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ABSTRACT

Metal halide perovskites are actively pursued as photoelectrodes to drive solar fuel synthesis.
However, currently these photocathodes suffer from a limited stability in water, which
hampers their practical application. Here we report a high-performance solution-processable
photocathode composed of cesium formamidinium methylammonium (CsFAMA) triple
cation lead-halide perovskite protected by an Al-doped ZnO (AZO) layer combined with a
Field’s metal encapsulation. Careful selection of charge transport layers resulted in an
improvement in photocurrent, fill factor, lifetime and device reliability. The dead pixels count
reduced from 25 % to 6 % for the devices with an AZO layer, and in photocathodes with an
AZO layer, the photocurrent density increased by almost 20% to 14.3 mA c¢cm™. In addition,
we observed a 5-fold increase in the device lifetime for photocathodes with AZO, which
reached up to 18 hours before complete failure. Finally, the photocathodes are fabricated
using low cost and scalable methods which have promise to become compatible with

standard solution-based processes.
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INTRODUCTION

The idea of converting water molecules into hydrogen and oxygen using sunlight has been
around for almost a century,'= and received much attention after A. Fujishima and K. Honda
demonstrated water splitting by photogenerated electron-hole pairs from UV irradiated semi-
conducting particles.* Solar powered water-splitting results in so-called ‘solar fuels’, which
can provide a sustainable alternative for the existing fossil fuel-based technologies. While
seemingly straightforward, this reaction is challenging, as it requires efficient generation,
transport and extraction of charge carriers, ions and products upon the absorption of photons.
Tremendous efforts have been invested in the design of photoelectrodes that drive these
processes efficiently by engineering the band-gap, charge transport and catalyzing the
reaction.’® Semiconductors based on metal oxides (BiVOs4, Cuw0, Fe,03) as well as
transition metal disulfides (e.g., MoS:) and selenides (e.g., WSe:) absorb the solar spectrum

with good efficiency and display long charge carrier diffusion lengths. 8%10:11-13.14,16

Organo-lead halide perovskite-based crystalline semiconductors have gained substantial
traction for photovoltaics and energy applications because of their high absorption
coefficients, efficient electron-hole pair separation, cost efficiency and long carrier diffusion
lengths.!7:1819.2021 Fyrther, they are straight forward to synthesise and can be processed using
low-temperature methods owing to their tolerance to point defects. These properties make
lead halide perovskites very attractive for solar water splitting applications. However, their
limited life-time and low photocurrent density, when submerged in water, limits their
practical applications.?”2> The first demonstration of a water submerged CH3NH;3PbIs-based
photoanode was reported in 2015 by Peimei Da et al., where a perovskite solar cell with a
protective layer of evaporated Ni was employed to oxidize Na»S as a hole scavenger.
However this device lost 80% of the initial photocurrent after 15 min of operation.?? In 2016,

Hoang et al. demonstrated the use of a carbon nanotube (CNT)/polymer composite layer to
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protect the underlying perovskite layer from electrolyte molecules?®, and achieved 30 minutes
of operation. In 2016, Crespo-Quesada et al. demonstrated a novel protection methodology
where a low melting temperature metal alloy is used for the encapsulation of the perovskite
layer (CHsNH;3Pbl3). This device achieved an average photocurrent density of ~ -7 mA c¢cm™
at 0 V versus the reversible hydrogen electrode (RHE), and worked for 40 minutes under
continuous illumination and about 90 minutes under chopped illumination.? In 2018, Virgil
et al. have demonstrated the perovskite-BiVOs photoelectrochemical tandems for bias-free
solar water splitting.?® By employing the triple cation (CsSFAMA) mixed halide perovskite as
the photoabsorber and NiO, as the hole selective layer, substantial improvements were
achieved in the performance (-12.1 £ 0.3 mA cm 2 at 0 V versus RHE) and stability (up to 7 h)
of 0.25 ¢cm? photocathodes, with the corresponding solar cell devices reaching an efficiency
of 13.0 £ 1.2%. Recently, Kim at al reported an acid compatible triple cation based
perovskite photocathode composed of hybrid electron transport layer which includes PCBM
and atomic layer deposited TiO», grown on the surface of perovskite.?” The photocathode
under 0.5 Sun illumination has demonstrated photocurrent density of >10 mA c¢cm™ and a
photovoltage of 0.68 V assisted proton reduction, however in spite of conformal ALD TiO,
encapsulation the device has starting showing degradation in photocurrent density after 2

hours.

