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Polymer-based photocathodes with a solution-
processable cuprous iodide anode layer and
a polyethyleneimine protective coatingf

Hansel Comas Rojas,® Sebastiano Bellani,®® Francesco Fumagalli,® Gabriele Tullii,®
Silvia Leonardi,® Matthew T. Mayer,“ Marcel Schreier,“ Michael Gratzel,
Guglielmo Lanzani,®® Fabio Di Fonzo*® and Maria Rosa Antognazza*®

Organic semiconductors have been proven to be suitable for efficient photovoltaic generation during
the last decade but have been scarcely assessed as photoelectrochemical devices. In this work we
present the fabrication and characterization of a new efficient hybrid organic/inorganic photocathode
for hydrogen evolution showing both a positive onset potential (+0.702 V vs. RHE) and a maximum
power point (+0.303 V vs. RHE). We demonstrate that a conventional PZHT:PCBM bulk heterojunction
architecture enclosed between a solution-processed cuprous iodide hole selective layer and a Pt-decorated
nanostructured TiO, layer can efficiently photogenerate hydrogen under acidic conditions under simulated
1 Sun illumination. This architecture showed initial photocurrents as high as 8 mA cm™2 at 0 V vs. RHE,
IPCE above 50%, 100% faradaic efficiency and an ideal ratiometric power-saved figure of merit equal to
1.21%. Finally, with the addition of a solution-processed polyethyleneimine protective coating, we improved
the device stability. This work paves the way to the use of hybrid organic/inorganic photocathodes for
efficient solar hydrogen generation.

The photoelectrochemical route is the most direct one towards solar energy conversion and hence the production of hydrogen as an energy carrier. The archetypal
photoelectrochemical device must produce under solar illumination around 1.6 V to drive the unassisted water splitting reaction and steadily generate a

photocurrent of several mA cm™

in an aqueous environment. Pursuing an efficient photocathode is of key importance and several candidates have been

successfully realized but relying on very sophisticated systems and precious materials. On the other hand, the use of conjugated semiconducting polymers is a

viable alternative, which gains more attention every year. We have pursued the fabrication of a hybrid organic/inorganic photocathode by using an archetypal
organic bulk heterojunction sandwiched between inorganic charge selective layers. What makes this approach unique is the use of a water insoluble cuprous

iodide hole selective layer and the implementation of a hyperbranched polyethyleneimine overcoating to limit catalyst detachment, both depositions being fast
and low temperature solution-processable. Competitive figures of merit were thus obtained. Our approach broadens the most traditional use of semiconducting

polymers as photovoltaic materials and proposes them as a feasible, scalable and cost competitive alternative towards solar hydrogen generation.

Introduction

the desired living standards." Solar photoelectrochemical (PEC)
hydrogen production could in principle provide a clean, cost-

One of the main challenges facing humankind in this century is
to supply the world’s population with sufficient energy to fulfill
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effective and domestically produced energy carrier, but still
faces technical challenges.>” In order for hydrogen production
to occur efficiently and sustainably, several stringent criteria
must be met simultaneously both by the semiconductor and
by the PEC device as a whole. The semiconductor system must
generate sufficient voltage upon irradiation to split water, have
strong optical absorption in the IR-visible range, with band
edge potentials at the surfaces which straddle the hydrogen and
oxygen redox potentials, and enable efficient charge transfer
from the surface of the semiconductor to the redox species
in solution. In addition, the system must exhibit long-term
stability against corrosion in aqueous electrolytes,>* and use

This journal is © The Royal Society of Chemistry 2016
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non-precious and non-toxic materials.” To date, no materials
system satisfies all of these technical requirements, whereas some
elaborate systems, e.g. tandem structures or coupled photovoltaic-
electrolysis systems, have surpassed the 10% solar-to-hydrogen
(STH) energy conversion efficiency target, the benchmark for
PEC hydrogen production.®™®

Among the different PEC configurations that can be adopted, "
the realization of an efficient and durable photocathode able to
generate hydrogen from solar-driven water splitting would be
highly desirable. This, however poses technical hurdles, especially
regarding the material choice. A variety of p-type materials have
been pursued, spanning from silicon™* to phosphides®'* and
chalcogenides,"® while copper oxide (Cu,O) has arisen as a
competitive earth-abundant semiconductor.****> However, desir-
able features for photocathodes still remain elusive. Focusing on
radically different approaches and investigating unprecedented
light-harvesting materials is thus urgently required.

Organic semiconductors provide a valuable opportunity
for solar fuel generation via the PEC route. They are optimal
light absorbers and support charge generation, as successfully
demonstrated in photovoltaic (PV) conversion, with power
conversion efficiencies over 10%."®"” Their electronic energy
levels can be finely tuned, in order to closely match the redox
potentials required for water splitting reactions.'® They are
solution-processable materials compatible with roll-to-roll
deposition techniques, thus allowing the scaling-up of devices
over size and number."’

One main issue concerning the application of organic
semiconductors is their stability in air or in liquid, with the
main degradation phenomena attributed to the oxidation of the
semiconductor/metallic electrode interface.”® In general, protec-
tion of the semiconductor material and careful engineering of
the interfacial layers facing the electrolyte have been recognized
as critical steps towards stability and performance®' in each
kind of approach.®**** However, recent evidence demonstrated
that a prototypical conjugated polymer, namely regio-regular
poly(3-hexylthiophene-2,5-diyl) (rr-P3HT), fully preserves its opto-
electronic capabilities in an aqueous environment, particularly
with reference to the charge generation process.** r-P3HT has
a direct band gap of 1.9 eV, close to the optimum for a tandem
PEC device,””* and a LUMO (Lowest Unoccupied Molecular
Orbital) level several hundreds of mV above the hydrogen redox
potential. These properties make rr-P3HT an optimal candidate for
the realization of a polymer-based photocathode.”® Accordingly,
preliminary results have been reported by a few groups, adopting
rr-P3HT blended with the fullerene derivative [6,6]-phenyl C61
butyric acid methyl ester (PCBM) in a bulk heterojunction
architecture (BHJ).>’ ! In these reports, the importance to find
suitable interfacial layers, and in particular better performing
hole selective materials was often recognized, especially for
poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT:PSS)** and more recently for molybdenum oxide (MoO;).**

The use of a more stable material while keeping the pre-
paration of the device based on solution-processed techniques
and low temperature processing protocols is highly desirable.
Novel yet simple protective strategies, capable of increasing the

This journal is © The Royal Society of Chemistry 2016
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temporal durability of the photocathode, would be equally
appealing.

