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Influence of light intensity on the kinetics of light-driven hydrogen evolution
using Rh-doped SrTiOs: a study by photoelectrochemical impedance spectroscopy
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Interest in the visible-light-driven hydrogen evolution reaction (HER) is nowadays determined by the
urgent need for clean energy carriers. The mechanism of HER is known to be multistep, and is generally a
bottleneck displaying kinetic hindrance. In this work, we report on the kinetics of the HER using a rhodium-
doped strontium titanate (Rh:SrTiO3) as photoactive material. In particular, we have been interested in
determining the influence of light intensity (68-529 mW/cm? at 450 nm) on the kinetic parameters of the
system. We observed that increasing light intensity yielded a slight increase in electron-hole recombination
rate, because of the increasing amount of photo-generated electrons at the surface of the photo-electrode. We
also found that the rate constant of the charge transfer process was independent of light intensity. The
increase of electron-hole recombination determined the efficiency loss of the system when light was
intensified. This work provides insights into the Kkinetics of charge transfer at photo-excitated
Rh:SrTiOg/electrolyte interfaces, and also provides guidance for photoelectrochemical kinetic studies
performed with photoelectrochemical impedance spectroscopy (PEIS).
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INTRODUCTION

Increasing energetic demands of modern
society, along with the exhaustion of carbon based
fuels, has turned the attention of the scientific
community to develop alternative, sustainable and
low cost energetic sources [1]. In this context, the
use of semiconductors, photoactive upon visible-
light excitation, is a promising route [2-6]. Among
all possible  energetic  applications of
semiconducting electrodes, the study of the
hydrogen evolution reaction (HER) is still a hot-
spot [7-12] because of its possibilities of changing
the planet energetic dependence for a fully clean
source.

These facts prompted us to study the kinetics of
the novel advanced semiconducting material (Rh
doped SrTiO3) that absorbs visible light, and has
recently been shown to act as a potentially
interesting hydrogen evolving photo-catalyst [13-
16]. However, multistep charge transfer reactions,
such as the HER, display poor kinetics, which
determines the importance of unraveling the kinetic
parameters behind the performance of this
photoelectrocatalytic material.

To whom all correspondence should be sent:
E-mail: pierre.millet@u-psud.fr

Herein we present a kinetic study of the surface
reactivity of Rh:SITiO; (E; = 2.4 eV, [13]) by
photoelectrochemical  impedance  spectroscopy
(PEIS), a technique originally developed by
Ponomarev and Peter [17]. We were interested in
particular at measuring the effect of light intensity
on the Kinetic parameters at constant applied
potential. A theoretical background and the
appropriate references to the models we employed
in this work for data analysis are provided.

METHODS

SrTiO; powder doped with 1 mol % Rh at Ti
sites was prepared by a solid-state reaction. The
starting materials, SrCO; (Kanto Chemical; 99.9%),
TiO, (Soekawa Chemical; 99.9%), and Rh,O;
(Wako Pure Chemical), were mixed in a Sr:Ti:Rh
ratio of 1.07:(1-x):x. The mixture was calcined in
air at 1173 K for 1 h and then at 1373 K for 10 h in
an alumina crucible [13]. The chemical
composition of the samples was determined using
SEM-EDS Cambridge equipment and electron
microprobe measurements (EPMA) (microprobe
SX 100 CAMECA).

Photoelectrodes were prepared by drop-casting
10 pyL of an isopropanol suspension containing
Rh:SrTiO; (30 mg in 0.5 mL) on top of an ITO
surface. Next, 10 pL of Nafion (50 pL to a final
volume of 1 mL in isopropanol) were put on top of
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the surface through the same methodology, and let
dry for three hours. In all cases, the solvent was let
to evaporate at room temperature. Before
measurements, photoelectrodes were put into
Na,SO, (0.1 M) solution and allowed to wet
overnight. All electrochemical measurements were
performed in aqueous Na,SO, (0.1 M) in a three
electrode cell configuration employing ITO-
Rh:SrTiOs-Nafion, saturated calomel electrode
(SCE) and a carbon plague, as working, reference
and counter electrodes, respectively. MilliQ water
was employed for all tests, and was obtained from a
Merck Millipore device.

Photoelectrochemical impedance (PEIS)
determinations were performed in a quartz
photoelectrochemical cell from Pine Research
Instrument  Company.  Measurements  were
performed in a Modulab Solartron Analytical
potentiostat, model 2100A. The light source was
controlled with a calibrated optical bench (Thorlabs
Inc. DC2100), equipped with a LED giving light of
450 nm. PEIS spectra were recorded under
potentiostatic control in the frequency range of 300
kHz to 50.2 mHz, the amplitude of the sinusoidal
potential perturbation was 10 mV in all cases.
Fitting of experimental PEIS spectra was performed
in Matlab R2014b, with home-made code.

