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Abstract

PbS fnanocubes have been produced by a very simple solvothermal procedure that
employs a unique molecule, ethylenediamine, as solvent and capping ligand to control
the size and shape of nanocrystals. Detailed structural, optical and photoelectrochemical
evaluation. confirmed the suitability of these nanoparticles for photocapacitive
applicationsyiwhen synergistically combined with spin-coated BiVO, photoelectrodes,
as derivedifrom the estimated energy diagram. Furthermore, the p-n junction facilitates
the photo-oxidation of PbS nanoparticles under light irradiation. In the dark, the
photogenerated charges are released providing an electric output response with a solar-
to-current efficiency of 0.042 %, storing energy extra to the H, produced by water
splitting when the BiVVO, photoanode works under illumination. This study highlights
the importance, of the synthetic route and methodology to ensemble materials for

advanced'solar.energy storage applications.
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Introduction

The current energy scenario based on fossil fuels is practically exhausted, leading to
undesirable consequences as the decrease of the oxygen level in the oceans, melting the
ice in the poles and leaving a quarter of the world’s population at risk of water supply
problems or floods, as it was recently addressed in the 2019 United Nations Climate
Change Conference, COP25. In this context, the development of safe and sustainable
energy storage constitutes one of the most relevant technological challenges of the XXI
century. Provided that fossil fuels cannot provide sustainable source of clean energy to
meet our futuré demands, the proper matching of energy demand and energy supply
requires that inherently intermittent renewable resources like solar light or wind must be
efficiently. stored into batteries (electrical storage) or fuels (chemical storage).
Consequently, the development of global strategies to provide sustainable solutions for
renewable energy storage has gained lot of interest in the last years, with impressive
advances in the*field of solar fuels,™ electrosynthesis of added value products,' and
electrochemical valorization of waste.”®! Identically, electrical storage has significantly
progressed in particular meeting the needs for wearable,!*! transport,™ and residential
applications:™ Critical issues like long-term cyclability!” and cost™ have been recently
reviewed “in‘order to provide a technologically and economically robust solution for
different-applications. On the other hand, storage of solar energy in electrochemical
devices like redox-flow batteries is also at the forefront of the research in novel energy
storage systems,“with tailored redox reactions, which overcome some of the
thermodynamic’ and kinetic limitations intrinsic to more complex electrochemical
reactions, like water spitting.’) Recently, the possibility to increase the efficiency of Z-
scheme water splitting photoelectrochemical cell by combination with a flow battery
was propesed,“showing that it is possible to store the photocharges “loss” in OER and

HER side-reactions as chemical energy.”!

In this context, lead based materials (halides, chalcogenides, oxides, etc...) stands out as
promising materials, which have demonstrated excellent optoelectronic properties for
different energy conversion and storage applications. The most remarkable example of
lead based materials for energy conversion applications relates to lead halide
perovskites, which have experienced in the last years a remarkable increase of
photovoltaic efficiencies up to 25.2 %,*” and light emission with external quantum

efficiency over 20%,™, and its charge storage properties have also been highlighted.**
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Another exciting Pb based material for energy conversion is lead sulfide (PbS). Lead
sulfide is a binary IV-VI semiconductor material, with small direct bandgap (0.41 eV)
and large exciton Bohr radius of 18 nm, compared to many semiconductors. This
material has been successfully used for different applications such as infrared
sensors,*® solar cells,™ light emitting diodes,™ nanoscale lasers,*® photonic and
optical switches,'” and biological imaging™ due to its controllable size and
morphology. “Indeed, lead sulfide has been produced with different morphologies at
nanometer-, to,micrometer scale such as: rods,™needles,® wires,®! octahedrons,?*
dendritic ‘stars'?*?*! and cubes,™” by several synthetic methods (e.g.: microwave,
hydrothermal™solvothermal and chemical or thermal decomposition routes,*** 24)
under different reaction conditions (lead and sulphur precursors, temperature, time,

solvent, surfactants, capping ligands...).