Here, we face the problem of an efficient hole selective layer
with higher performance and stability, without compromising
deposition processing easiness and potential scalability over
large areas. We report on the fabrication and characterization
of a hybrid organic/inorganic hydrogen evolving photocathode
based on the conventional P3HT:PCBM bulk heterojunction
architecture, but using a cuprous iodide (Cul) solution-based
layer as the hole selective contact.** p-Type y-phase Cul, as
recently reviewed,® is a material that meets all the require-
ments mentioned above in terms of cost, processability and
environmental stability. The electron-selective and transport
layer is a nanostructured amorphous titanium dioxide (TiO,)
deposited by Pulsed Laser Deposition (PLD),**” and decorated
by a thin, magnetron sputtered, platinum (Pt) electrocatalyst layer.
Photoelectrochemical, optical and structural characterization
was used to investigate both the device operation and to gain an
insight into the photophysical processes occurring in our
systems. Spectroscopic measurements carried out on polymer-
based photocathodes further corroborated the assessment of
Cul as an optimal candidate for highly efficient hole collection.
A solution processed, protective coating based on branched
polymer polyethyleneimine (PEI) was also adopted to improve
the device stability.

Our results lead to a competitive proof-of-concept hybrid
organic/inorganic hydrogen evolving photocathode, as a promising
step towards an efficient, all-solution processed and fully
scalable device.

Experimental
Device fabrication

Devices were fabricated on commercial fluorine-doped tin oxide
(FTO) coated soda-lime glass substrates (purchased from Dyesol
Italia SRL, dimensions 20 x 12 x 2.1 mm, FTO thickness 250 nm
and sheet resistance 15 Ohm sq~"). Substrates were cleaned by
subsequent ultrasonic baths lasting 20 minutes each (alkaline
detergent HELLMANEX 3%, ultrapure water, acetone, isopropyl
alcohol). After each step the substrates were dried under a
nitrogen flow. A subsequent overnight drying at 130 °C allowed
full solvent evaporation. An oxygen plasma treatment (DIENER,
40 Pa, 100 W for 20 minutes) completed the substrate prepara-
tion procedure.

Hybrid organic/inorganic photocathodes were realized by
subsequent deposition of different layers, according to the following
architecture: FTO/Cul/P3HT:PCBM/TiO,/Pt. Complementary devices
without hole or electron selective or catalyst layers were also
fabricated as a reference. Cuprous iodide (Cul, Sigma Aldrich,
97% purity) was dissolved in acetonitrile (Sigma Aldrich, ACS grade)
at 10 g L' concentration. The solution was filtered by using PTFE
filters with a cut-off dimension of 450 nm (PALL technologies). Cul
deposition was carried out by spin coating in one single step
(3000 rpm rotation speed for 60 s). The active layer is constituted
by conjugated polymer regio-regular poly(3-hexylthiophene-2,5-diyl)

Energy Environ. Sci., 2016, 9, 3710-3723 | 3711
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(rr-P3HT, purchased from Sigma Aldrich and used without
further purification, molecular weight M,, 15 000-45 000, purity
99.995%) acting as the electron donor, and the fullerene
derivative [6,6]-phenyl C61 butyric acid methyl ester (PCBM,
purchased from Nano-C Inc.), acting as the electron acceptor.
Both were individually dissolved in chlorobenzene (Sigma Aldrich,
ACS grade) and then mixed at 1:1 wt ratio and 25 mg mL™ " on a
polymer basis. The blend solution was stirred overnight at 50 °C.
The active layer was spin-coated on top of the Cul layer in a two-
step process (800 rpm for 3 s, followed by 1600 rpm for 60 s). The
active layer thickness is 220 + 10 nm (as measured by means of an
Alpha-Step 1Q surface profilometer), appropriate for optimal light
absorption under simulated 1 Sun illumination. The electron
selective layer (amorphous TiO,) was deposited by pulsed laser
deposition starting from a titania target (Testbourne, 99.99%
purity) in an Ar/H, atmosphere (3.1% mol H, content) at a
pressure of 15 Pa. The vacuum chamber was evacuated to a base
pressure of ~3 x 10> Pa before deposition. A pulsed excimer
laser (Coherent KrF, / = 248 nm) was operated at a pulse repetition
rate of 20 Hz with 400 m]J per pulse and a fluence of 2.5 J cm 2.
A pulsed-DC magnetron sputtering cathode with adjustable repeti-
tion frequency and duty cycle was used for platinum deposition
(Testbourne, 99.99% purity). The vacuum chamber was evacuated
to a base pressure of ~3 x 10~ * Pa before each deposition. For Pt
deposition discharge the operating pressure was 15 Pa and Ar gas
flow was 410 sccm. The target-substrate distance was fixed at
80 mm. A fixed shadow mask defines the catalyst area being equal
to 0.72 cm”. Finally, for the realization of a solution-processable
protective layer, we employed branched polyethyleneimine
(PEL, M,, 25000 g mol ', Sigma Aldrich), dissolved in ethanol
at 0.1% concentration and spin coated on top of full devices at
a speed of 2000 rpm for 60 s. Post thermal annealing at 130 °C
per 10 minutes in an inert atmosphere completed the fabrica-
tion of the hybrid photocathode.

