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1. Experimental Details: 

1.1 Reagent and Materials  

Analytical grade urea (≥99%), chloroacetic acid (≥99.0%), NiCl2.6H2O (≥97.0%), 

formamidinium iodide (FAI) (≥99%), PbI2 (99%), methylammonium bromide (MABr) (98%) and 

PbBr2 (≥98%), PCBM (>99.5%) and procured from Sigma Aldrich and used as received without 
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any further purification. Sensiizer SQ2 was purchased from Solaronix and used without any 

purification. HPLC grade DMF, DMSO, chlorobenzene, isopropanol, and methanol were used in 

all the experiments without any further purification. Deionized water was used throughout 

experiments. Fluorine doped tin oxide (F: SnO2, FTO) glass (transmittance 80-82%) was 

purchased from Hartford Tec Glass Company. 

1.2 Structural and Physicochemical Characterization 

The morphological features of thin films were investigated using Field emission scanning electron 

microscopy (FE-SEM) on a Zeiss Sigma FESEM operating at 5 kV an accelerating voltage. The 

fine morphological feature of NiO thin films was determined by using high-resolution transmission 

electron microscopy (HR-TEM), on a JEOL JEM-ARM200CF S/TEM equipped with EDX 

operating at an acceleration voltage of 200 kV. To see the film features, the sample was sliced by 

using a focused ion beam (FIB) having a Ga+ ion source. Before FIB operation the sample was 

coated with carbon and then a few nanometers of gold to protect film morphology and to reduce 

the charging effect. The obtained samples were analyzed under in HRTEM and acquired dm3 

images were processed by using Gatan micrograph to calculate d spacing and diffraction planes. 

The phase structure and crystalline properties of materials were determined by X-ray 

diffraction (XRD) pattern collected on a Bruker D8 Discover instrument using Cu-Kα radiation 

(40 kV, λ = 0.15418 nm) equipped with a LynxEYE 1-dimensional detector. The spectra were 

collected in the range of 2θ value 4–60° and step size was 0.02°. 

Raman spectra to investigate specific vibrational feature of materials was recorded on a 

Thermo Scientific DXR2Raman Microscope using the 532 nm excitation line with an incident 

power of 20 mWcm−2. The spectra were accumulated for 300 seconds using 50 µm confocal 

pinhole apertures slit, a 2 cm-1/CCD pixel element spectral dispersion grating. The sample was 
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deposited on a glass slide for the Raman measurement samples and laser spot was focused on the 

sample surface and the scattered light was collected. 

X-ray photoelectron spectroscopy (XPS) for evaluating the surface chemical composition 

and oxidation state of NiO materials on FTO was acquired on XPS (Axis-Ultra, Kratos Analytical) 

instrument equipped with monochromatic Al-Kα source (15 kV, 50 W) and photon energy of 

1486.7 eV under ultrahigh vacuum (∼10−8 Torr). The core level C1s XPS of adventitious carbon 

at BE ≈ 284.8 eV was used as a standard for carbon correction to assign binding energy (BE) of 

other elements. CasaXPS software was used for processing of raw spectra and obtained 

deconvoluted spectra were plotted in Origin. Ultraviolet photoemission spectroscopy (UPS) was 

performed to determine work function and valence band spectra of samples were performed using 

a 21.21 eV He lamp as the excitation source. 

To measure the optical band gap of NiO materials UV-Vis absorption spectra in diffuse 

reflectance mode was executed using a Perkin Elmer Lambda-1050 UV–Vis-NIR 

spectrophotometer equipped with an integrating sphere accessory.  Photoluminescent behavior of 

the thin film was determined with steady-state photoluminescence (PL) spectra acquired on Varian 

Cary Eclipse fluorimeter xenon lamp excitation source and a slit width of 5 nm. Time-resolved 

photoluminescence (TRPL) lifetime decay curve to calculate the average lifetime of materials was 

recorded using a homemade single photon counting. A 405-nm picosecond diode laser (Alphalas 

GmbH) operated at a frequency of 13 MHz was used to excite the samples, and a Becker-Hickl 

HPM-100-50 PMT interfaced to an SPC-130 pulse counter system. The response time of setup 

was ~100 ps.  