THEORETICAL BACKGROUND

The interface between a semiconducting
electrode and a solution is special since for a p-type
semiconductor there is an accumulation of electrons
at the interface associated with an electron
exchange between the electrolyte and the material,
whose driving force originates in equating the
Fermi levels of the solution and the semiconductor.
Such electron accumulation causes a downward
bending of the valence and conduction band edges,
when the electrode is biased at a potential negative
to the flat-band potential (Figure 1a). As a
consequence, when an electric potential (V) is
applied, a part of V drops inside the solid material
and the other part drops in the solution side. This
fact contrasts with metallic electrodes in which all
the applied potential drops within the solution. In
general, the part of the solution where the electric
potential drops, called the Helmholtz layer, has an
associated capacitance (Cy). In an analogous
manner, the space located inside the
semiconducting material in which the potential
drops, has an associated capacitance as well, the so-
called space charge capacitance (Cs.). Excepting
heavily doped semiconductors, Cy is much higher
than C,.. This fact determines that most of the
overall potential drops inside the material (i.e., in
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the space charge region) and not in the solution side
of the interphase, i.e. ¢ > ¢y, where ¢ stands
for the potential drop within the space charge, and
¢y represents the potential drop in the Helmholtz
layer.  Naturally V = ¢s +¢y. When a
semiconducting electrode is illuminated by light
with an energy hv higher than its band gap, charge
separation occurs and an electron-hole pair is
consequently generated (Figure 1 a) [2-4,18].
Because of band bending, the electrons move
towards the surface with a flux represented here as
Ip. At the surface, electrons can be transferred to
the solution to reduce species in the nearby (in this
work we aim at the reduction of water according to
2H;0 + 2e” = H; +20H  with a phenome-
nological rate constant k.. Additionally, the
electrons can recombine at the surface with
photogenerated holes with a rate constant k,..
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Fig. 1. a) Scheme of an illuminated p-type semicon-
ductor under reverse bias. Main kinetic and
photoelectrochemical parameters discussed in the text
are presented; b) typical photoelectrochemical
impedance spectrum (PEIS) of an illuminated
semiconductor. The figure highlights how to determine
the kinetics of light-driven reactions from PEIS (see text
for explanations).
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Understanding the kinetics of charge transfer
and recombination in semiconducting electrodes is
of paramount importance to continually improve
their performance. In order to study the kinetics of
charge transfer at Rh:SrTiOs/electrolyte interfaces,
we employed photoelectrochemical impedance
spectroscopy (PEIS). PEIS consists in recording a
usual EIS spectrum at a constant level of
illumination. The space charge capacitance and the
Helmholtz capacitance can be viewed as a part of
two RC circuits in series, thus, the interfacial

capacitance is 3_: i + i When Cs. < Cy, the
C G Cn z

overall capacitance is mostly due to the space
charge and in such conditions experimental data
may be fitted using Eq. (1). This permits to obtain a
semi-quantitative evaluation of relevant transfer
and recombination Kinetic parameters (Figure 1)
[19-20].

1

Z(w)=R+
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In Eq. (1), w is the angular frequency of the ac
perturbation, Z(w) represents the w-dependent
impedance of the interface in QQ, R corresponds to
the ionic resistance of the solution in Q, i is the
imaginary unit, Cs. is the space-charge capacitance
in F, g is the elemental charge, kz stands for
Boltzman’s constant, T is the absolute temperature,
Iy 1s the photogenerated current of minority carriers
(electrons in the case of a p-type semiconductor),
k, and k, are the pseudo first order rate constants
for recombination and charge transfer, respectively
Eg. (1) describes two semicircles in the Nyquist
plot.

For the case where the charge transfer rate
constant does not depend on ¢y, the interface
impedance Z(w) tends to Z,; at low frequencies (eq.
2).

Fep+ky
(%);Ok,.(uj—t—:)
where R is the resistance associated to the solution
and the electric wiring.

The low frequency semicircle passes through a

maximum from which the charge transfer rate
constant k; may be directly determined using Eq. 3:

wq = kt (3)

The high frequency limit of the low frequency
semicircle is Z, given by Eq. (4):
Ky+ky

et

Geglokr

lim, o Z(w)=2, =R+ (2)

Z, =R+ 4)

Therefore, the ratio Z1/Z2 (Eq. 5) provides an
estimation of k,. once k; is known

Z;—-R _ Ky
TR 16 +k—£. (5)

Since the space charge capacitance and the
Helmholtz capacitance are connected in series, the
overall interface capacitance shall be determined by
the lowest of both (i.e. Cs.). Thus, the high-
frequency semicircle will provide an estimate of
Csc. The way PEIS may be used to extract all the
above-mentioned kinetic parameters is summarized
in Figure 1b.