Device characterization

The thickness of the layers was also confirmed by cross-
sectional Scanning Electron Microscopy (SEM) measurements
using a Zeiss SUPRA40 field-emission SEM instrument under
an operating voltage of 5 kv and a working distance of 2 mm.
Height and phase maps of FTO and FTO/Cul layers were
evaluated by Atomic Force Microscopy (AFM) using an Agilent
5500 Atomic Force Microscope in tapping mode. Scans were
performed over a length scale of 1 x 1 pm® at a scan speed
of 0.2 lines per s. Root Mean Square (RMS) roughness values
were calculated from AFM topography images using Gwyddion
2.35 software.

Work function data were obtained by using a commercial
kelvin probe system (KPSP020, KP Technologies Inc.). Samples
were measured in air and at room temperature and both a
clean gold surface (WF = 4.8 eV) and a graphite sample (HOPG,
highly ordered pyrolytic graphite, WF = 4.6 eV) were used as
independent references for the probe potential. UV-visible
transmittance and absorption spectra of the materials used in
the photocathodes were recorded by using a Perkin-Elmer
Lambda 1050 spectrophotometer.

3712 | Energy Environ. Sci,, 2016, 9, 3710-3723
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Spectroscopic measurements

Intensity Modulated Photocurrent/Photovoltage Spectroscopies
(IMPS/IMVS) were performed by coupling the photoelectro-
chemical station (see below for the details) to a FRA32M
module (Metrohm) connected to an Autolab LED driver kit
which powered a 530 nm high-power LED. The light intensity
was modulated by 10% of the DC light intensity, fixed at
29.54 mW cm 2, as measured using a calibrated Si-photodiode
(FDS100, THORLABS). The IMPS measurements were performed
at 0 Vvs. RHE in the frequency range of 1 Hz to 10° Hz while the
IMVS spectra were acquired under open circuit conditions in the
frequency range of 1 Hz to 10* Hz. The data were plotted in
accordance with the standard electrochemical notation, which
means that cathodic and anodic currents are defined as negative
and positive, respectively, while positive and negative photo-
potentials mean accumulation of holes and electrons, respectively,
at the back contact. The Kronig-Kramers (KK) test was used to
evaluate the time stability and the linearity of the system.>® The
experimental data points were fitted using a special complex
model (KK function) which always satisfies the KK relations.
This implies that if the measured data set can be represented
with this model, then the data set should also satisfy the KK
assumptions. The result of the test is the value of pseudo yps’,
the sum of the squares of the relative residuals. In the frequency
ranges adopted here, we obtained Xp52 values approaching 10,
which indicates an excellent fit. All the data were analyzed using
the NOVA 1.11 and OriginPro 8.0 software.

Photoelectrochemical measurements

Photoelectrochemical measurements were carried out at room
temperature in a flat-bottom fused silica cell in a three-electrode
configuration using an Autolab PGSTAT302N potentiostat/
galvanostat station, equipped with the Nova 1.8 (Metrohm)
software package. A Pt wire was used as the counter-electrode and
Ag/AgCl, sat. KCl was used as the reference electrode. Measurements
were performed in 50 mL aqueous solution of 0.1 M H,SO,
(Sigma-Aldrich, 99.999% purity): 0.1 M Na,SO, (Sigma-Aldrich,
purity 99.0%), at pH 1.0. Oxygen was purged from the electro-
Iyte solutions by flowing nitrogen gas throughout the liquid
volume using a porous frit at least 30 minutes before starting
measurements. A constant, slight nitrogen flow was maintained
afterwards for the whole duration of experiments, to avoid
re-dissolution of molecular oxygen in the electrolyte. Potential
differences between the working electrode and the reference
electrode are reported with respect to the RHE scale using the
Nernst equation. A 300 W xenon light source (Lot Quantum
Design, model LS0306), equipped with AM 1.5 G filters, was
used to simulate solar illumination conditions at the glass
substrate side of the samples inside the test cell.

Linear Sweep Voltammetry (LSV) has been employed to
evaluate the response of devices in the dark and under chopped
illumination. Voltage was swept starting above the open circuit
potential of the electrochemical cell (OCP) towards cathodic
potentials below 0 V vs. RHE at a scan rate of 10 mV s~ .
Stability tests have been performed by running potentiostatic

This journal is © The Royal Society of Chemistry 2016
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chrono-amperometries (CA) at 0 V vs. RHE, under continuous
illumination, and monitoring dark current values from time
to time.

Incident photon-to-electron conversion efficiency (IPCE)
measurements were performed using a light source 300 W xenon
lamp (Cermax PE 300 BUV) and a monochromator (Bausch &
Lomb, FWHM 10 nm) between 350 nm and 700 nm. The photo-
cathode was fixed inside a test cell equipped with a quartz
window and illuminated from the glass substrate side by using

(a)

Pt 10 nm

0.0

55.1 deg

0.0

View Article Online
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a shadow mask with 0.64 cm® aperture. The photocurrent
response data were collected by running CA measurements
in three-electrode configuration at 0 V vs. RHE and at pH 1,
being further normalized against a calibrated silicon photo-
diode (THORLABS, FDS-100) to determine the IPCE values at
each wavelength.

For analysis of the evolved gas products, the hybrid photo-
cathode was fixed inside a gas-tight test cell with a quartz
window and illuminated from the glass substrate side by a

0.0

Fig. 1 Hybrid photocathode FTO/Cul/P3HT:PCBM/TiO,/Pt microstructure. (a) Cross-sectional SEM view of the hybrid organic/inorganic photocathode
showing its inner structure and nominal thicknesses of each layer (scale bar 100 nm). (b) Top SEM view of a Cul layer deposited on top of the FTO
substrate (scale bar 200 nm). Two different morphologies are evidenced, one characterized by the presence of a very thin Cul layer and the other one by
the formation of Cul aggregates. (c—f) Atomic Force Microscopy topography (c and d) and phase images (e and f) of bare FTO (c and e, respectively) and
FTO/Cul (d and f, respectively). Images of FTO/Cul were acquired in correspondence to regions that more closely resemble the typical FTO morphology

like the ones evidenced by the red circles in panel (b). Scale bar: 400 nm.