1.3 Surface area measurement of hole transport layers using the dye desorption 

technique 
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Freshly prepared compact and nanostructured NiO samples on FTO (1.5 × 2.5 cm) were treated 

with O2 plasma for 5 min followed by overnight immersion in 1 mM SQ2 solution in methanol to 

form a monolayer of SQ2 dye over the available NiO surface. The obtained samples were rinsed 

with methanol and dried under nitrogen flow. For reference, a 7.8 x 10-6 M methanolic solution of 

SQ2 containing 0.1 M  KOH was also prepared. The absorption spectrum of the reference sample 

is shown in Figure S8(a). The absorption spectra of nanostructured and compact NiO are presented 

in Figure S8(b) and (c), respectively (Supporting Information). The sharp absorption peak at ~656 

nm in SQ2 coated nanostructured NiO and compact NiO validates the presence of SQ2 monolayer 

on the samples (Figure S8(d) and (e)). Subsequently, SQ2 was hydrolytically desorbed from the 

nanostructured and compact NiO samples using 3 mL of 0.1 M KOH dissolved in methanol. The 

absorption spectra of desorbed dye from nanostructured NiO and compact NiO samples were 

measured and used to calculate the coverage of dye on the surface. The area of one SQ2 molecule 

adsorbed on the surface was assumed to be 0.5 (nm)2. The nanostructured NiO mesh electrode had 

a dye coverage of 3.8 nmol cm-2 while that of the NiO compact layer was 19.8 times lower.  

References: 

1. Dryza, V.; Bieske, E. J. Electron Injection and Energy-Transfer Properties of Spiropyran–

Cyclodextrin Complexes Coated onto Metal Oxide Nanoparticles: Toward Photochromic Light 

Harvesting. The Journal of Physical Chemistry C 2015, 119, 14076-14084. 

2.  Godin, R.; Sherman, B. D.; Bergkamp, J. J.; Chesta, C. A.; Moore, A. L.; Moore, T. A.; Palacios, 

R. E.; Cosa, G. Charge-Transfer Dynamics of Fluorescent Dye-Sensitized Electrodes under 

Applied Biases. The Journal of Physical Chemistry Letters 2015, 6, 2688-269. 

2. List of Figures and Tables: 

Table S1: Photovoltaic performances of p-i-n type perovskite solar cells using undoped NiO and 

PEDOT:PSS as hole transporting layers. 
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Photovoltaic Performance Ref. 

Device Architecture Voc 

(V) 

Jsc 

(mA/cm2) 

FF PCE 

(%) 
PEDOT:PSS as HTL 

ITO/PEDOT:PSS/SrGO/CH3NH3PbI3/PCBM/BCP/Ag 1.04 19.39 0.80 16.01 1 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/BCP/Ag 0.99 18.32 0.76 13.50 1 
ITO/PEDOT:PSS/CH3NH3PbI3/C60/BCP/Al 0.87 17.70 0.72 11.09 2 
ITO/PEDOT:PSS/PEG/CH3NH3PbIxCl1-x /PCBM/Al 0.79 23.02 0.61 12.56 3 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Rhodamine/Ag 0.95 20.58 0.68 13.28 4 
ITO/PEDOT:PSS/CH3NH3PbI3/C60/B4PyMPM/Ag 0.94 18.60 0.77 13.50 5 
ITO/PEDOT:PSS/CH3NH3PbI3.xtBP/ PCBM/Al 0.97 20.47 0.80 15.90 6 
ITO/QC-PEDOT:PSS/CH3NH3PbI3.xtBP/ PCBM/Al 1.02 21.13 0.82 17.67 6 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/BCP/Ag 0.93 18.85 0.65 11.50 7 
ITO/PEDOT:PSS(DMF)/CH3NH3PbI3/PCBM/BCP/Ag 1.05 21.10 0.76 16.8 7 
ITO/PEDOT:PSS/ /CH3NH3PbIxCl1-x /PCBM/BCP/Ag 0.90 20.34 0.68 12.58 8 
ITO/Ammonia-PEDOT:PSS/ /CH3NH3PbIxCl1-x /PCBM/BCP/Ag 0.95 20.73 0.68 13.51 8 
ITO/Ammonium phosphate-PEDOT:PSS/ /CH3NH3PbIxCl1-x 