Part of the limitation of the metal halide perovskite-based systems is due to the lack of
appropriate charge transport layers (CTLs), as well as the limited stability of the methyl
ammonium based (CH3NH3Pblz) perovskites. The poor stability of perovskite solar cells
(PSCs) originates from the weakly bonded organic-inorganic halide perovskite materials,?®2
resulting in a rapid degradation of the perovskite layer under exposure to moisture, air, or

excessive heat, light, and electrical bias.3** Further, the interfacial degradation of the charge

transport layers and metal electrodes introduce additional degradation pathways in PSCs.*



Some of these challenges have been addressed by optimising the CTLs and interfaces
between perovskite and metal electrodes. For instance, inverted PSC devices improve
efficiency as well as stability.*—37 Recently, PSCs with a triple cation based perovskite photo-
absorber, using a mixture of formamidinium, methylammonium as the monovalent cations,
with the addition of inorganic cesium, have shown improved air and thermal stability, with
less sensitivity to processing conditions.’® These triple cation perovskites enable a more
reproducible device performance, and reach a stabilized power output of ~21 %.* Inspite of
promising results in solar cell performance, these triple cation perovskite devices cannot be
directly used under water,*® and require a secondary, protective layer to stop water

ingress.25’41>26’42

In this paper, we address the above-mentioned challenges by carefully engineering and
manipulating the energy levels, with thin metal oxide films contributing towards efficient
electron (Al-doped ZnO, or AZO, on PCBM)*#!3¢ and hole (Nickel oxide, NiOy)*"#
extraction, as well as protecting the perovskite layer. A cesium formamidinium
methylammonium (CsFAMA) triple cation perovskite cell is used to provide efficient and
stable light absorption and charge separation.'3° Field’s metal (FM) alloy is used as a metal
electrode for the encapsulation of the perovskite photocathode, as reported previously.?>26
Finally, Pt catalyst nanoparticles (NPs) are synthesized on the surface of the FM coating to
reduce the reaction overpotential 232 The entire device stack
(NiOx/Perovskite/PCBM/AZO/FM/Pt NPs) is solution processed without any vacuum
deposition step. The resulting photocathodes were submerged entirely in water and achieved
photocurrent densities of ~-14.3 mA ¢m at 0 V (versus RHE), which are maintained for over
2.5 hours, and decay slowly with 50% of the current density retained after 15 hours. This is

amongst the best reported for perovskites based photoelectrodes.?%43:46:26:42



RESULTS AND DISCUSSION

Our proposed perovskite based photocathode has an inverted device architecture
(ITO/NiOy/Perovskite/PCBM/AZO/FM) as depicted in Figure 1a. This is a p-i-n device
structure with a NiOx layer for hole extraction and PCBM/AZO for electron extraction. The
device fabrication process and parameters are detailed in the experimental section. Shortly,
the NiOx thin film is formed on an ITO substrate by spin coating a solution of nickel (II)
nitrate hexahydrate prepared in ethylene glycol and complexed with ethylenediamine,
followed by annealing steps (see methods). A triple cation perovskite thin film is formed by
spin coating a precursor solution (Csoos(MAo.17FA03)095sPb(los3Bro.17)s or CsSFAMA) on the
NiOx layer and annealing at 100 °C for 30 min in a nitrogen-filled glove box. This results in
the formation of a highly crystalline and smooth perovskite thin film, which is then coated
with a PCBM solution (20mg mL™!, chlorobenzene). An AZO thin film of thickness 37+2 nm
is prepared by spin coating a commercially purchased suspension of AZO nanoparticles (IPA
2.5 wt %) over the PCBM film. The AZO film thickness is measured by atomic force
microscopy (AFM) at the edge of the sample. AZO thin films can be fabricated by different
methods, for example Venkatesan et al.*’ have spin coated AZO coatings using a mixture of
zinc acetate dihydrate in ethanol. Kumar et al.* have shown that AZO thin films can be
deposited by sputtering at different RF/(RF + DC) ratios. Ngo et al.** have shown that ZnO