This journal is © The Royal Society of Chemistry 2016
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450 W xenon lamp (Osram, ozone-free), equipped with a KG3
filter (Lot QD) and calibrated to 1 sun illumination intensity by
a Si photodiode as well. Measurements were conducted by
running CA measurements in three-electrode configuration at
0 V vs. RHE while maintaining rapid magnetic stirring. Helium
gas at 20 mL min~ " flow was continuously bubbled through the
cell with the out-flow periodically injected into a gas chromato-
graph (GC, TRACE Ultra with a PDD detector, Thermo Scientific;
ShinCarbon ST column, Restek) for in-line characterization
of evolved hydrogen. The Pt wire counter electrode was held
behind a porous ceramic frit to minimize product crossover.
The GC response was calibrated within the same cell and gas
flow conditions using a dedicated Pt wire under galvanostatic
hydrogen evolution at known rates.

Results and discussion
Architecture of the hybrid organic/inorganic photocathode

The full structure of the hybrid organic/inorganic photocathode
comprises a transparent conductive substrate (FTO-coated glass),
a hole selective layer based on Cul, the photo-active, charge
generating layer, based on the polymer blend P3HT:PCBM, an
electron-selective layer (TiO,) and a very thin catalyst layer (Pt).
The cross-sectional SEM image (Fig. 1a) shows very well-defined
interfaces, with the exception of the Cul layer, whose small
thickness (<10 nm, see Fig. S1, ESIT) makes the corresponding
interfaces difficult to appreciate at device-scale magnification.
A top view SEM image (Fig. 1b) and Atomic Force Microscopy
images (Fig. 1d) of FTO/Cul films provide a more detailed
characterization of the Cul film surface topography and rough-
ness as compared to FTO surfaces (Fig. S2, ESIt and Fig. 1b
showing SEM top views and Fig. 1c and d, showing AFM
topography images for FTO and FTO/Cul, respectively). The
coverage of FTO substrates by Cul thin layers can be appreciated
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by means of AFM phase imaging, exhibiting a significant phase
shift in the case of FTO/Cul samples (Fig. 1f), with respect to bare
FTO substrates (Fig. 1e). Similar evidence was provided by Shao
et al. when evaluating different layer thicknesses during vacuum
evaporation of CuL.*® From the SEM images the presence of Cul
aggregates is also evident, whose extent could not be reduced
either by filtering the solution or modifying the spin-coating
protocol. However, more homogeneous films might actually be
obtained by decreasing the solution concentration, but at the
expense of the overall performances of the device, as recently
demonstrated in the case of solar cells based on P3HT:PCBM
and employing different Cul layer thicknesses.*’

The hybrid organic/inorganic architecture was specifically
designed to have a favourable energetic alignment, matching
the electrochemical potential needed for efficient HER, and to
provide a built-in potential gradient able to separate electrons
and holes while avoiding recombination losses (Fig. 2a). In
particular, the work function of Cul, as measured by Kelvin
Probe studies (4.89 & 0.04 eV) and in line with recent literature,*°
is expected to provide for efficient hole collection when in
contact with P3HT. Actually, values between 5.1 and 5.4 eV have
been reported for thicker films.***°

The transmittance spectra of the FTO substrate and the
FTO/Cul layer are shown in Fig. 2b. The Cul layer contributes an
almost negligible decrease in transmittance as compared to the
bare FTO substrate over the whole visible range, with transmittance
values approaching 80%, nearly ideal for efficient light absorption
by the photo-active layer when illuminated through the substrate.
In the transmittance spectrum of the full device, the characteristic
absorption features of rr-P3HT (maximum absorption peak at
500 nm, vibrational replicas at 550 nm and 600 nm) are clearly
visible. The low transmittance is due to light absorption by the
metallic Pt layer, since the nanostructured TiO, layer exhibits high
transmittance in the visible spectral range (see Fig. S3, ESIT).
The absorption spectrum of the P3BHT:PCBM film is also shown

(b)
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(a) Energy band edge positions of materials assembled in the hybrid photocathode. The P3HT:PCBM layer, in the bulk heterojunction

configuration, efficiently absorbs light and generates charges. Cul and TiO, act as hole and electron selective layers, respectively. Redox levels for
both the hydrogen evolution reaction (HER, solid line) and the oxygen evolution reaction (OER, dashed line) are also shown. (b) Transmittance spectra of:
(A) bare FTO, (B) FTO/Cul and (C) full device. Absorbance of the neat P3HT:PCBM active layer (trace D, right Y-axis).
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as a control reference. The electrochemical stability of FTO/Cul
and FTO/Cul/P3HT:PCBM samples was assessed by cyclic
voltammetry experiments (Fig. S4, ESIT).

Spectroscopic characterization of the device

The realization of an efficient photocathode relies on the accumula-
tion and extraction of energetic electrons (holes) at the interface with
the electrolyte and holes at the back contact. The interfacial
recombination rates and charge transfer kinetics are thus the most
important factors to be considered, and they are mainly determined
by the selection of charge-selective layers. We directly measured
kinetic parameters in the hybrid photocathodes by making use of
Intensity Modulated Photocurrent Spectroscopy (IMPS) and Intensity
Modulated Photovoltage Spectroscopy (IMVS). Both IMPS and IMVS
are forms of impedance spectroscopy, which measure the periodic
modulation of the photocurrent and photovoltage, respectively, in
response to a small sinusoidal perturbation of the light intensity
superimposed on DC illumination.*' Fig. 3 shows complex plane
plots for the IMPS (Fig. 3a) and IMVS responses (Fig. 3b) of the
full photocathode device FTO/Cul/P3HT:PCBM/TIiO,/Pt, at 0 V vs.
RHE and under open circuit conditions, respectively (DC illumi-
nation intensity, 29.54 mW cm™2; modulation of 10% of DC).
Corresponding Bode plots are also shown in Fig. S5a and b (ESIt)
for IMPS and IMVS data, respectively.

