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ABSTRACT: Palladium sulfide (PdS) nanostructures are proposed to be
used as photoanodes in photoelectrochemical cells (PECs) for hydrogen
evolution due to their adequate transport and optical properties shown in
previous works. Here, a complete morphological and electrochemical
characterization of PdS films has been performed by different techniques.
PdS flatband potential (Vfb = —0.65 + 0.05 V vs NHE) was determined
by electrochemical impedance spectroscopy measurements in aqueous
Na,SO; electrolyte, providing a description of the energy levels scheme at
the electrolyte—semiconductor interface. This energy levels scheme
confirms PdS as a compound able to photogenerate hydrogen in a PEC.
At last, photogenerated hydrogen rates are measured continuously by
mass spectrometry as a function of the external bias potential under
illumination, reaching values up to 4.4 ymolH,/h at 0.3 V vs Ag/AgClL

bias

PdS Pt
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B INTRODUCTION

Interest in hydrogen generation from water by solar radiation is
motivated by the need to find a green, renewable and
environmentally safe fuel. Hydrogen is considered as a viable
option to bring the energy mix toward a cleaner and more
sustainable alternative, especially when it is produced from
water by using only renewable energy sources. In addition,
production of fuels would provide a globally scalable solution to
the storage problem associated with the regional intermittency
of renewable energies. To this aim, the use of solar energy as a
renewable source is a very attractive and appropriate option.l’2

Since Honda and Fujishima discovered in 1972 the
possibility to produce hydrogen in a photoelectrochemical
cell (PEC),® many scientists have shown interest in finding
suitable materials for hydrogen generation using solar energy by
this method. The main characteristics required by a semi-
conducting photoelectrode to be used in a successful PEC for
solar water splitting include, having appropriate band gap
energy (at least 1.6—1.7 eV and less than 2.3—2.4 eV), high
stability in aqueous solutions and a suitable position of the
energy band edges versus water redox potentials.* However,
most of materials investigated (metal oxides)® only work under
ultraviolet light (UV) and/or exhibit low activity under visible
light, which is a big drawback because the majority of radiation
on the earth is composed of visible light.

Metal sulfides for solar water splitting have been chosen
because of their low cost, abundance, easy manufacture and
adequate transport properties (mainly low electrical resistivity).
In addition, some metal sulfides exhibit appropriate optical
properties (mainly, but not only, band gap energy) to be used
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as photoanode for hydrogen generation. Cadmium sulfide
(CdS) is the most extensively metal sulfide studied since the
1970s,%” but its toxic behavior means that other binary sulfides
have also been investigated (RuS,, CdSe, CoS, MoSe,, ).

Palladium sulfide (PdS) is proposed for this goal due to its
high potential for photocatalysis applications, ie., its optical
absorption coefficient (higher than 10° cm™ at photon energies
h > 2.0 eV)' and its adequate band gap energy, which has
been reported in the range of 1.6—2.0 eV.'""~"> All these
properties make PdS attractive for photoelectrochemical
hydrogen generation. However, reports on the photoelec-
trochemical properties of PdS are scarce. The first results,
proceeding from n-type PdS crystals, reported by Folmer et
al,'> showed very low photoresponse and a band gap energy of
2.14 eV. Nevertheless, these results were not very confident due
to the low values of the photocurrents. Preliminary studies of
the photoelectrochemical properties of PdS, performed in our
group, confirms the photoactivity of PdS in aqueous solutions
of Na,SOj; at bias potential higher than 200 mV (Ag/AgCl)l3
and a band gap energy of about 1.8 eV, according with that
optically determined."” Recently, PdS has also been investigated
as a photocatalyst for photocatalytic hydrogen production
beside other sulfides, mainly CdS.**™' In those reports, it has
been demonstrated that the presence of PdS alone and with Pt
and other noble metals as Au, Rh, Ru, enhanced the rate of
hydrogen photogeneration.
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In this work, the suitability of PdS to be used in a PEC is
evaluated, by means of flat band potential determination in
order to establish the energy levels scheme for the electrolyte/
PdS interface. In addition, its utilization as a photoanode in a
photoelectrochemical cell for hydrogen production has been
investigated. Finally, the rate of hydrogen evolution has been
measured, whose values are comparable to those obtained with
more complicated photoelectrode structures.'® Finally, the
photoconversion efficiency has been estimated.