Consequently, PEIS is a powerful technique to
assess the kinetics at illuminated semiconducting
electrodes, and getting information of the interfacial
capacitances associated to the system.

RESULTS AND DISCUSSION

The first step we undertook was the
characterization of the Rh:SrTiO; semiconducting
material by means of Scanning Electron
Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) . Figure 2-a shows a SEM
micrograph of the electrode surface. This is a
microporous material in which the width of the
space charge region is smaller than the particle size.
Roughness effects have been disregarded in the
analysis of PEIS spectra. In Figure 2 a, the Nafion
film is not visible, indicating that it forms a very
thin layer on top of the semiconducting powder.
Additionally, the polycrystalline nature of the
Rh:SrTiO; surface may be appreciated, as has been
reported before [13]. Figure 2-b displays the EDS
spectra of the ITO support compared to the
semiconductor. The signals of the L-shells of In and
Sn coming from ITO are well defined, and the Si
K-shell is observed as well, which originates from
the glass substrate on top of which ITO is
deposited. In the case of the photoelectrode
assembly, EDS revealed the presence of F at the
surface, coming from Nafion. Additionally, the Sr
and Rh L-shells, and Ti K-shell confirmed the
identity of the semiconducting material.

Subsequently, the photoelectrochemical
characterization was undertaken. The first
interesting issue to note is that the PEIS spectra
changed upon cycling. In particular, the spectra
evolved from a broad semicircle (Figure 3 black)
until the response stabilized providing two well
defined semicircles (Figure 3-a, red). Such change
indicates that the interface is changing with the
electrochemical treatment. It could be caused either
by the binding and accumulation of charged
intermediates in surface states, or by chemical
modification of the surface, as has been reported
before [21]. Further photoelectrode surface
characterization is required to deepen into the real
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causes of the observed evolution of PEIS. These
two facts would redistribute ¢g. and ¢y, thus
changing Cs. and Cy , and hence modifying the
appearance of PEIS diagrams. When a stable and
reproducible PEIS spectrum was obtained, we
proceeded to perform subsequent measurements at
different light intensities, in order to unravel its
effect upon the displayed kinetics.

— Rh:SrTiOS-Nafion
—ITO Srl SnL

TiK

SnL

TiK

E(keV)

Fig. 2. a) SEM image of the electrode surface
corresponding to Rh:SrTiOs; b) EDS spectrum of the
surface.

Figure 3-b shows the effect of light intensity
upon the PEIS response of the photoelectrode. It
may be perceived in Figure 3-b that the effect of
light intensity on PEIS diagrams is small, but
measurable, reproducible and reversible. No heat
effect under illumination was identified. It follows
a tendency in which an increase in light intensity
provokes a shrinking of the high frequency
semicircle and an expansion of the low frequency
semicircle.

Before analyzing the PEIS results in the
framework of the formalism exposed above in the
theoretical section, it should be verified that
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Csc <K Cy. The space charge capacitance was
estimated initially by a fit of the high frequency
semicircle (in the 300 kHz to 30 Hz frequency
domain) to a RC circuit, yielding a value of ~
2.7.107 F. Such value is small enough to ensure
neglecting 1/Cy in front of 1/Csc.
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Fig. 3. a) Evolution of PEIS spectra of Rh:SrTiO;
upon potential cycling at constant illumination. The red
curve was found to be the stable response; b) Evolution
of PEIS spectra at different light intensities. The sense of
light increase is depicted in the insets. PEIS spectra were
taken in the range of 300 kHz to 50.2 mHz at a constant
applied potential of -1.25 V vs SCE. Light intensities
were 67.9, 185.92, 294.13, 393.52, 485.34, 529.03
mW/cm?,

To get detailed information, PEIS spectra were
fitted to Eq. (1) with Iy, C., k,- and k; as adjustable
parameters. Fitting results are shown in Figure 4,
where dashed lines have been put as a guide to the
eye. For example, it may be appreciated that I,
increases with increasing light intensity. This is a
logical result since the flux of photogenerated
electrons should become higher when light is made
more intense. In the same way, the recombination
rate constant showed a slight tendency to increase
with light intensity (observed as a slight expansion
of the low frequency semicircle in Figure 3-b).
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Fig. 4. Fitting results of PEIS spectra shown in Figure 3 b, to equation 1; Dependence with light intensity
of: a) the flux of photogenerated minority carriers (lp); b) the recombination rate constant (k.); ) the charge
transfer rate constant; d) the space charge capacitance (Csc) and e) the efficiency of the photoelectrode.

Considering that k, is proportional to the
electron surface concentration as shown in Eg. (6)
[20],

k, = k;‘nsurf = kyexp (%‘i&:)’ (6)

where ng,,.r is the electron concentration at the
surface of the electrode, k represents the
Boltzman’s constant, T is the absolute temperature
and q is the elemental charge.