A detailed interpretation of the IMPS and IMVS spectra would
require adequate modelling of the hybrid device, and this is
beyond the goal of the present work. However, the recorded
spectra allow us to gather important information about the main
kinetics and expected performances of the photocathode.

First of all, we notice that both the IMPS and IMVS spectra
entirely lie in the second and first quadrant, respectively, of the
complex plane (ie., both photocurrent and photovoltage lag
behind illumination at high frequency). IMPS spectra suggest that
interface recombination processes, possibly limiting the overall
PEC efficiency, are negligible, and the kinetics are instead domi-
nated by carrier transport and extraction.*? At low frequencies, the
IMPS plot converges to a point on the real axis corresponding to
the steady state photocurrent, about 229 mA W' at 28.1 Hz,
which determines the actual cell conversion efficiency as the
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result of a balance between holes transferred to the back
electrode and electrons transferred to the electrolyte. This value
is consistent with the maximum photocurrent at a comparable
light intensity of 530 nm, as deduced from IPCE measurements
(see below). At high frequencies the modulated photocurrent
tends to zero, indicating that the modulation frequency is faster
than carrier transport and extraction. Importantly, it is possible
to obtain a rough estimate of the average transit time 74 for
photogenerated charges from the IMPS frequency maximum:*?

1

- _00I9
37 fom (IMPS) 019 ms

T
This value is in good agreement with the ones reported for
a corresponding solar cell in the literature (between 0.01
and 0.1 ms).***

Differently from IMPS, the IMVS spectra (acquired under
open circuit conditions) probe the changes in the concentration
of surface charges, and thus they are mainly related to interfacial
recombination, ie., to an effective charge recombination
time Tyee:™

1

Trec =
which is also in accordance with the values reported in solid
solar cells (between 0.1 and 1 ms).*>**

Finally, the overall charge collection efficiency (1..) can be
roughly estimated by:

Td

Nee =1——2 =088

Trec
Overall, the reported data allow us to conclude that the selected
photocathode architecture is expected to minimize interfacial
charge recombination and to lead to good performance in terms
of the extracted current, internal photon conversion efficiency
and overall hydrogen evolution capability.

Photoelectrochemical characterization

Linear Sweep Voltammetry (LSV) scans were routinely performed
to evaluate the onset potential (defined in this work as the
potential where a cathodic photocurrent of at least 10 A cm ™2

0.6 T
(b)
E f=0.952 kHz
S 04t |
>
E
2 f
2 02} '\ _
E
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1 1 1 % 1
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IMPS (a) and IMVS (b) complex plane plots recorded at 0 V vs. RHE and under open circuit conditions, respectively.
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Fig. 4 Photoelectrochemical characterization in pH 1 electrolyte: (a) representative LSV scan of a hybrid photocathode under chopped light illumination
(AM 1.5 G) and identification of the mpp (inset). (b) IPCE response of the hybrid photocathode at 0 V vs. RHE under monochromatic illumination (black
trace). The photocurrent integrated over the solar spectrum is also shown (blue trace, right Y-axis).

is measured), the photocurrent density and the maximum
power point, under simulated 1 Sun illumination (Fig. 4a). Full
photocathodes exhibit high onset potentials (0.702 &+ 0.007 V)
vs. RHE and very good repeatability among replicate devices
(standard deviations for figure of merit values are reported for
measurements of n = 6 sample replicas herein). This turns into
an attractive feature for further integration into a tandem
photoelectrochemical cell for stand-alone water splitting. Inter-
estingly, the onset potential seems to stabilize at 0.631 V +
0.010 V after several LSV scans (see Fig. S6, ESIf). The photo-
current density at 0 V vs. RHE reaches high values as well, with
a maximum recorded value of 7.10 mA cm ™2 while averaging
6.55 + 0.42 mA cm 2. Comparable photocurrent values (up to
8 mA cm %) were previously achieved, to the best of our knowl-
edge, only in very recent work by Jousselme and co-workers. They
exploited a similar approach, but taking advantage of a buried
p-n heterojunction according to the structure ITO/PEDOT:PSS/
P3HT:PCBM/LiF/Al/Ti-MoS3, thus excluding any direct liquid/
semiconductor interface.®® Another positive feature of our
Cul-based hybrid photocathode is the maximum power point
(mpp, defined as d(jV)/dV = 0), which is located at 0.303 +
0.006 V vs. RHE (Fig. 4a, inset), being still positive enough to
produce a photocurrent of 3.98 + 0.01 mA cm ™ > (as emphasized
by the dashed grey line in the main panel). The mpp value is also
very stable among the samples, slightly decreasing after several
LSV scans to 0.269 + 0.005 V (see Fig. S7, ESIT).

The Incident Photon-to-Current Efficiency (IPCE) is a valuable
diagnostic figure of merit for PEC devices. Fig. 4b shows an IPCE
value higher than 50% at the maximum wavelength absorption
of the photoactive layer, around 500 nm. This indicates that half
of the photons impinging over the photocathode between wave-
lengths 450 and 550 nm are converted into electrons capable of
driving redox reactions (likely the HER) at the catalyst/electrolyte
interface. This IPCE value is, to the best of our knowledge,
superior to any other P3HT-based organic photocathode pre-
viously reported. Importantly, the integrated photocurrent
(6.90 mA cm™?, blue line) extracted from the IPCE data,
matches well with the value measured by the LSV.