For practicall applications in electrochemical devices, it is important to prepare stable
colloidal PbS dispersions in order to get densely packed nanocrystal thin films with
isotropic properties. Thus, PbS nanocubes appear to be an interesting shape for efficient
spatial arrangement,®! although other interesting morphologies have been reported.?®!
Scarce information on the fabrication of PbS nanocubes is found in the literature. In
2006, the“preparation of PbS nanocubes by a surfactant AOT-assisted solvothermal
route was™reported.”’! Later, PbS nanocubes were generated in oleylamine and
dodecanethiol frtom decomposition of a very complex lead precursor, Pb(pic),tu.?*"
Both studies employ the solvothermal methodology, which is a very promising due to
its low cast, high efficiency and its potential for large-scale production. However, very

exotic and.complex precursors and surfactants needed to be employed.

This manuscript reports on the synthesis of highly uniform PbS nanocubes by a very
simple solvothermal procedure that employs a unique molecule, ethylenediamine, as
solvent and capping ligand to control the size and shape of nanocrystals. The tuning of
reactionparameters (i.e. temperature and time of solvothermal digestion) and the ratio
of reagents affords homogeneous nanocubes. The cubic structure facilitates the
assembly of PbS nanoparticles on BiVO, photoanode, extensively used in solar water
splitting. PbS/BiVO, forms a p-n junction that promotes the oxidation of PbS in place of
OER. Oxidized PbS nanoparticles are reduced in the dark providing an output energy of

0.35 uWh/cm®. The photocapacitive response of PbS-BiVO,; photoanodes was
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previously reported by us,?® showing herein a simpler, cheaper and more controlled

synthesis of energy harvested photoanodes for water splitting.

Experimental method

Synthesis of PbS nanoparticles:

Lead (Il)_acetate trinydrate (Pb(CH3COO),-3H,0), thioacetamide (C;HsNS, TAA),
ethylenediamine (EDA) were purchased from Sigma-Aldrich and used as received. In a
typical“synthesis, 0.3783g of Pb(CH3;COQ),-3H,0O and 0.0751 g of C,HsNS were
independently dissolved in 15mL of EDA respectively, and then mixed together. The
initial transparent solution turns into dark color immediately after mixing. After 30
minutes-ofstirring, the mixture was transferred into a 45 mL Teflon-lined stainless-steel
autoclave; sealed and heated at 180°C for 16 hours. A black precipitate was collected by
centrifugation: The product was repeatedly washed with ethanol and water, and dried at
80°C overnight. These synthetic parameters were previously optimized in order to
achieve a good control on the morphological properties of the nanocubes. The details of
these preliminary studies performed on the synthesis are found in the supporting

information-file.
Synthesisof BiVVO, and BiVO,/PbSthin films:

Thin films of BiVO, and BiVO,/PbS were deposited onto fluorine-doped tin oxide
(FTO) substrates through spin coating method. The BiVO, precursor solution was
prepared as previously reported.? First, commercial bismuth (111) nitrate pentahydrate,
Bi(NOs3)3:5H,0, (Sigma Aldrich, reagent grade, 98%) was used to prepared a
transparent: 0.2, M solution in glacial acetic acid, after 10 min of ultra-sonication.
Secondly, aseemmercial vanadyl acetylacetonate, VO(acac),, (Sigma-Aldrich 98%) was
used to prepare a dark green 0.2 M solution in acetyl acetone, after 20 min of ultra-
sonication. Both solutions were mixed and sonicated during 20 min until complete
homogeneity and finally filtered through a polytetrafluoroethylene (PTFE) membrane of

0.22 um pore size.

For the BiVO, film deposition, FTO substrates were cleaned by ultra-sonication in
Hellmanex detergent, Milli-Q water and in a solution of ethanol:isopropanol (1:1 v/v).
Prior to the deposition of the active layer, substrates were treated in a UV-O 3 cleaner
for 15 min. 100 ul of the BiVO, precursor solution was deposited by spin-coating at

1000 rpm-800rpm/s during 15s followed by annealing at 450 °C/30 min in a hot plate.
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This process was repeated to complete 10 cycles, being the last one annealed at 450°C

during 5 hours in a box furnace to ensure the monoclinic-scheelite structure.