thin films can also be fabricated by spray deposition method using an airbrush.
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Figure 1. (a) Schematic representation of the perovskite photocathode with Field’s
metal (FM) encapsulation, having the ITO/NiOy/Perovskite/PCBM/AZO/FM/Pt NPs
device configuration. (b) Cross-section SEM image of the photocathode structure
showing the NiOx and perovskite layers stacked on the ITO glass substrate. (¢) Thin
film X-ray diffraction pattern of triple cation perovskite layer spin coated on a quartz
glass substrate. (d) Top view STEM images of spherical Pt nanoparticles grown on the

surface of Field’s metal by platinization. Inset shows close-up STEM image of a Pt



nanoparticle. (e¢) UPS spectra of Field’s metal obtained using an incident photon energy
of 21.2 keV, the work function of FM is found to be -4.5 eV. (f) Corresponding energy

level diagram of the perovskite solar cell device configuration shown in (a).

In order to protect the perovskite layer from exposure to moisture or water, the devices are
encapsulated with FM following a previously reported process.>>?® Briefly, FM is molten on
a hotplate at 363 K and casted to obtain a 0.5-1.0 mm thick foil. The metal foil is cooled
down and cut into 12x7 mm? pieces and then placed on the perovskite device. Next, a Peltier
thermoelectric element is used to melt and then solidify the FM layer (see experimental
section for details). The edges of the devices are further sealed using a UV curing glue (NOA
63, Norland) to ensure water does not sip through the FM and perovskite/AZO as well as
FM-glass interface. Finally, Pt-nanoparticles are deposited on the FM using an electroless
plating process, to catalyse the hydrogen evolution. Shortly, the photoelectrode is immersed
for 60 seconds in 10 mL of a KoPtCls aqueous solution (5.16 mM) without stirring, and

subsequently dipped in DI water to wash the FM surface.

Figure 1b shows a cross-section SEM of the ITO/NiOx/Perovskite stack. The size of
perovskite grains range between 100 and 250 nm and are densely packed in an approximately
500 nm thick uniform film. X-Ray diffraction measurements of the perovskite thin film
(Figure 1c¢) confirm its highly crystalline nature, with a tetragonal phase matching previous
reports from Saliba et al.**° We note that residual Pbl is present (diffraction peak denoted
with * in Figure 1c), in agreement with previous reports.®>>° In order to protect the perovskite
layer from exposure to moisture or water, which is known to dissolve the MAI and FAI
cations, the devices were encapsulated with FM as described above.?>?%3! Pt-nanoparticles
are deposited on the FM using an electroless plating process, through which an ohmic contact
is formed between the catalytically active platinum nanoparticles and the FM, thus

maintaining an efficient electron transfer to the catalyst. Scanning Transmission Electron
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Microscope (STEM) images of grown Pt nanoparticles are shown in Figure 1d, the Energy
Dispersive X-ray (EDX) elemental analysis of Pt nanoparticles confirms their presence on the

surface of FM (see details in the Supporting Information Figures S1a-f and S2a-c).