3716 | Energy Environ. Sci., 2016, 9, 3710-3723

In order to disentangle the specific contributions of the hole
selective, the electron selective and the catalyst layers to the
overall performances of the hybrid photocathode, we realized
complementary devices by removing from the architecture one
component at a time (Fig. 5). The analysis of the curves shown
indicates that the hole selective Cul layer clearly has the great-
est impact on the increase in photovoltage towards highly
positive potential, while the TiO, layer aids in reducing carrier
recombination and enhances electron collection towards the
electrocatalyst; thus synergistically improving both the photo-
current and mpp. This is clearly noticed from the cases without
the Cul layer and without the TiO, one. In the former case,
photocurrents lower than 100 pA cm™ 2 are obtained at 0 V vs.
RHE while the onset potential lies at 0.171 V vs. RHE. For the
latter case, 1.5 mA cm~ > of photocurrent is produced at 0 V vs.
RHE while the onset potential is at 0.372 V vs. RHE. The
importance of the presence of an active catalyst for hydrogen
evolution is also clear, as the photocurrent density only reaches
600 pA cm™ 2 at 0 V vs. RHE (gray trace) when Pt is missing,
although the onset potential is comparable to the case of the full
device (0.603 V). Besides, the photocurrent transient dynamics
observed during light chopping indicates a significant charge
accumulation of capacitive nature, due to less efficient carrier
extraction at the TiO,/electrolyte interface.

Stability tests under potentiostatic conditions were performed
at 0 V vs. RHE and the photocurrent was recorded under
continuous simulated AM 1.5G illumination (Fig. 5a). Chrono-
amperometry (CA) data show an average initial photocurrent
value of 7.42 + 1.43 mA cm > (maximum recorded value,
8.29 mA cm™?) followed by a steep decrease in performance
down to 3.00 + 0.13 mA cm > during the first 20 minutes
(photocurrent loss by ~60%, vertical double arrows). After
1 hour of continuous operation, the photocurrent density
reaches 1.31 & 0.13 mA cm ™2 Afterwards, a LSV scan was run
confirming the photocurrent.

In order to confirm the light-assisted evolution of hydrogen,
gas chromatography (GC) measurements were carried out. The
recorded CA curve (Fig. 6b, red trace) shows that the initial

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Comparison between hybrid photocathodes with full and partial architectures. LSV scans at pH 1 under chopped light illumination (AM 1.5 G):
(a) full device shown for comparison (blue trace) and device lacking only the TiO, layer (green trace). (b) Device lacking only the Cul layer (red trace) and

device without the Pt layer (gray trace).

photocurrent density (8.22 mA cm ™ ?) decreases down to
3.91 mA cm~? after 20 minutes of operation, decaying finally
to 2.1 mA cm ™ after one hour. Although this shows a similar
trend to the measurements reported in Fig. 5, in this case, the
temporal stability appears to be slightly improved. This may be
due to the fact that oxygen was generated at the counter
electrode contained in a separated compartment, to avoid
cross-over during gas collection. Indeed, the presence of dis-
solved oxygen in the electrolyte may play a role in the latter
stage of photocathode operation, when its inner layers are more
exposed to the electrolyte after partial Pt delamination (see the
results below). The amount of hydrogen detected at each
sampling point was converted to its equivalent faradaic current,
producing the trend shown in Fig. 6b, which matches very
well with the trend of the CA. The faradaic efficiency was calcu-
lated at each point, producing an average value of 100 + 5%.
Accordingly, we can safely conclude that our hybrid organic/
inorganic photocathode produces hydrogen with a faradaic
efficiency of 100%.

J (mA/cm?)

——CA at0V vs. RHE

0O 10 20 30 40 50 60 70 80
t (min)

Implementation of a protective coating

The device was shown to produce hydrogen at high yield, even
following an initial decline in photocurrent density, indicating the
deactivation of some of its components. Hence, we inspected the
device after CA stability tests. The photocathode surface (Fig. 7)
clearly shows large areas where Pt delamination occurs (panel a)
(scanned area of 800 x 550 um?), exposing the underneath TiO,
layer to the electrolyte. Micron-sized fractures, produced during
the thermal annealing of the device as the last step of fabrication,
are clearly visible (Fig. 7a and Fig. S8, ESIt). These fractures
appear as a consequence of the mismatch between the thermal
expansion coefficient of the organic material and the oxide layer.*>
Evaluating the material morphology at a smaller scale (Fig. 5b)
allows to appreciate the nanoporous structure of the exposed
TiO,, in close correspondence to delaminated and folded
back fragments of Pt (Fig. 7b and Fig. S9, ESIt). In order to
further support the role of Pt detachment in the degradation in
the performance of stressed photocathodes, we attempted to

(b)
0
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Fig. 6 Potentiostatic stability tests of hybrid photocathodes at pH 1 and 0 V vs. RHE under simulated illumination AM 1.5 G. (a) Representative initial CA
run lasting 4000 s (the vertical double arrows mark the ~60% loss of photocurrent). Dark current was monitored eventually. (b) CA run (red trace) during
periodic measurement of evolved hydrogen by GC (blue dots). The calculated faradaic efficiency is also shown (gray columns, right Y-axis).
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Fig. 7 SEM micrographs of the surface (capping Pt layer on top of the nanostructured TiO,) of a hybrid photocathode. (a) View of the surface after
one hour operation at 0 V vs. RHE, pH 1 and 1 sun illumination (scale bar 100 pm). (b) HR-SEM magnification showing Pt delamination and fragments

folded back (scale bar 100 nm).

quantify the fraction of photocurrent recovery after a second
catalyst deposition (re-platinization). This illustrative experi-
ment is described in the ESIt (Fig. S10), and clearly shows a
recovery in the photocurrent to a significant extent.

It has been reported that Pt on TiO, is prone to detachment
following operation in acid.*® Catalyst delamination might
further worsen as a consequence of sustained photocurrent
flowing in the device, thus possibly explaining the quick, initial
degradation of performance upon illumination. Based on these
observations, we developed a protective layer intended to pre-
vent catalyst dislodging and to stabilize the overall performance
of the hybrid photocathode. Actually, this is not an easy task,
since the material of choice should not fully isolate the catalyst
from the electrolyte, being permeable enough to allow efficient
hydrogen evolution. Moreover, the processing conditions must
be compatible with the underlying layers, and the coating must
be stable in an aqueous environment. The material of choice
here is the branched polymer polyethyleneimine (PEI), due to its
good adhesion and coating properties,*” hydrophilicity, proton
affinity’® and chelating properties on both ions*® and metals.>
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O d g _4'-
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V (V vs. RHE)

A solution-processed overlayer of PEI is thus expected to minimize
the Pt dislodging, however without hindering the electrocatalytic
activity, and consequently limiting to some extent the electrolyte
permeation towards the inner layers. Ethanol proved to be a
good solvent for PEI solution preparation, due to its good
wettability over the surface of the photocathode. A suitable
solution concentration was found to be around 0.1% in weight,
whereas higher concentrations produce films that hindered the
catalyst activity. LSV scans before and after the stability tests are
shown in Fig. 8.