B EXPERIMENTAL SECTION

Synthesis of PdS Nanocorals. To get palladium sulfide (PdS)
nanostructures, palladium thin films have been deposited on titanium
discs (Goodfellow 99.9%, @ = 10 mm). Palladium (Goodfelow
99.95%) was evaporated in an electron gun (mod. Telstar) at room
temperature, under a residual vacuum pressure of 1077 mbar (5 kV,
~50—100 mA). In situ film thickness (100 + 10 nm) was measured by
a piezoelectric crystal available in the evaporation chamber. Afterward,
sulfuration of Pd films was carried out in vacuum sealed ampules with
sulfur powder (Merck, 99.75%) at 350 °C for 20 h.

Structural and Morphological Characterization. X-ray dif-
fraction (XRD) patterns were carried out with an X'Pert PRO
Panalytical diffractometer in order to identify the crystalline phases
and analyze their structure. Crystallite size was calculated using the
Scherrer equation.'® Images from field emission microscopy (FEG,
model FEI XL-30) and Atomic Force Microscopy (AFM, Dulcinea
and Cervantes system) were used to characterize the film morphology.
Finally, the chemical composition of films was determined by energy
dispersive X-ray analysis (EDX, model INCA x-sight).

Electrochemistry. Electro- and photoelectrochemical measure-
ments have been carried out by using a three-electrode glass cell with a
quartz window to allow the photoanode illumination. PdS thin films
were used as the working electrode. The counter electrode and
reference were a platinum sheet and an Ag/AgClI reference electrode,
respectively. A 0.5 M Na,SO; aqueous solution was used as the
electrolyte, which serves both to improve the conductivity and as a
sacrificial agent. A 200 W halogen lamp was used as the illumination
source. Measured light power density reaching the surface sample was
270 + 20 mW/cm? This value was used to estimate the
photoconversion efficiency of the system as indicated below.

Potentiodynamic electrochemical impedance spectroscopy
(EIS)***' was performed by using the AUTOLAB PGSTAT302N
Potentiostat, provided with an integrated impedance module FRAIL
The superimposed AC signal was maintained at 10 mV of wave
amplitude while the frequency was scanned from 100 Hz to 1 kHz.
Obtained data were then treated with the NOVA software. This
technique provides information about the potential-dependence of
semiconductor—electrolyte interface. To determine the flat band
potential, capacitance from space charge layer was calculated from the
imaginary part of the impedance. These data have been analyzed by
the Mott—Schottky equation.””

Hydrogen Evolution. Hydrogen quantification was carried out by
means of a mass spectrometer (QMS, model Prisma, Balzers) coupled
to the sealed photoelectrochemical cell. During the experiment, an
argon flow of 20 SSCM was passed through the top of the cell.
Hydrogen calibration of the mass spectrometer was previously made
by introducing a known flow of argon and hydrogen provided by a
metal hydride bottle, designed in our laboratory, capable of storing 2 g
of hydrogen (Supporting Information). The gases released during the
photoelectrochemical reactions are quantified by photoelectrochemical
mass spectrometry (PMS), i.e., a quadruple mass spectrometer (QMS)
coupled to the PEC, which allows one to collect a high number of
measurements in a very low timeframe (10 measures/min). In spite of
gas chromatography (GC) being habitually used to identify the
amount of species released during the photoelectrochemical
reaction,”*** the PMS technique exhibits some advantages such as a
high accuracy to detect light elements as hydrogen as well as provides
isotopic information if needed.

In general, the overall photoconversion efficiency, 7(%), is

estimated by the following equation®
0
n= AGuRe = W1 X 100
R, (1)

Where AGOHz (AGOHZ =237.2 kJ/mol) is the standard Gibbs energy at
25 °C and 1 bar of water splitting, Ry, is the rate of production of
hydrogen (mol/s), in its standard state per unit area of the
photoelectrode, P is the power density of illumination (W/m?), V,,
is the external bias potential (V) and I is the current density (A/m?)
responsible for the generation of hydrogen at the rate Ryy,; therefore, it
is assumed that all the carriers contribute to generating hydrogen. This
equation is used when an external electrical bias is needed. The
efficiency has been estimated by this equation.