/PCBM/BCP/Ag 

0.97 20.06 0.69 13.38 8 

ITO/PEDOT:PSS/ /CH3NH3PbIxCl1-x /PCBM/BCP/Ag 1.06 20.53 0.69 15.05 9 
ITO/sodium citrate-PEDOT:PSS/ /CH3NH3PbIxCl1-x /PCBM/BCP/Ag 1.13 21.62 0.75 18.39 9 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Rhodamine/LiF/Ag 1.00 20.62 0.80 16.57 10 
ITO/CsI-PEDOT:PSS/CH3NH3PbI3/PCBM/Rhodamine/LiF/Ag 1.08 22.58 0.83 20.22 10 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Ag 0.83 16.37 0.75 10.21 11 
ITO/CTAB-PEDOT:PSS/CH3NH3PbI3/PCBM/Rhodamine/LiF/Ag 0.90 18.62 0.75 12.53 11 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Ag 1.01 19.22 0.67 13.04 12 
ITO/PEDOT:PSS/ EA·HCl-CH3NH3PbIxCl1-x /Bphen/Ag 0.92 22.85 0.80 16.97 13 
ITO/PEDOT:PSS/MASCN-FAPb0.7Sn0.3I3/PEAI/PCBM/BCP/Ag 0.78 26.46 0.79 16.26 14 
ITO/PEDOT:PSS/FA0.6MA0.4Sn0.6Pb0.4I3/PCBM/BCP/Ag 0.73 27.14 0.72 14.19 15 
ITO/PFI-PEDOT:PSS/FA0.6MA0.4Sn0.6Pb0.4I3/PCBM/BCP/Ag 0.78 27.22 0.74 15.85 15 
ITO/PEDOT:PSS/CH3NH3PbI3/C60/BCP/Ag 0.90 17.36 0.71 11.12 16 
ITO/PEDOT:PSS/TX-CH3NH3PbI3/C60/BCP/Ag 0.94 23.10 0.75 16.23 16 
ITO/PEDOT:PSS/CH3NH3PbIxBr3-x/PCBM/ZnO/Ag 0.97 19.63 0.79 14.95 17 
ITO/PEDOT:PSS:GO/CH3NH3PbIxBr3-x/PCBM/ZnO/Ag 1.02 21.55 0.82 18.09 17 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Bphen/Ag 0.96 16.56 0.78 12.40 18 
ITO/PEPz-PEDOT:PSS/CH3NH3PbI3/PCBM/Bphen/Ag 1.07 20.22 0.80 17.39 18 
ITO/PEDOT:PSS/CH3NH3PbIxCl1-x/PCBM/Ag 1.01 23.52 0.70 16.67 19 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/BCP/Ag 1.05 22.40 0.73 17.26 20 
ITO/PEDOT:PSS/CH3NH3PbIxCl1-x/PCBM/Alq3/Ag 1.01 19.56 0.72 14.22 21 

NiOx as HTL 
ITO/NiOx/CH3NH3PbI3/PCBM/BCP/Al 0.92 12.43 0.68 7.80 22

 

FTO/NiO/CH3NH3PbI3/PCBM/BCP/Au 1.10 15.17 0.59 9.80 23
 

ITO/NiO/CH3NH3PbI3/PCBM/Al 1.05 15.40 0.47 7.60 24
 

ITO/NiOx/NiOnc/CH3NH3PbI3/PCBM/BCP/Al 0.96 19.80 0.61 11.60 25
 

ITO/NiOx/NiOnc/CH3NH3PbI3/PCBM/BCP/Al 1.04 13.24 0.69 9.50 26
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FTO/NiOnc/ CH3NH3PbI3/PCBM /Au 0.88 16.27 0.63 9.10 27
 

ITO/NiO/CH3NH3PbI3/PCBM/LiF/Al 1.06 20.20 0.81 17.30 28
 

ITO/NiOx/CH3NH3PbI3/C60/Ag 1.03 21.80 0.78 17.60 29
 

ITO/NiO/ Cs0.17FA0.83Pb(Br0.17I0.83)3/LiF/PCBM/SnO2/ZTO/ITO/LiF/Ag 0.98 18.70 0.79 14.50 30 
ITO/NiOx/CH3NH3PbI3/PCBM /Ag 1.07 20.58 0.75 16.40 31 
ITO/NiO/CH3NH3PbI3/PCBM /Ag 1.04 21.87 0.72 16.40 32 
ITO/NiOx/CH3NH3PbI3/ZnO /Al 1.01 21.00 0.76 16.10 33 
FTO/NiOx/CH3NH3PbI3/PCBM /Ag 1.03 17.58 0.75 13.50 34 
ITO/NiOx/CH3NH3PbIxCl1-x/PCBM/BCP/Ag 1.03 20.66 0.74 15.90 35 
ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15/PCBM/ZnO/Ag 1.07 22.76 0.78 19.10 36 
FTO/NiO/CH3NH3PbI3(with additives)/PCBM/TiO2/Ag 1.11 22.68 0.77 19.50 37 
ITO/NiO/Cs0.05(MA0.17FA0.83)0.95Pb(I2.7Br0.3)/PCBM/ZnO/Al 1.02 22.20 0.82 17.70 38 
FTO/NiO/CH3NH3PbI3/PCBM/BCP/Au 1.06 19.41 0.75 15.40 39 
FTO/NiO/CH3NH3PbI3/PCBM/BCP/Ag 1.05 20.57 0.75 16.20 34 
FTO/NiOx/ MA1−yFAyPbI3−xClx/PCBM/BCP/Ag 1.12 23.70 0.76 20.20 40 
ITO/NiOx/CH3NH3PbI3/C60/BCP/Al 0.99 19.84 0.75 14.61 2 
FTO/NiOx/ CH3NH3PbI3/PCBM/Ag 1.10 21.90 0.72 17.30 41 
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Table S2: Calculated HOMO and LUMO energies for perovskites particles and their energies of adsorption 