The LSV scan shows that neither the onset potential, the
photocurrent density at 0 V vs. RHE or the mpp are negatively
affected by the PEI over-layer on top of the platinum catalyst
(0.715 4+ 0.013 V, 6.80 mA cm ™ > and 0.315 = 0.007 V respectively)
(Fig. 8a). The CA test reveals that the photocurrent decrease
over time still occurs, but at a significantly lower rate (Fig. 8b).
Indeed, ~60% of the photocurrent loss, as observed in Fig. 6a,
is delayed more than two-fold, now occurring after 50 minutes
(vertical double arrows in panel b). From this moment onwards
and towards the end of the CA, the photocurrent remains stable

(b)
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Fig. 8 Effect of the PEl over-layer on the photoelectrochemical behavior of a hybrid photocathode at pH 1 and AM 1.5 illumination: (a) LSV scan under
chopped light of photocathode protected with an over-layer of PEI 0.1% (pink trace) as compared to the device without this overlayer (blue trace). The
LSV scans performed after the CA run on each type of device are also shown (PEl: orange trace and no PEI: blue navy trace). (b) CA test at 0 V vs. RHE of

the protected photocathode.
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Fig. 9 Hydrogen detection from a hybrid photocathode protected with
an over-layer of PEI 0.1%. Extended CA at 0 V vs. RHE, pH 1 and simulated
illumination AM 1.5 G (pink trace), during periodic measurement of evolved
hydrogen by GC (blue dots). The calculated faradaic efficiency is also
shown (gray columns, right Y-axis).

around 2.40 mA cm 2 In addition, the LSV scan performed
after the CA test exhibits a clear superior performance, in terms
of photocurrent, mpp and stability, over the one recorded after
the CA in the uncoated photocathode. Particularly, the photo-
current density at 0 V vs. RHE amounts now to 3.73 mA cm™>
against 1.01 mA em > for the pristine photocathode. Interestingly,
the onset potential recorded after the CA is in both cases essentially
equal to 0.58 V (0.582 =+ 0.003 V vs. 0.579 % 0.003 V, respectively).
In contrast, an improvement in the mpp clearly occurs due to the
positive effect of the PEI coating on the temporal behaviour of
such devices, lying now at 0.212 % 0.006 V.

GC measurements on photocathodes protected by the PEI
overlayer, under the same conditions as those used for pristine
photocathodes, are shown in Fig. 9. As before, the faradaic
current corresponding to the amount of hydrogen gas detected
at each GC sampling point matches very well with the experi-
mental CA trend. An average faradaic efficiency of 104.7 £ 1.5%
is obtained, thus confirming 100% yield for hydrogen genera-
tion by the hybrid photocathode in the presence of the PEI
protective coating. Interestingly, the GC measurements are less
dispersed than in the non-protected case. Overall, the use of the
PEI coating allowed us to considerably extend the operational
time of the hybrid photocathode, ending up by generating
1.68 mA cm > at 0 V vs. RHE after three hours of continuous
functioning upon 1 sun illumination under acidic conditions.
In general, a stabilization of the relevant parameters discussed
above is observed in the presence of PEI coating.

Discussion

A careful selection of suitable charge selective layers is of
paramount importance in PEC technology, since it governs the
main figures of merit of the final device, the onset potential,
photocurrent density and maximum power point. Focusing
on the hole selective layer, Cul as a substitute for the typical
PEDOT:PSS and for the more recent MoO,>* exhibits favourable
matching to the energetic levels of the organic semiconductor,

This journal is © The Royal Society of Chemistry 2016
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compatibility with the subsequent deposition of the conjugated
polymer blend and the capability to sustain the final thermal
annealing treatment. In addition, it is a solution-processable
material and also transparent. Our work demonstrates that Cul
is able to satisfy all these requirements, introducing significant
advantages over other hole selective layers and contributing
notably to the competitive performance of the hybrid photo-
cathode here reported.

As shown above, the Cul layer contributes the most to the value
of the onset potential obtained for this polymer-based photocathode.
Onset potential values larger than 0.6 V are uncommon even among
state-of-the-art inorganic photocathodes, only surpassed by recent
improvements in a-Si,""” CIGS®' and Cu,0°® with values
between 0.9 and 1 V vs. RHE. In the case of photocathodes
based on conjugated polymers, interesting values were reported
only in one recent study by Loi and co-workers, based on a
type II heterojunction CdSe:P3HT (0.85 V vs. RHE). In that
case, however, photocurrent densities were considerably lower
(1.5 mA cm 2 at 0 V vs. RHE, pH 7).*° Moreover, we noticed
that the stability of the onset potential is rarely discussed in the
literature, so it is not straightforward making direct compar-
isons between the Cul-based photocathode and similar, hybrid
systems. In our case, however, the onset potential exhibits a
tendency towards stability. The fact that the onset potential is
characterized by good stability, while the photocurrent is not,
prompted us to look for major causes of device instability in the
outer layers of the device.