Figure 1f shows the energy level diagram of the ITO/NiOx/Perovskite/PCBM/AZO/FM stack,
with the FM work function determined to be -4.5 eV from Ultraviolet Photoelectron
Spectroscopy (UPS) measurements performed on a polished piece of FM (Figure 1e). The
work function value of FM is very close to the conduction band of the Al-doped zinc oxide
(AZO) thin film (-4.3 €V).323? Photo-excitation of these electrodes using a white light source
(AM 1.5G filter, 100 mW cm™, 1 sun) generates electron-hole pairs in the perovskite layer;
the built-in voltage developed in this p-i-n structured device due to the presence of charge
specific transport layers drives the electrons and holes towards the respective metal contacts.
The low exciton binding energies (< 25 meV at room-temperature) and long carrier diffusion
lengths (~ 1 um) in the perovskite semiconductor causes the photogenerated electron-hole
pair to spontaneously behave like free-carriers following light absorption, thus facilitating
their efficient separation.>*>%!7 The work function of the AZO thin film (-4.3 €V) provides a
graded bandgap at the electron selective contact with the conduction bands of perovskite,
PCBM and FM at -3.9, -4.0 and -4.5 eV, respectively. This facilitates efficient electron
extraction, while reducing the back transfer of electrons into the perovskite, as well as
reducing interfacial recombination, which results in a higher photocurrent in comparison to
previous reports without the intermediate AZO thin film (see further). Similarly, the NiOx
hole selective thin film (work function; WF=-4.8 eV; valance band offset; Evg=-5.4 eV)*
reduces the energy barrier between the ITO (-4.7 eV) and perovskite (-5.4 eV) layers, thus
forming a gradual energy landscape that enables an efficient perovskite to ITO hole

extraction.



The optical absorbance spectra of the ~ 500 nm thick perovskite film is measured by using an
integrating sphere in a standard UV-Vis spectroscopy set-up. The band edge from the
normalized absorption spectra is found to be ~ 765 nm, which is in agreement with
previously reported values (Supporting Information Figure S3a). The optical band gap
estimated from the Tauc’s plot is found to be 1.62 eV, which is similar to the triple cation
Cs0.05(MAo.17F Ao 83)0.95Pb(lo83Bro.17)3 perovskite band gap reported in literature (Supporting
Information Figure S3b).3**" To estimate the disorder in the solution processed CSFAMA
perovskite films, they are analyzed by Photothermal Deflection Spectroscopy (PDS).>” PDS
measurements provide a means to analyse the sub-bandgap weak absorption, thereby helping
in the measurement of the exponentially falling absorption tail known as the Urbach tail.
Fitting the Urbach tail gives the Urbach energy (see Figure 2a), which is a measure for the
energetic disorder in the perovskite.”® The Urbach energy of our films is 12.5 meV, which is
smaller than the previously-reported value of 15 meV for tri-iodide perovskite films. > This
confirms the low levels of disorder in the triple cation perovskite thin films demonstrated in

our current work.
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Figure 2. (a) Photothermal deflection spectra (PDS) of triple cation perovskite thin film.
(b) IV curve (red) of a perovskite solar cell with an AZQO layer (configuration:
ITO/NiOx/Perovskite/PCBM/AZO/Al) recorded under 1 sun (100 mW cm2, 100 mV s!
scan rate, forward scan). An IV curve (blue) for a solar cell without AZO layer
(configuration: ITO/NiOy/Perovskite/PCBM/Al) is added for comparison. (¢) Power
density variation with time for solar cell with (red dots) and without (blue dots) the
AZOQO layer. (d) EQE spectra for the perovskite solar cells with and without an AZO

layer.

To evaluate the role and advantages of the thin AZO films discussed above, we fabricated
solar cells with and without AZO. For simplicity and compatibility with measurement setups