B RESULTS AND DISCUSSION

Photoelectrodes Synthesis and Characterization. X-
ray diffraction patterns of evaporated Pd films before and after
sulfuration are shown in Figure 1. The Pd cubic structure
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Figure 1. X-ray diffraction patterns of Pd (a) and PdS (b) thin film
deposited on titanium.

(Fm3m) was identified according to JCPDS-ICDD 46-1043
from the pattern of Pd film (Figure la). The average crystallite
size, estimated from the broadening of the (111) XRD peak,
was 14 + 2 nm and the lattice parameter a = 3.900 + 0.005 A,
which is slightly higher than the tabulated one (a = 3.890).2° Pd
film electrical resistivity (p) and Seebeck coefficient (S),
investigated in samples deposited on quartz, show values of 6 +
1 X 107° Q-cm and 5.9 + 0.5 yV/K, respectively. These values
are in agreement with those previously reported.'® Figure 1b
shows the XRD pattern obtained from a sulfurated Pd thin film
in which the tetragonal PdS phase is identified according to
JCPDS-ICDD 78-0206. The average crystallite size, estimated
from the broadening of the (210) XRD peak is 30 + 2 nm and
the lattice parameters are a = b = 6.30 +£ 0.01 Aand c = 6.73 +
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0.01 A. These values hint a slightly compressed lattice in
comparison with the reported values (a = b = 6429 A, ¢ =
6.611 A).% Stoichiometric ratio of S/Pd = 1.00 + 0.05 was
estimated by energy dispersive X-ray spectroscopy (EDX)
confirming the presence of PdS.

Film thickness of Pd deposited on quartz grows during
sulfuration, reaching 3.5 times the initial one due to the
transformation on PdS.'%%” According to this fact, the
estimated PdS thickness is 350 nm, approximately. Direct
thickness measurements by profilometry are no adequate due
to the roughness of the titanium substrate.

FEG images of PdS films are shown in Figure 2 as a series of
pictures. As can be appreciated, palladium sulfide comprises a

Figure 2. (a—c) Surface FEG images from PdS nanocorals at different
magnifications.

quirky morphology very similar to that of corals in nature. This
morphology seems to be formed by irregular spheres, which, in
turn, are composed, as shown in the image of higher
magnification, by submicrometer balls. This type of structure
should facilitate the catalytic processes, because of the large
surface roughness and, therefore, the high specific area which
would result in a charge transfer processes more effective.

To investigate thoroughly the film morphology, and to know
the real area of our photoelectrode, AFM microscopy has also
been used. Images, shown in Figure 3, were taken with different
augmentations. Details of these images have been treated with
the software WSxM 5.0 Develop 6.4.>° The total specific area
has been obtained in a 1 gm? of sample resulting in Ay = 1.5 +
0.1 um? i.e., is a 50% higher than the geometric one. Therefore,
direct sulfuration provides an easier method to obtain wide
surfaces compared to other synthesis more complicated as

Figure 3. AFM images at (a) 10, (b) 4 and (c) 1 pm.

electrodeposition. This result hints that this morphology
increases the area in contact with the electrolyte and, therefore,
should improve the charge transfer at the interface.

Figure 4 shows a roughness analysis of the samples. In the
profile drawn inset of Figure 4a, the magnitude of the
roughness could be seen, showing that synthesized PdS has a
high surface area. The topography analysis hints that PdS grains
have different sizes but more than the 50% are between 300 and
600 nm. Because the average crystallite size, determined from
XRD patterns, is 30 nm, these grains should be formed by 10—
20 crystallites.