TiO, is considered to be a stable compound under air and
aqueous conditions exhibiting a wide potential-pH window over the
entire pH range, although narrower in potential around pH 1 but
stable still as long as it remains more positive than —0.4 V vs. RHE
(see the Pourbaix diagram of Ti, ref. 53). Despite the benefits in
photocathode performance by using the as-prepared hierarchical
nanostructured titania as the electron selective layer (Fig. 3), its
mesoporous character leads to some concerns regarding the
physical integrity of the device, as the electrolyte may permeate
the inner layers. This has been discussed previously within the
context of the MoO;-based hybrid photocathode, which actually
requires such ion intercalation to achieve top performance,
although turning detrimental upon extended operation.*?
Electrolyte permeation might be avoided in the future by either
migrating to a thicker earth-abundant HER catalyst and/or a
conformal titania layer. With the aim to realize the latter, we are
currently following different approaches: dense TiO, by PLD,
sol-gel and atomic layer deposition methods. Here, however,
we intentionally focused our attention on a more relevant
problem, catalyst delamination.

The use of a PEI protective coating represents a very simple,
yet original and promising strategy. Our results clearly indicate
that a thin PEI layer protects the photocathode, while neither
disrupting the electrocatalytic activity nor introducing new
issues in photocathode overall performances. We also notice
that the GC measurements after the first 20 minutes are
considerably less dispersed in the case of the protected device
than in the non-protected one. Interestingly, we also noted that
the PEI surface remained almost free of accumulating hydrogen
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bubbles during photocathode operation. Conversely, on the
exposed Pt surface in the non-protected device the bubbles
formed and grew over time remaining well attached to the
surface, thus representing a common issue experienced in
catalytic gas generation.>® Overall, the improvement in the
photocathode performances offered by the PEI overlayer, even
though still far from being optimized, is promising, and allows
the photocathode to continuously operate for almost three
hours ending up on 1.68 mA cm ™2 at 0 V vs. RHE.

Finally, the solar to hydrogen efficiency (STH) in a two-
electrode configuration at zero bias under standard AM 1.5 G
illumination is the ultimate benchmark efficiency regarding
solar-to-fuel conversion.” However, a practical figure of merit
for photoelectrodes is the power saved Pg,cq, understood as the
ability (voltage) of the photoelectrode to drive the fuel evolution
reaction at a certain current, with respect to the voltage needed
for a selected dark electrode to maintain the same current.
When Pg,.q is referenced to the power solar input P, the
ratiometric power saved ®g,.cq is obtained.”® For the case of
the hydrogen evolution reaction driven by a photocathode at its
maximum power point (mpp) with respect to an ideally non-
polarizable dark electrode (i.e. the RHE, with Vxyg = 0 at any
current), the ideal ratiometric power-saving figure of merit is:

d)saved,ideal :]mpp(vmpp - VRHE)/PS :.]mpp'vmpp/Ps

In our case (Jmpp = 3.98 MA cm 2, Vimpp = 0.303 V vs. RHE,
P, =100 mW cm?), the ideal ratiometric power saved is equal to
1.21%. This figure of merit allows direct comparisons between
disparate systems and measurements. Taking as reference
the recent photocathode reported by Jousselme and co-workers
(ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al/Ti—catalyst), the obtained
Daved ideal 1S 0.64% for the MoS; catalyst, while it is 1.18% for
the Pt-C one.*' In that case, differences arise due to the over-
potentials required to drive the HER at such currents, thus
depending on the catalyst used; with Pt-C a better catalyst as
expected. Notice that in our case, by using a simpler architecture
we have achieved comparable results, enabling further optimiza-
tion of the photocathode. The calculation of the ®gayed,idear fOr
the PEI-protected photocathode leads to a value equal to 1.45%
(Jmpp = 4.61 MA cm 2, Vi, = 0.315 Vvs. RHE, P = 100 mW cm ™).
The factor that contributes the most to this enhancement is the
increment in photocurrent at the mpp.

Conclusions

In conclusion, we have presented a hybrid photocathode for
solar hydrogen production, with the architecture FTO/Cul/
P3HT:PCBM/TiO,/Pt, working under acidic aqueous electrolyte
conditions and simulated 1 sun illumination. As novel features
with respect to previous related photocathodes, we have introduced
solution-processable cuprous iodide (Cul) as the anode layer, a
nanostructured porous TiO, layer as the electron selective layer
and a polyethyleneimine (PEI) protective coating. By depositing a
Cul solution-based hole selective layer without any further
thermal annealing, we have shown clear advantages in terms

3720 | Energy Environ. Sci., 2016, 9, 3710-3723
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of performance, stability and scalability with respect to the
prototypical PEDOT:PSS anode layer used in previous studies.
The high onset potential achieved here is attributable to the use
of Cul as the hole selective layer. Also, the growth of a nano-
porous hierarchical TiO, layer on top of the polymer—fullerene bulk
heterojunction boosts the photocurrent and mpp, due to efficient
electron collection and transport to the Pt catalyst, as supported also
by non-steady state spectroscopy measurements, carried out under
the very same operating conditions of the photocathode. These
improvements lead to the achievement of photocurrents as high as 8
mA cm > at 0 V vs. RHE, an onset potential for the HER equal to
0.702 V as well as a maximum power point located at 0.303 V, which
illustrate clear advantages of the approach herein reported. As a
consequence, the achievement of 100% faradaic efficiency during
hydrogen evolution, an IPCE above 50% and an ideal ratiometric
power-saving figure of merit equal to 1.21% showed superior
performance against competitive photocathodes. However, platinum
detachment during photocathode operation leads to a detrimental
performance over a one hour time span, although maintaining
100% faradaic efficiency for the HER throughout the test. The novel
PEI over-coating clearly illustrates the potential of this simple
approach to ultimately stabilize the photocathode performance.
Further improvements will target a further stabilized photocathode
performance and the use of earth-abundant catalysts. The use of
alternative efficient polymer-fullerene donor-acceptor blends
tailored toward the water splitting reaction may also boost the
photocathode performance and efficiency. Ultimately, these
results demonstrate the viability of using conjugated polymer-
based photocathodes for efficient hydrogen generation, with
potential for integration into tandem photoanode-photocathode
or PV-biased-photocathode configurations. The ultimate goal,
from a scalability point of view, of an all-solution processed
hydrogen evolving photocathode can be also foreseen.
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