we replaced the FM with Al metal contacts for this comparison, because our photovoltaic
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device measurement set-up is only compatible with the thin film metal contacts, not with the
bulky metal contacts as obtained in the case of FM. The corresponding IV curves recorded
under inert N, atmosphere are shown in Figure 2b. We masked our 4.5 mm? devices with an
aperture of 3 mm? to avoid edge effects. For solar cells with an AZO layer
(ITO/NiOy/Perovskite/PCBM/AZO/Al), we obtained efficiencies of up to 18.2 % (red curve).
By contrast, the best device without the AZO layer (ITO/NiOy/Perovskite/PCBM/Al) has an
efficiency of 15.8 % (blue curve). Since the Al metal contact is common in both solar cell
configurations, we can confirm that the improvement in the performance of the solar cell with
the AZO layer is solely due to the presence of the AZO layer. This experiment was
performed to highlight the role of AZO film, however for the final perovskite-based
photocathodes we deliberately chosen FM over Al because of the ability of FM to

encapsulate the photocathodes, as mentioned in the sections below.

Statistical analysis on four different devices (two each for AZO and non-AZO), with eight
pixels each, confirms that the solar cells with AZO achieve higher efficiencies (average PCE
of ~15.86 %) than reference devices (PCE of ~13.90 %) under the same test conditions (see
Supporting Information Figure S4). This was primarily due to an increase in the fill factor
from an average value of 65% (without AZO) to 79% (with AZO), along with decrease in the
average series resistance from 6 Q cm? (without AZO) to 3 Q cm? (with AZO). These were
likely due to the improved extraction of electrons from the perovskite to the metal contact as
discussed above (see Figure 1f). The slight reduction in the open circuit voltage could be due
to a decrease in effective work function at the electron selective AZO coated contact.
Furthermore, we found that about 25 % of the pixels without AZO failed, probably due to
presence of pin holes which the AZO layer seems to cover, therefore resulted only in 6 %

pixel failure for pixels with AZO.
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The stability of the AZO based perovskite solar cells is first examined by recording the
maximum power-point (MPP) over time. IV measurements at a scan rate of 100 mV s were
repeatedly taken at fixed intervals, showing that the intermediate AZO film increases the
stability (see Figure 2¢). The decay in performance of devices without intermediate AZO
film could be due to degradation of the interface between the metal (Al) and the perovskite
layer, since extrinsic interfacial degradation caused by metal (e.g., Ag or Al) from contacts
under working conditions was previously reported.®®®! This degradation process seems to be
slowed down by the thin (15-20nm) AZO buffer layer. Furthermore, this metal oxide layer
also prohibits the degradation of the perovskite layer by reducing the halide migration out of
the perovskite layer,®? and might alleviate other degradation mechanisms as will be discussed

further on when the devices are tested submerged in water.

The influence of the illumination wavelength on the performance of our devices with and
without AZO coating is investigated by external quantum efficiency (EQE) measurements.
The EQE spectra in Figure 2d show that for both devices the maximum output power
generation occurs in the visible spectrum of light, with a sharp cut-off edge at ~ 762 nm
(Figure 2d), which is in accordance with the UV-Vis (see Supporting Information Figure
S3) and PDS (see Figure 2a) spectra of the Csoos(MAo.17FA0s3)0.05Pb(lo.83Bro.17)3 perovskite
thin films. However, for AZO coated cells, higher photocurrents (or EQE (%)) are observed
across most wavelengths. The integrated current density (Js) is -21.6 mA cm™, which is in
good agreement with the average value of short-circuit current density (-21.2 mA cm) of the
AZO device obtained from IV measurements, averaged from two devices, with 8 pixels per

device, or 16 pixels in total.

Before measuring the electrochemical performance of the perovskite photocathodes, control
experiments are performed to demonstrate that the Pt nanoparticles discussed above

effectively reduce the onset potential from less than -0.4 V vs RHE (ITO/FM) to around 0 V
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vs RHE (ITO/FM/Pt). In other words, the over-potential required for the proton reduction is

minimal using the FM/Pt electrodes (see Supporting Information Figure S5).
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Figure 3. (a) Cyclic voltammetry of the AZO based perovskite photocathode at a scan
rate of 10 mV s’'. The graph presents the scans under continuous, chopped and without
irradiation, showing little hysteresis and a greatly improved photocurrent. (b)
Chronoamperometric characteristics for perovskite photocathodes with and without the
AZQ layer. The data is obtained at an applied potential of 0V versus RHE. An aqueous

buffer solution (0.1 M potassium phosphate, pH 7), chopped solar light irradiation (AM
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1.5 G, 100 mW cm) and an inert (N2) atmosphere at room temperature were used in
both experiments. Black dots represent Faradaic efficiency, FE (%), of hydrogen (H>)

generation for the perovskite photocathode with an AZO layer.