PbS thin films were deposited using a 20 mg/ml solution of PbS in ethanol, which
provided the best dispersability among different tested solvents (Supporting
Information, Figure Sla). 20 pL of the solution were deposited onto the BiVO, films
and also directly onto FTO substrates by spin coating at 6000 rpm during 15s followed
by an annealing step at 80°C during 10 min, in order to remove the excess of the

solvent.

Structuralpoptical and electrochemical characterization.

XRD diffraction data was carried out with a D4 Endeavor system (Bruker-AXS) with
Cuk, radiation"(% 1.5406 A). The morphology of the different samples was analyzed
with a JEOL JEM-3100 Field Emission Scanning Electron Microscope (FEG-SEM)
including EDSsanalysis. Transmission Electron Microscopy (TEM) was performed with
a JEOL 2100 instrument, operating at 100 kV.

Dynamic light scattering (DLS) experiments were performed on a Zetasizer Nano ZS
from Malvernalnstruments (& 633 nm). For the a nalysis, PbS nanocrystals were
dispersed “in. ethanol at a concentration of 50 ppm and poured into a standard plastic
cuvette.“The=temperature was fixed at 20°C and the measurement was repeated three

times for gach sample.

Fourier-transform Infrared (FTIR) spectra was collected on a FT/IR-6200 from Jasco.
For the analysis, several drops of the PbS ethanolic suspensions were deposited on a
KBr pellet and evaporated by an IR lamp. The spectra were recorded by transmittance

from 4000 t6"400 cm™, with a resolution of 1cm™ and accumulation of 64 scans.

The optical=properties of the prepared PbS colloidal solutions and films were also
determined=using a Lambda 1050+ Perkin Elmer UV/Vis/IR spectrophotometer. The
absorbance “(A). of the thin films was estimated from transmittance (T) and diffuse
reflectance (R) measurements using an integrating sphere as A = Jog(T + R). The
direct optical band gap was estimated by the Tauc plot as (he) vn — A(hv—E g), where n

= 1/2 for direct transitions.

Electrochemical and photoelectrochemical measurements were performed using an
Autolab potentiostat/galvanostat PGSTAT302 workstation, coupled to a 300 W Xe
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lamp for experiments under illumination conditions, adjusting the light intensity to 100
mW cm™ using a thermopile. Unless otherwise specified, the measurements were
carried out in a three-electrode cell, where the sample under test, an Ag/AgCl (KCI 3M)
electrode and a Platinum wire were used as working, reference and counter electrode,
respectively. All the potentials have been referred to the Reversible Hydrogen Electrode
(RHE) electrode using the Nernst equation: Viyp = Vag ager + VAOg/Aga + 0.059 - pH.

The electrolyte employed was 0.1M Na,S and 0.1M Na,SO; at pH= 13.4 for the
characterization, of the PbS films, while a potassium phosphate buffer (K-Pi) at pH 7
was used toscharacterize the PbS-PbO,/BiVO, system. These testing conditions were
key to prevent the detachment of the PbS/PbOy nanocubes from BiVO, during
electrochemical testing. Cyclic voltammetry measurements were performed at a scan
rate of 50 mV s and 5 mV step. Electrochemical impedance spectroscopy (EIS) was
performed between 0.01 Hz and 40 kHz with 20 mV amplitude perturbation. Mott-
Schottky analysis was carried out using the expression (for an n-type semiconductor):

1 2 ( kT)
C2.  &pereNpA? Psc e

where Csg represents the space charge capacitance, gsc=V-Vgp is the voltage drop at the
space charge region, V is the applied potential, V5 the flat band potential, Np the donor
density, e the elementary charge, ) the permittivity in vacuum, &, is the relative
permittivity of the material, taken as 190 for PbS,BO] and 68 for BiVO4,[31] A 1s the
electrode area,k is the Boltzmann constant and 7 is the absolute temperature, taken as

298 K.

Results ‘and discussion

PbS nanocrystals were prepared from precipitation of lead acetate and thioacetamide as
sources of “Pb** and S* ions, respectively, in an organic aminated medium
(ethylenediamine), without further purification. The crystal formation occurred
immediately “after mixing both reagents at room temperature (25°C), but highly
anisotropic platelets were initially generated (see Supporting Information, Figure
S2a), suggesting a kinetic growth regime with a fast unidirectional growth. This effect
was previously reported for PbS obtained through decomposition of lead xanthates in
long-chained amines.®? Then, a solvothermal treatment at higher temperature (110°C,

