room for optimisation. 

Finally, the electrical parameters of the devices built with our ma
terial at different thicknesses (samples thin and thick representing a 
spin-coating speed of 6000 and 2000 rpm, respectively) were compared 
to elucidate which factors could be responsible for better performance in 
our cells. 

3.3.3. Comparison between films: Thin(270) and thin(500) vs thick(270) 
and thick(500) 

Thin(270) and thick(270) don’t show statistically significant differ
ences in average JSC, VOC, FF and PCE, which could indicate similar 
surface compatibility with the perovskite. 

Both samples sintered at 500 ºC (thin(500) and thick(500)) increase 
their average efficiency, although thick(500) is the only one that pre
sents statistically significant differences with the samples sintered at 
270 ◦C (Table S1). This is mainly due to a great improvement in JSC (as 
mentioned in the previous comparison section). The increase in FF 
shown by 6000 rpm solar cells at 500 ºC (thin(500)) is noteworthy since 
it goes from 64.0 % and 68.0 % at 270 ºC to 74.1 % and 75.5 % (Table 4, 
VOC to JSC and JSC to VOC measurements, respectively). This difference is 
statistically significant according with Table S1. The increase in FF for 
thin(500) samples could be related to an improvement of the blocking 

Fig. 6. - CV waves of bare FTO and NiOx films prepared at different conditions a) thin(270), thick(270) and control(270) (270ºC) and b) thin(500), thick(500) and 
control(500) (500ºC). 

Table 4 
Electrical parameters on average (X‾) and their standard deviation (σ) of thin(270), thin(500), thick(270), thick(500), control(270) and control(500) (18 pixels from 3 
different devices measured).   

Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)  

Voc to Jsc Jsc to Voc Voc to Jsc Jsc to Voc Voc to Jsc Jsc to Voc Voc to Jsc Jsc to Voc  

X‾ σ X‾ σ X‾ σ X‾ σ X‾ σ X‾ σ X‾ σ X‾ σ 

Thin(270) 15.9 1.8 15.9 1.9 1.00 0.04 0.99 0.01 64.0 9.2 68.0 9.5 10.1 1.7 10.7 1.6 
Thin(500) 15.2 2.2 15.3 2.3 1.01 0.04 0.96 0.05 74.1 8.9 75.5 8.1 11.4 2.5 11.1 2.3 

Thick(270) 16.1 1.5 16.1 1.6 1.00 0.03 0.99 0.01 68.3 8.6 71.4 8.5 11.1 2.3 11.5 2.2 
Thick(500) 17.4 1.3 17.5 1.4 1.02 0.04 1.00 0.05 71.5 7.8 75.6 6.8 12.8 2.0 13.3 2.0 

Control(270) 15.6 1.4 16.0 1.6 1.02 0.02 0.98 0.03 75.5 5.5 77.8 3.1 12.1 1.8 12.3 1.5 
Control(500) 14.8 1.8 14.9 1.9 1.01 0.03 0.98 0.04 76.4 9.5 80.0 6.7 11.4 2.0 11.7 2.0  
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effect (BE) from 270 ºC to 500 ºC samples due to a higher film 
compactness obtained after the remaining carbon is removed (450 ºC, 
Fig. 2a). In terms of average JSC and VOC, thin(500) and thick(500) 
followed different paths when compared to samples of the same thick
ness sintered at lower temperature (thin(270) and thick(270), respec
tively). Thick(500) samples showed an average increase in both 
parameters with respect thick(270) (Fig. 7 and Table 4), but statistically 
significant differences were only detected in JSC. VOC values couldn’t be 
compared statistically with the unpaired t-test since the set of VOC values 
of thick(270) doesn’t present a normal distribution (Table S2, reverse 
measurements). The same was observed for the VOC values of thin(270) 
samples in forward and reverse measurements. On the other hand, thin 
(500) samples showed a decrease in average JSC (Fig. 7 and Table 4) but 
it’s not statistically significant (Table S1). The increase in RMS rough
ness observed in AFM analysis for thin(500) (52.67 for F500 = thin(500), 
25.84 for F270 = thin(270)) could lead to a decrease in VOC and JSC since 
a rougher NiOx film hinders the perovskite crystal formation and its film 
uniformity, resulting in lower JSC and VOC[33]. However, this wasn’t 
observed perhaps thanks to the increase in the presence of nickel oxide 
at 500 ◦C (XPS, Table 2) which balanced the current and voltage values 
with respect to thin(270). The thick(500) samples present the best 
compatibility with the perovskite film and hence the best electric pa
rameters among the samples prepared. 

4. Conclusions 

We have detailed a new method to produce nickel oxide films from a 
nickel hydroxide-based precursor at temperatures as low as 270 ºC. This 
method is simple and could solve some of the problems previously 
observed in sol-gel and nanoparticle methods, such as the high 

processing temperature and the high number of steps to obtain NiOx 
films. These improvements could make industrial-scale processing of 
NiOx feasible. We have also demonstrated the synthesis of a nickel 
hydroxide-ethanolamine complex that disperses very rapidly in ethanol, 
and which produces a very stable colloid. All this makes this material 
suitable for use in a one-step solution method rather than previous 
multi-step processes developed for nickel hydroxide. The characteristics 
of the prepared films show a good correlation between the surface 
composition with the wettability and conductivity of the nickel oxide 
films. These characteristics have also helped to understand the electrical 
parameters obtained for the built PSC devices, which showed average 
efficiencies of 11.5 % and 13.3 % (JSC to VOC measurements) with 
maximum efficiencies values of 14.7 % and 16.7 % (NiOx sintered at 
270 ◦C and 500 ◦C, respectively). The results obtained for these cells are 
promising. They are close to those of control cells with average effi
ciencies of 12.3 % and 11.7 % (JSC to VOC measurements) and highest 
pixel efficiencies of 15.4 % and 15.7 %, (NiOx sintered at 270 ◦C and 
500 ◦C, respectively) and don’t present statistically significant differ
ences at low temperature. With further optimisation in terms of nickel 
oxide film thickness, processing time or UVO treatment, among others, 
the electrical properties of the perovskite-based devices could improve. 
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the phase transformations at high temperature in Portland cement, Cem. Concr. 
Res. 34 (2004) 1795–1801, https://doi.org/10.1016/j.cemconres.2004.01.016. 

[10] M.P. Browne, H. Nolan, N.C. Berner, G.S. Duesberg, P.E. Colavita, M.E.G. Lyons, 
Electrochromic nickel oxide films for smart window applications, Int. J. 
Electrochem. Sci. 11 (2016) 6636–6647, https://doi.org/10.20964/2016.08.38. 

[11] S. Sajid, A.M. Elseman, H. Huang, J. Ji, S. Dou, H. Jiang, X. Liu, D. Wei, P. Cui, 
M. Li, Breakthroughs in NiOx-HTMs towards stable, low-cost and efficient 
perovskite solar cells, Nano Energy 51 (2018) 408–424, https://doi.org/10.1016/j. 
nanoen.2018.06.082. 

[12] S. Yue, K. Liu, R. Xu, M. Li, M. Azam, K. Ren, J. Liu, Y. Sun, Z. Wang, D. Cao, 
X. Yan, S. Qu, Y. Lei, Z. Wang, Efficacious engineering on charge extraction for 
realizing highly efficient perovskite solar cells, Energy Environ. Sci. 10 (2017) 
2570–2578, https://doi.org/10.1039/C7EE02685D. 

[13] J.J. Yoo, G. Seo, M.R. Chua, T.G. Park, Y. Lu, F. Rotermund, Y.-K. Kim, C.S. Moon, 
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