The photoelectrochemical performance of our perovskite photocathodes is tested using a
standard three-electrode configuration against a Ag/AgCl/KCIl reference electrode, with a Pt-
mesh counter electrode. The cathodic and anodic compartments are separated through a
Nafion membrane. The cyclic voltammetry (CV) scans in Figure 3a are measured at a 10 mV
s’! scan rate using KPi electrolyte aqueous solution (0.1 M, pH 7.0) under chopped (5 secs
ON and OFF) solar illumination (100 mW cm? AM 1.5G) (green curve). The sharp
photocurrent response shown during the light irradiation indicates a very efficient hydrogen
evolution at the perovskite/FM/Pt electrode-electrolyte interface. A high photocurrent density
of -14.3 mA cm? at 0 V vs RHE is observed for the forward scan (red curve) during
continuous light irradiation. To the best of our knowledge, this is one of the highest
photocurrent reported so far for perovskite photocathodes fabricated entirely by solution

2545462642 A gimilar value of -14.2 mA cm? is observed for the reverse scan.

processing.
Similarly high photocurrents are observed in several AZO-based perovskite photocathodes
(see Supporting Information Figure S6a). Hysteresis is observed during forward and
reverse scans in both chopped (green curve) and continuous illumination (red curve)
measurements. The hysteresis is more distinct in case of the chopped light measurements
since the electrochemical potential at the FM/Pt-electrolyte interface requires more time to
equilibrate. An onset potential of approximately 0.95 V vs RHE is achieved which correlates
to the high V. (0.97 V) of the solar cell with an AZO layer, suggesting a very small energy

loss at the perovskite/FM interface. In comparison, cyclic voltammograms of perovskite

photocathodes without AZO coating tested under the same conditions showed a lower
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photocurrent density of approximately -12 mA c¢cm™ at 0V vs RHE (Supporting Information

Figure S6b).

Next, the stability of the AZO based perovskite photocathodes is evaluated using
chronoamperometry in the same three-electrode configuration. To monitor changes in the
dark currents, the light is chopped off for 5 mins after every 30 mins of exposure. A high
absolute photocurrent density of more than 14 mA c¢m™ is maintained for almost 3 hours with
the AZO coated perovskite photocathodes (red curve, Figure 3b). The photocurrent shows a
slow initial rise upon illumination which is probably due to the migration of halides,
decreasing the trap state density, similar to the photoinduced effects reported for perovskite
photovoltaic devices.?*%3% A dip in photocurrent density is observed after ~2.5 hours, which
first rectifies and then continues to decay slowly, but retains half of the initial photocurrent
intensity for about 15 hours. We attribute this sudden decay in photocurrent to partial damage
of the cell (active pixel area) caused by the exposure of cell to the electrolyte as well as light.
While stress under operation may cause degradation of the electrical contacts and pinholes in
the device architecture leading to this unusual behaviour, it seems that the AZO layer is able
to provide enough spatial separation between the contacts to avoid an irreversible shorting of
the device, enabling a continuous operation even under mild damage. CV scans of
photocathodes without AZO coating are shown in Supporting Information Figure S6b, and
their chronoamperometry (blue curve, Figure 3b) shows a lower photocurrent (-11.8 mA cm-
2), which is consistent with the measurements on non-AZO perovskite solar cells reported
above (see Figures 2b-d, S4). Further, the perovskite photocathode without AZO stopped
working after 2.5 h of light irradiation. It must be noted that in contrast to previous work?’
employing a MAPbI3; perovskite with a hydrophilic PEDOT:PSS hole selective layer, the

non-AZO devices reported here demonstrate high photocurrents under continuous light
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exposure, just due to highly crystalline triple cation based perovskite in combination with a

robust NiOx hole transport layer.