180° C or 300°C; SEM images showed in Supporting Information, Figure S2b-d) was
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carried out in order to partially redissolve these anisotropic structures and precipitate
PbS under more controlled conditions. This process of redisolution-nucleation is known
as Ostwald ripening mechanism,**! which occurs upon thermodynamic equilibrium
conditions. At this point, the use of ethylenediamine (EDA) as solvent and bidentate
capping ligand played a key role on the morphological properties of the PbS particles.
This molécule®was already employed for the preparation of CdS®Y and PbSE!
nanostructures. EDA is a highly nucleophilic agent that attacks Pb from the acetate
precursor affording the [Pb(EDA),]** complex. After thioacetamide addition, the EDA
ligand is replaced by this ligand because of its higher affinity for Pb?* compared to
amino-based ligands, according to Pearson’s HSAB theory. These sulphur-based Pb*
complexes rapidly evolve towards the formation of PbS crystals. These intermediate
Sulphur-based™Pb®* species were detected as yellow complexes when reaction takes
place at.dlow temperature (0 °C), as shown in Supporting Information, Figure S3. PbS
crystallizes aswa rock-salt cubic structure, but upon heating and the interaction of
ethylenediamine at the surface of the seeds, the growth on the (111) faces is favored,
and the cubic shape is facilitated. ?> *®! After several washing steps, FTIR analysis of
the dried nanocubes was performed (Supporting Information, Figure S4). No clear
signal of EDA or TAA molecules grafted at the surface of the nanocubes was observed,
but we cannot completely exclude the presence of some inorganic or short chain organic

ligands fromithe reaction medium that help their further dispersion in ethanol.

To further understand the role of EDA in our synthesis, several organic amines with
different lengths and number of amine-coordinating groups located at different positions
(DAP: 1,3-diaminopropane, DETA: diethylenetriamine, TETA: triethylenetetramine,
OAM: oleylamine, OA: oleic acid) were tested. Irrespectively of the amine-coordinating
group employed, the cubic morphology was observed, as shown in Supporting
Information, Figure S5. However, the shorter and more rigid EDA molecule provided
the besteresult in terms of small size and uniformity (Supporting Information, Figure
S5). Finally, thesPb:S ratio was also varied according to previous studies indicating that
this ratio modulated the dimensions of rods and dendritic structures.’”*® 31 In our
synthesis, the nanocrystals exhibited similar sizes but appeared more rounded with the
increasing content of the Sulphur precursor. Consequently, the most uniform cubic
shape and smallest particle size were obtained for the stoichiometric Pb:S ratio (1:1)

(Supporting Information, Figure S6).
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Once the synthetic parameters were optimized (180°C/16h/EDA/1PDb:1S), a complete
characterization of structure and capacitive properties was performed. Scanning electron
microscopy revealed that well-defined nanocubes with sizes of 40 - 70 nm-edge were
obtained, as shown in Figure 1. These results are in good agreement with DLS
measurements showed as Supporting Information, Figure S1b. The powder XRD
pattern of'the nanocubes (Figure 1, inset) confirmed the crystallization of PbS in the
face-centered“cubic rock-salt structure (ICSD 38293) as single phase. Moreover, very
similar XRD patterns were obtained regardless the reaction conditions (see Supporting
Informatien, Figure S7). The absence of secondary phases, such as PbO, PbO,,
PbSO;" PBSOz™or residual reagents, confers significant advantages to the present
synthetic route, since conversely to other reported methods, where N,, Ar or vacuum
conditions"aré"heeded,*” *! atmosphere control is not required here. TEM images
confirmed“the description from SEM evaluation (Figure 1). The crystals have cubic
shapes of lessithan 80 nm and each nanocube is a single crystal free of ligands at the

surface.