on NiO surface for two different geometries G2 and G3.  

 HOMO, eV LUMO, eV Eads, G2, eV Eads, G3, eV 

CH3NH3PbBr3 -5.60 -3.99 6.12 9.75 

CH3NH3PbI3 -5.59 -4.08 4.13 8.01 

 

Figure S1: Density of state distribution for NiO surface and (a) MAPbI3 cluster and (b) MAPbBr3 cluster. 

 

Figure S2: Top SEM image of NiO nanostructure made with 0.5 mM concentration of NiCl2.6H2O in 

growth solution showing exposed FTO substrate. 
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Figure S3: Tilted cross-sectional SEM image of NiO nanostructure made with a 1.0 mM concentration of 

NiCl2.6H2O in growth solution shows conformal deposition of NiO on FTO substrate. 

 

Figure S4: Top-view FESEM images of NiO nanostructure (a, b) made with 3 mM and (d,e) 5 mM of 

NiCl2.6H2O. Cross-sectional image of perovskite solar cell made with (c) 3mM and (f) 5mM of NiCl2.6H2O.  
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Figure S5: HR-TEM image of nanostructure NiO film (1 mM NiCl2.6H2O) (a) side view of FIB 

snipped sample, (b) and (c) high magnification TEM images at 5 nm scale bar showing lattice fringes, and 

(d) SAED pattern showing diffraction rings. 
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Figure S6: HR-TEM image of compact NiO thin film (a) side view of FIB snipped sample, (b) and (c) 

high magnification TEM images at 5 nm scale bar and (d) TEM image showing FTO and NiO interfacial 

contact. 
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Figure S7: (a) XRD spectra and (b) Raman spectra of compact NiO and NiO nanostructures prepared with 

different concertation of NiCl2.6H2O in hydrothermal growth solution. 

 

 

Figure S8: UV-vis absorption spectra of (a) SQ2 dissolved in 0.1 M KOH, (b), FTO deposited 

nanostructured NiO and (c) compact NiO, monolayer SQ2 deposited over (d) nanostructured NiO and (e) 

compact NiO, KOH assisted desorbed SQ2 from (f) nanostructured and (g) compact NiO. 
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Figure S9: Tauc plots of NiO nanostructures made with different concentration of NiCl2.6H2O in growth 

solution. 

 

Figure S10: XPS elemental survey scan of NiO network thin film. 
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Figure S11: Current-voltage curves of perovskite solar cell made with PEDOT: PSS as hole transporting 

layer. The measurement was carried out under AM1.5 G illumination at 100 mW/cm2 with an active area 

of 6 mm2. 



S-14 

 

Figure S12: Box charts of (a) Voc, (b) JSC, (c) FF and (d) PCE for perovskite solar cells based on compact 

NiO and NiO nanostructure made with different concentration of NiCl2.6H2O. 
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Figure S13: Current-voltage curves of perovskite solar cell made with nanostructure NiO hole transporting 

layer made with 3 mM and 5 mM of NiCl2.6H2O. The measurement was carried out under AM1.5 G 

illumination at 100 mW/cm2 with an active area of 6 mm2.  

 

Figure S14: Energy band diagram for an inverted perovskite solar cell with the structure of FTO/NiO 

nanostructure/perovskite absorber layer/PCBM/ZnO/Al. 



S-16 

 

Table S3: Fitting parameters of time resolved photoluminescence spectra for HTL free perovskite layer 

and perovskite layer deposited over compact and nanostructured NiO coated FTO substrate. The values of 

the goodness-of-fit parameter (r2) are all close to 1.0. 

 A1 τ1 A2 τ2 A3 τ3 τavg  

Bare FTO 0.43 11.92 0.39 151.37 - - 54.73 

FTO/Compact NiO  0.89 1.71 0.13 13.19 0.041 569.89 20.17 

FTO/NiO 

nanostructure 
0.85 1.55 0.19 8.37 0.013 122.25 1.51 
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