CONCLUSIONS

We present a triple cation cesium formamidinium methylammonium (CsFAMA) based metal
halide perovskite photocathode for solar fuel generation. The photocurrent and stability of
these electrodes is enhanced by a solution processed AZO and NiOx layers. In particular,
AZOQ as an electron transport layer showed an increase in photocurrent density of ~20% along
with a 5-fold extension of the device lifetime, which reached up to 18 hours before complete
failure. This AZO coating also covers pin-holes, and as a result, the number failed pixels
reduced from 25% to 6%. Finally, the photocathodes are fabricated using low cost and
scalable methods which have promise to become compatible with standard solution processes,
and therefore provide a significant contribution towards the efficient fabrication of solar fuel

generation devices.

METHODS

Perovskite Solar Cell Fabrication. Patterned ITO glass substrates are cleaned by
ultrasonication in acetone and iso-propanol (15 mins each) followed by an oxygen plasma
treatment for 10 mins using a Diener Plasma etcher. A NiOx thin film is spin coated on ITO
substrates following a previously-reported procedure** where a nickel oxide precursor
solution is prepared by dissolving nickel(Il) nitrate hexahydrate (Ni(NO3)2:6H20, 1 M)
(Sigma Aldrich) in ethylene glycol with 1 M ethylenediamine (Aldrich). The solution is spin-
cast onto ITO glass substrate at a spin speed of 5,000 rpm. for 45 s. The substrates are then
annealed in ambient air at 100 °C for 30 min then 300 °C for 60 min, resulting in a NiOx film
of ~50nm thickness. The NiOx coated ITO substrates were then transferred inside the N>

filled glove box for completing the device fabrication to avoid moisture accumulation on the
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surface. The triple cation perovskite precursor solution is prepared by adding Csl, FAI and
MABE in stochiometric ratio of Pbl, and PbBr; in DMF:DMSO, as demonstrated by Saliba’s
et al.’° In short, FAI (1 M), PbLx (1.1 M), MABTr (0.2 M) and PbBr; (0.2 M) are dissolved in
anhydrous DMF:DMSO 4:1 (v:v). We note that this composition contains a lead excess as
reported elsewhere.?®%> Then Csl, pre-dissolved as a 1.5 M stock solution in DMSO, was
added to the mixed perovskite precursor to achieve the desired triple cation composition with
generic form of Csoos(MAo.17FAo.83)0.95Pb(lo.s3Bro.17)3. The perovskite solution was spin coated
in a two-step program, at 1000 and 6000 rpm for 10 and 20 s respectively. During the second
step, 75 puL of chloroform as antisolvent was poured on the spinning substrate 5 s prior to the
end of the program. Films with Cs-containing perovskite turned dark immediately after spin
coating. The substrates were then annealed (usually at 100 °C) for 1 h in a nitrogen filled
glove box. The annealing step converted the spin coated films into highly crystalline
perovskite films. After cooling, PCBM is spin coated (Step 1: 2000 rpm, 40 s and Step 2:
3000 rpm, 10 sec) on top of the annealed perovskite film using a PCBM solution (20mg/ml)

in chlorobenzene.

AZO Layer. The Al-doped Zinc Oxide Al:ZnO (3.15 mol% Al) (AZO) thin film is prepared
by using commercially purchased suspension of AZO nanoparticles (IPA 2.5 wt %) with
average particle size of 12nm (Nanograde product number:8045). AZO solution (as received)
is dynamically spin coated at 5000 rpm for 30 sec on PCBM film to obtain an thin layer
(thickness 37+2 nm) of AZO. Film thickness is measured by performing atomic force
microscopy (AFM) to measure a step edge made on the film. These measurements were made
using a Bruker Multimode 8. Silicon tips were used with a cantilever resonant frequency of
300 kHz. A set of perovskite solar cells are also fabricated without the AZO layer for
comparing the device performance. For solar cell IV curve measurements, a 95-100 nm thick

Al metal contact is thermally evaporated onto the AZO film under high vacuum. The pixel
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active area is kept fixed to 3.0 mm? by using a shadow mask. Similar thickness of Al metal

contacts are used in non-AZO based perovskite solar cells.