Figure 1.-uStructural and morphological characterization of PbS nanocubes: (Left) Powder
XRD patternjand SEM image (inset: high magnification); (Right) HR-TEM image (inset:
magnification of one PbS crystal showing (111) interplanar distance)

Electrochemical characterization of the PbSfilms

In order to determine the electrochemical and semiconducting properties of the as-
synthesized PbS nanocubes, electrochemical characterization of PbS films on FTO

substrates was carried out by cyclic voltammetry and electrochemical impedance. The
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cyclic voltammograms of the PbS films (Figure 2a,) clearly showed the reduction peak
of Pb®* to Pb°® at — 0.2 VV vs RHE (labeled as C;) according to the reaction:*!

PbS + 2e~ + H,0 » Pb° + HS™ + OH™
)

Similarly,sthe texidation peak at 0 V vs RHE, (labeled as A;) corresponds to the
oxidation of metallic Pb to Pb**as:

Pb + 20H7™ —-3Pb0 + H,0 + 2e~
)

Furthermore,relevant information about the electronic properties of PbS was extracted
from Mott-Schottky analysis (Figure 2b). The negative slope of the linear fit indicated
the p-type characteristics of PbS in good agreement with previous literature,®! and the

2

donor density.was estimated as Na=3.8x10'° cm® from the equation N, = P
where m the slope of the Mott-Schottky plot. The flat band potential was around 0.55 V
vs RHE, also inigood agreement with previous reports.*! Since the flat band potential
is related to the Fermi level of majority carriers (holes in a p-type semiconductor), the
position of the valence band (E) was estimated around 200 mV below the Fermi level,
i.e. Ew =0.75 V/ vs RHE. The optical bandgap of the synthesized PbS nanocubes was
calculatedsfrom the Tauc plot for direct transitions extracted from the absorption
spectrum (Supporting Information, Figure S8) as E4 = 0.46 eV, nicely matching the
results obtdinedyin previous studies,*? and consequently, the conduction band (E,) was
located at Eg="0.3-0.35 V vs RHE. These estimated energy levels have been included in

the Scheme 1.
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Figure 2.- (a) Cyclic voltammogram (CV) of PbS thin film ina 0.1 M Na,S and 0.1 M Na,SO;
electrolyte at pH 13.4. The CV of the FTO bare substrate is also showed for comparison. (b)
Mott-Schottcky plot of the FTO/PbS film, and linear fitting used to extract the donor density
(Np) from the slope and the flatband potential (E.,) from the x-intercept.

Once the basic electrochemical and semiconducting properties of the PbS nanocubes
were detefmined, our aim was employing these PbS nanocubes for solar energy storage.
In a previous study, we showed that heterostructuring PbS nanocrystals with BiVO4
films synthesized by electrodeposition, interesting synergistic photocapacitive
properties'developed in the combined system.?®) In the present study we substituted the
PbS quantum dots produced by a much more complex synthetic route by the easily-
synthesised PbS nanocubes described above. Furthermore, denser BiVO, films
produced by spin-coating were used in the present study, instead of the more porous
electrodeposited BiVO,4, employed before.

The structural and optical characterization of the as-prepared BiVO, films used herein
were ipcludedin the Supporting Information, Figures S9-S13. The spin-coated
BiVO, films on'FTO substrates exhibited high coverage and homogeneity (Figure S9).
Furthermare, the XRD pattern of the spin-coated BiVVO, corresponded to the monoclinic
scheelite ‘structure (Supporting Information, Figure S10).”! No trace of other
materialS, apart from the FTO substrate, or ternary compounds were observed. The
optical propertigs of the deposited BiVO, films (Figure S11a) reflects the increased
absorption around 500 nm corresponding to an optical bandgap of 2.5 eV (Supporting
Information, Figure S11b), in good agreement with other reported values for this
material."**! The Mott-Schottky analysis of the BiVO, spin-coated films (Figure S12)
confirmediits-nétype characteristics and the values of the donor density (Np = 5.43x10"°
cm’®) and'flat band potential (Vs = 0.4 V vs RHE) were extracted. These values are
also in good agreement with previous studies of BiVO,.[* From the determination of
the optical bandgap from optical measurements and the flatband potential from Mott-
Schottky analysis, the energy levels of the spin coated BiVO, films were determined,
and the band alignment on the PbS/BiVO, architecture is showed in the Scheme 1.
From this band structure, and considering the p-n junction formed between PbS and
BiVO, interfaces, the photogenerated holes at BiVO, under illumination should be
injected into PbS to form PbOy.
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Scheme, 1 4Sehematic representation of the band alignment of the BVO,/PbS heterostructure.