Electrochemical Characterization and Flat Band
Potential Determination. Materials for water splitting in a
photoelectrochemical cell have to fulfill several require-
ments.””*® The Gibbs free energy change for the conversion
of one molecule of H,O to H, and 1/20, under standard
conditions is AG = 237.2 kJ/mol, which, according to Nernst
equation, corresponds to AE°® = 1.23 €V per electron transfer:>'

1
H,0 = 20, + Hy AG = +237.2K/mol

Therefore, the semiconductor band gap energy (Eg) must be
higher than 1.6—1.7 eV to overtake the minimum theoretical
difference in the equilibrium potentials between the oxidation
and reduction reactions (1.23 eV at 25 °C) and the
overpotential needed to produce the water splitting.”® More-
over, the semiconductor band gap energy should be less than
2.3—2.4 eV to absorb radiation in the range of solar visible light.
In order to resume all of these requirements, they are exposed
in Table 1.>*** Furthermore, semiconductor energy band edge
position should straddle the water redox potentials. The edge of
the valence band energy must be below the water oxidation
potential to oxygen, as well as the lower edge of the conduction
band energy must be above the water reduction potential of
hydrogen.

PdS fulfills the band gap energy requirement because its E, is
1.6—1.8 €V, as determined from optical absorption'®*” and
photoelectrochemical measurements in previous works."?
Then, in order to know the energy band edges position at
the interface, the flat band potential, Vi, should be determined.
Flat band potential performs, in semiconductor electro-
chemistry, a role similar to that played by the zero charge
potential in the metal—electrolyte interface.

Here, the Vi, of PdS thin films has been obtained from space
charge layer capacitance (Cgc) measured by potentiodynamic
electrochemical impedance spectroscopy, EIS. To determine
the space charge layer capacitance, AC modulated cyclic voltage
scans from —1.5 V to +0.5 V in a range of frequencies between
100 Hz and 1 kHz, under dark conditions, were performed.
The capacitance of the space charge layer is calculated by
assuming

1/(wZ;,,) = Csc (2)
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Figure 4. AFM roughness analysis: (a) image and profile (inset), (b) topography.

Table 1. Main Requirements to H, Evolution by Means of
Solar Water Photosplitting in Semiconductor—Liquid
Junctions

conditions main requirements

H,0(1) + 2hv — 1/20,(g) + H,(g)
E° H,0 (25 °C) i = 1.229 eV

PEC water splitting

minimum
theoretical
potential required

practical potential E° H,0 (25 °C)

(+overpotential

and losses)

= 1.6-2.0 eV; Eg, > E° H,0

prac.

for efficient
utilization of
sunlight

band edges

requirement

24eV2E, 217eV;hw > E,,

Ecs < E° Hy/HY; Egy > E° 0,/H,0

The dependence of Cy on bias potential (V) is described by
the Mott—Schottky eq 3:
kT
€o

1 2
> = [V — V]
Csc [ €5c€oNpeg ]( ° (3)

where Cgc is the measured differential capacitance per area unit,
eo is the elementary charge, g is the PdS dielectric constant, &,
is the electrical permittivity of vacuum, N, is the semiconductor
donor density, V is the applied bias potential in volts, kg is
Boltzmann’s constant and T is temperature (298 K). Therefore,
from the Cgc > vs V plot, Vi, can be easily obtained by the
interception with the x-axis.>®

Figure 5 shows the Cgc > vs V plots of a PdS film performed
at different frequencies. All plots are straight lines that intercept
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Figure S. Mott—Schottky plots of a PdS thin film at different
frequencies.

20547

at x-axis position in the flat band potential of PdS giving Vg, =
—0.85 + 0.05 V vs (Ag/AgCl), ie,, —0.65 V + 0.05 V (NHE).
This value is more positive than that reported by Folmer'-
(=13 to —1.6 V(SCE), i.e, —1.06 to —1.36 V (NHE)) and
more negative than that reported by Yan'* (=0.5 V(SCE), i.e.,
—0.26 V(NHE)) but those works do not show a detailed
explanation of experimental conditions used (electrolyte, pH,
frequency, etc.)

The value of Vg, obtained here places the position of the PdS
conduction band energy edge, depicted in Figure 6, which is in

Vacuum
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Figure 6. Conduction and valence band positions for several
semiconducting metal sulfides in potential (V vs NHE) and energy
(eV vs vacuum) scales. Redox potentials for the water-splitting half
reactions at pH = 9.0 vs NHE are also included by the dashed lines.
The water-splitting reaction is only thermodynamically favorable with
PdS.

good agreement with that estimated from the work function of
PdS previously reported (¢ = 3,59 €V).>* By using the energy
band gap of PdS, the valence band energy position is also
established. Other known metal selenides and sulfides are
included in the figure for comparison purposes. Figure 6 also
shows the energy levels of H"/H, and H,0/0, redox couples
of reduction and oxidation of water at pH = 9 to elucidate if the
photogenerated charge transfer from/to PdS is thermodynami-
cally possible. From this figure is concluded that, since PdS
conduction band edge is more negative than H,O/H, redox
potential, it may display photocatalytic activity for H,
production. This activity will be demonstrated in the following
section.