Field’s Metal Electrode and Platinization. An eutectic alloy of In, Sn and Bi (Field’s
metal), with weight % ratio of Bi:In:Sn = 32.5:51:16.5 respectively, is used as both metallic
contact and encapsulation layer on top of the AZO film. The perovskite photocathodes (active
area =0.16 cm?) are fabricated onto 12 x 12 mm? etched ITO glass substrates. All other layers
on ITO including NiOx/Perovskite/PCBM/AZO are fabricated in a similar way as discussed
for the solar cells. The protective FM layer is encapsulated on the top of AZO layer by using
earlier reported methods.?® In short, Field’s metal piece is melted on a hotplate at 363 K
(90 °C) to obtain a 0.5-1.0 mm thick foil by spreading. After solidifying, the metal foil is cut
into 12x7 mm? pieces, which are gently placed on the perovskite devices in such a way that
they cover the pixel area completely. Next, the pieces of FM are briefly molten onto the
devices, by applying 2.4 A for 30 s to a Peltier thermoelectric element using an IviumStat
potentiostat, and then solidified by applying -2.4 A for 30 s. The edges of the devices are
further sealed using a UV curing glue (NOA 63, Norland) to make sure that water should not
sieve in through the FM and perovskite/AZO interface. The Pt catalyst nanoparticles are
grown on FM by dipping the encapsulated device, attached to the stainless-steel holder, in a
KoPtCls (98%, Sigma, pH 1.2) solution for 60 s, without stirring. The devices are
subsequently dipped into DI water to rinse the excess of K.PtCls. The ITO glass back side of
the device is cleaned by using a cotton swipe before performing photoelectrochemical

measurements.

Solar Cell measurements. The ITO/NiOx/Perovskite/PCBM/AZO/Al device configuration
is maintained for solar cell measurements. The AZO-free solar cells are also characterized in
the same way. An ABET solar simulator, corrected for spectral mismatch to give a spectrum

matching AM 1.5G over the wavelength range absorbed by the perovskite cells, is used for
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the illumination and IV characteristics were recorded by using a Keithley source meter

(Model no. 2450.

Photoelectrochemical measurements. Photoelectrochemical (PEC) measurements were
carried out on an electrochemical workstation (Ivium CompactStat), under inert (N2, with 2%
CH4) atmosphere, at room temperature. A conventional three-electrode configuration was
used with the perovskite photocathode, Pt mesh and Ag/AgCI/KCI (sat) acting as a working,
counter and reference electrode, respectively, in an aqueous potassium phosphate buffer
[KoHPO4 (107 g) and KH2PO4 (52 g) in H2O (1 L), adjusted to pH 7 using H2SO4]. The
measurements were done using cyclic voltammetry (CV) scans for a potential range of 1.1 V
to -0.5 V vs. RHE at a scan rate of 10 mV s (0.1 M KPi electrolyte aqueous solution at pH

7.0). The potential conversion from Ag/AgCl to RHE is done by using following relationship:

E (V versus RHE) = E (V versus Ag/AgCl) + (0.059 x pH) + 0.197,

therefore for pH 7.0; 0 V vs RHE =- 0.610 V vs Ag/AgCL.

The two compartments of the glass PEC cell were separated by a Nafion ion selective
membrane. The evolved H, was quantified by manually injecting 100 pL of the gaseous
headspace into a Shimadzu GC-2010 Plus gas chromatograph (GC). The faradaic efficiency

(FE) was calculated from the H> amount and the corresponding total charge at a given time.
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