The morphology of both BiVO, and BiVO,/PbS was investigated by SEM. BiVOy, thin
films were characterized by a granular surface with small grain size of a few hundred
nm (Supporting Information, Figure S13) and the average thickness of the deposited
BiVO, films was 80 nm (Supporting Information, Figure S14). Upon spin-coating of
PbS nanocubes, the surface of the BiVO, films appeared totally covered by PbS
nanoparticles (Supporting Information, Figure S15a). Upon electrochemical
treatment of the BiVO4/PbS films consisting of 100 cyclic voltammetry scans between -
0.6 V vs RHE and 1.8 V vs RHE under illumination in a phosphate buffer electrolyte at
pH7, the morphology of the original PbS nanocubes was totally modified (Supporting
Information, “Figure S16a) due to the electrochemical conversion of lead sulfide into
lead oxide (PbOx)= At higher magnification, (Supporting Information, Figures S15b
and S16b), the morphological changes from the initial cubic PbS nanostructures into the
PbOx agglomerates become more evident. These results were consistent with the
decrease ‘of the Sulphur content, before and after 100 cyclic voltammetry cycles,
measured by EDS (Supporting Information, Table S1). EDS shows a final Pb:S:0
composition=ratio of 0.26:0.22:0.49, which can be attributed to two different or
combinedphenomena: i) a mixture of xPbO-PbSO, formed during PbS photo-oxidation,
since the PbO,species can catalyze the photo-oxidation of PbS to PbSO, forming a
mixture of both species,!*® and/or ii) incomplete PbS photo-oxidation caused by the
increase of the oxide species modifying the redox potential of the reaction according to
Nernst equation, subsequently leading to a competition between OER and PDbS

oxidation at certain concentration. ¢!
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Figure "8."Cyelie' voltammogram after 100 cycles, recorded at 50 mV s scan rate under
illumination, for PbO,/BiVO4 and the indiviual components PbS and BiVO, showing the
synergisticphotocapacitive efect between BiVO, and PbS. All measurements were performed in
K-Pi buffer.atipH 7.

After 100 voltammetry scans under illumination, the PbS/BiVO, CV is not anymore
evolving, indicating reversible changes in the photoanode between two oxide states of
PbOx«. The evolution of the CV during these 100 scans is shown in Supporting
Information, Figure S17. The capacitive shape of PbS/BiVO, CV in Figure 3 stems
from the synergistic interaction between both PbS and BiVO,, since this response was
not identified at'any of the individual materials tested. Indeed, two bumps are observed
in the CVraround 0.8 and 0.6 V in the anodic and cathodic current, which can be
assigned towthestwo different oxide states of Pb (2" and 4%) identified in Pourbaix
diagrams " These results evidence that photogenerated holes at BiVO, oxidize the
PbOy into PhO>, positively charging the surface of the heterostructure (photocharging of
the capacitor). In dark conditions, PbO, can be reduced to the initial PbOx by the

discharge of the capacitor in a fully reversible process.
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Figure 4.- (a).Bode plot of the real part of the capacitance and (b) Nyquist plot, in the dark and
under illumination of the PbO,/BiVO, heterostructure at 0.7 V vs RHE; (c) Stability of the OCP
measured in.dark condition after full photocharging of the PbO,/BiVO, electrode; (d) Delivered
charge during discharge procedure at different current densities after full charging of the

photocapacitor.

The photocapacitance at the PbO,/BiVO, photoanode is 4.2 mF cm™ estimated from the
CV plot. This value perfectly agrees with that extracted from impedance spectroscopy at
the low frequen€y region (~10 mHz), C = 4 mF-cm, see the Bode plot of impedance in
Figure“4a, performed at 0.7 V vs RHE. This low frequency capacitance is only
observed when the system is illuminated and it is associated to the photocharging of the
capacitor under illumination. The other plateau at 1-100 Hz and a value around 10 F
cm? is observed for PbS/BiVO, photoanode working both in the dark and under
illumination and it is ascribed to a double-layer capacitance. The Nyquist plots in the
dark and under illumination (Figure 4b) showed a clear decrease of the charge transfer

resistance under illumination. Additionally, a sharp increase in the imaginary part of the
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Nyquist plot, i.e. the capacitance, under illumination reflects the accumulation of charge
in the heterostructure.