Hydrogen Evolution. It is indispensable to check the
evolution of H, because it is not always assured that a high
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photocurrent value means high energy conversion efficiency.
With this aim, a mass spectrometer coupled to the PEC has
been used. Figure 7 shows the hydrogen generation rates at

0.6

0.5V bias

o
[$,]
L

o
IS
1

0.4V bias (x2)

umol H_/min

0.3V bias (x5)

Time (min)

Figure 7. Time evolution of the rate of hydrogen production at
different bias potentials.

different bias potentials. As it can be seen, at 0.5 V (Ag/AgCl),
a stationary flux of 0.5 ymol H,/min, approximately, is reached
under illumination (in figure measures of bias potentials 0.3 V
and 0.4 have been multiplied to observe all together, real flows
in these cases can be observed in the Supporting Information).
In Table 2, the rate of H, at different bias potentials can be

Table 2. Hydrogen Evolution Rates, Photogenerated
Hydrogen and Photoconversion Efficiency at Different Bias
Potentials

polt)elilstial H, rate total H, in 30 min photoconversion
V) (umolH,/min) (umolH,) efficiency 7 (%), eq 1
0.3 0.04 + 0.0 22+02 1.7 £ 02
0.4 0.16 + 0.05 71+£02 2.7+ 02
0.5 0.55 + 0.05 232+ 02 85+ 02

observed. It is worthwhile to note that bare Ti substrates,
previously investigated, did not show hydrogen evolution
activity at all.

The PEC water splitting reaction utilizes light energy to drive
thermodynamically uphill conversion of water to its constitu-
ents, hydrogen and oxygen. The whole reaction, as mentioned
before, is assisted by a small applied voltage of 0.3 V, rather
lower than those reported before with other semiconducting
materials.”® Gas flux in Figure 7 was measured with the mass
spectrometer during the experiment. Table 2 resumes the
photogeneration of hydrogen rates, total amount of hydrogen
generated during 30 min and the photoconversion efficiency
estimated at different V,, by means of eq 1. Here, it is
worthwhile to mention that the photoconversion efficiency is
estimated using the illumination power density from the
halogen lamp, reaching the photoanode surface and this light
source has a different spectral response than the solar simulator.
Therefore, this fact should be taken into account when these
values are compared with the most of reported.

Hydrogen generation rates are comparable to those recently
reported, obtained with structures formed by Cd chalcogenides
(CdS, CdSe) quantum dots on ZnO nanowires, at similar bias
potentials under solar AM1.5 illumination.'® The total amount
of hydrogen photogenerated during 30 min is higher than that

estimated from the H, evolution rate by evolution time, hinting
that the H, diffusion through the electrolyte to reach the mass
spectrometer probe is a limiting rate step.

B CONCLUSIONS

PdS nanocorals has been synthesized and used as photoanodes
in a PEC. The flat band potential of PdS in aqueous solutions is
—0.65 + 0.05 V (NHE), obtained from -electrochemical
impedance measurements under dark conditions, by using the
Mott—Schottky plot.

An energy band levels scheme of the interface PdS/
electrolyte is described that supports the feasibility to use
PdS as photoanodes in photoelectrochemical systems to
generate hydrogen is demonstrated.

Hydrogen is evolved in the counter electrode of a PEC with
PdS as the photoanode under illuminations of 270 + 20 mW/
cm” at external bias potentials equal or higher than 0.3 V. The
evolution rate and the amount of hydrogen photogenerated
during 30 min, at different bias potentials, are quantified. The
hydrogen evolution rates are comparable with those obtained
using photoanodes based in more complex fabricated materials.

B ASSOCIATED CONTENT

© Supporting Information

Hydrogen evolution ratios at different bias potentials,
calibration curve of mass spectrometer and characterization
by X-ray before and after hydrogen generation measures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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