In order to evaluate the PbS/BiVO, electrode as energy harvester beyond photoanode
for solar water splitting, the photocharge and discharge of the electrode were studied in
three-electrode configuration, for a more fundamental understanding. & The stability of
the open circuit potential (OCP) reached after full photocharging of the device, and
further charge.delivery in dark conditions were also tested. To ensure the full charging
of the photocapacitive device, the PbO,/BiVO, electrode was wired to the Pt counter
electrode an@“illuminated at 200 mW cm for 30 s, under short-circuit conditions. Then,
the cell was again connected in three-electrode configuration, and the OCP was
measuredtfor 1 hour in dark conditions, as showed in Figure 4c maintaining a value of
around 1.1 V..ws RHE, ensuring the high stability of the photocharged electrode for
more than 60 minutes. The OCP value should correlate to the difference between the
electron quasi-Fermi level and the hole quasi-Fermi level at the PbOy interfacial layer
electrode,.and.a. value of around 1.45 V vs RHE should be expected. The lower OCP
value obtained in this system confirms the presence of sulphide/sulphate lead species
together with the formed PbO. The charge delivery capability in dark conditions was
further evaluated, through galvanostatic discharge measurements at different discharge
currents;“as‘depicted in Figure 4d. The nonlinear discharge curves, particularly at lower
dischargecurrents, evidence the Faradaic processes in the energy storage mechanism at
the PbS/B1VO, photoanode. The output energy and power density calculated for the
discharge! current of 0.02 mA cm™? are 0.35 uWh cm? and 12.6 pW cm, respectively,
accordingsto the equations:* E (Whem™=2) = fotd V-j-dt/3600 and P (Wem™2) =
E/t,, wheré"[ is the current density (A-cm?) and tq is the discharge time (s). The
efficiency of solar energy conversion to energy storage can be considered as the sum of
the energy stored in the H, molecule plus the charge stored in the PbS/BiVO,
photoanode. Here, a full photoelectrochemical cell is not assembled and we focus on the
added energy accumulated as charge in the PbS/BiVO,. The energy conversion-output

electricity is estimated as 0.042 % according to the expression:®”
n= (foth -j - dt/Pt;)) - 100, where t; the time of irradiation (30 s) with illumination
power P, here j and P, are normalized by area (cm?). This value is of the same order
compared to that recently obtained in a redox flow battery coupled to a Z-scheme water

splitting cell (0.01%).°" Few pW/cm? are estimated to be enough to power
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microdevices. As an example, 10 uW is generally enough for a sensor to measure and
transmit temperature readings every 5 seconds.® Consequently, the power output
provided by the PbS/BiVO, system in the dark could be sufficient to transmit a signal in

these conditions.
Conclusions

In summary, PbS nanocubes have been produced by a simple solvothermal synthesis,
with good, merphological and size control. Combined with BiVO,4, which is an
extensively._material studied as photoanode for solar water splitting, we have
demonstrated™“that an added energy storage is possible in the system as a
photocapacitance. Structural, optical and electrochemical study of BiVO, and PbS
materials "validate the injection of photogenerated holes at the BiVO, into the PbS
nanocubes”leading to its transformation to PbOy, according to the estimated energy
diagram. PbO%BiVO, works as a photocapacitor with an efficiency of 0.042 % and
providing a power of 12.6 pW cm?.
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Table of contents:

PbS nanocubes have been synthesised by a simple solvothermal method with good
morphological and size control and have been deposited on spin-coated BiVO,
photoanodes to form a p-n junction showing synergistic photocapacitive properties.
PbO,/BiVO, system works as a photocapacitor with a solar-to-current efficiency of
0.042 %, providing a power density of 12.6 pW cm™.
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