It follows directly from Eq. (6) that further light
power will increase the electron concentration at
the surface of the semiconductor and hence the
value of k,., thus decreasing band bending (¢.). At
a constant applied potential V, a decrease in ¢y
should be compensated by an incfease in ¢, which
should be translated into an increase in k; (Eq. 7)

ke = kfexp (125). (7
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However, such an increase in k; is not well
defined and k, appears to keep the same value in
the whole range of light intensities tested here,
suggesting that the electron concentration at the
surface does not change much over the entire range
of light intensities under consideration. Such
behavior is characteristic of Fermi level pinning
associated with the presence of surface states in the
photoelectrode [19].

On the other hand, C,. displays a decrease with
LED power augmentation (Figure 4-d), a behavior
observed before in semiconducting photoelectrodes
[19]. This can be interpreted as follows: as light
increases, more electrons go to the surface while
the holes remaining inside the material create an
opposing electric field that continually diminishes
the band bending (¢s.). According to Eqg. (8), such
fact would increase Cz.. Though, the rise in light
intensity makes the electrons to be located at the
surface and the holes migrate to the bulk (where no
electric field exists), the net charge in the space
charge region (Q.) diminishes as well, which
appears to be the dominating factor to explain the
observed trend in Cs. with increasing light intensity

dQsc
=— 8
d‘psc ( )
Finally, the fraction of photogenerated electrons
that are indeed transferred to the electrolyte to
evolve H, is given by Eg. (9), and provides a
measure of the efficiency of the photoelectrode

_ ke
(it 9)

CSC

Figure 4-e shows a loss in photoelectrode
efficiency as light becomes stronger, which is a
cause of increased recombination  upon
intensification of incoming light.

CONCLUSIONS

In this work, we have studied the influence of
light intensity on the kinetics of light-driven
hydrogen evolution at Rh doped SrTiO;
photoelectrode in sodium sulfate electrolyte.
Photoelectrochemical impedance  spectroscopy
proved to be a powerful technique to determine the
kinetic parameters of the system under different
light intensities. As expected, the flux of
photogenerated minority carriers (Ip) (i.e. the flux
of electrons in p-type semiconductors under
reversed bias) increased with light strengthening.
Furthermore, we observed that the recombination
rate constant (k,.) displayed a slight tendency to rise
as light became more intense, which was
interpreted to be related to the increasing
concentration of electrons at the interface.
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Conversely, the charge transfer rate constant k,.
proved to be independent of light intensity, a
characteristic known as light-induced Fermi level
pinning. Stronger illumination caused a decrease in
band bending (¢s.) and in the charge within the
space charge region (Qsc), which determined a
decrease in the space charge capacitance. Overall,
the efficiency of the photoelectrode regarding the
transformation of visible light into H, decreased as
light became more intense, due to increased
recombination rate.
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BIMNAHVE HA NHTEHSNTETA HA CBET/IMHATA BbPXY KUHETUKATA HA CBET/IMHHO
NHOYUNPAHO OTAENAHE HA BOAOPO/ C N3MNOJIBAHETO HA Rh-NIETIPAH SrTiO3:
N3CNEABAHE YPE3 ®OTOENIEKTPOXUMUNYHA MMMNEOAHCHA CIMEKTPOCKOIMNA
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(Pe3stome)

VIHTEpECHT KbM MHAYLMPaHOTO OTAensiHe Ha Bogopog (HER) BbB BuAMMaTta 06/1aCT Ha CBETMHHMWS CMEKTHP B
MOMEHTa Ce OMpeAenst OT CrelHaTa HeoOXOAMMOCT OT YWCTW EeHEepPruitHM HocuTenn. MexaHusmbT Ha HER e
MHOTOCTBINKOB MPOLEeC M O0BMKHOBEHO NPOGAEMUTE Ca CBbP3aHW C  KUHETUYHWTE OrpaHuYeHus. B Tasm pabota
[OKnagBame 3a KumHeTukata Ha HER wu3nonssalikm ctpoHumeB TutaHat (Rh: SrTiO3) nerwpaH c poauii Kato
CBET/IOYYBCTBUTENIEH MaTepuasl. Ha npakTvka WHTEPechbT HM 6e HacoueH KbM OMNpefensHe Ha B/WSHWMETO Ha
MHTeH3WTeTa Ha cBeTAMHaTa (68-529 mW/cm2 npu 450 HM) BbpXY KMHETUYHWTE NapaMeTpu Ha cucTemaTa.
HabntogaBaHo 6e ¢nabo yBenmMyeHne Ha CKOPOCTTa Ha PeKOMOMHaLMSA eNeKTPOH-AyrnKa C YBe/IMUYEHNE NHTEH3UTETa Ha
CBET/IMHATA MOpajW YBeNM4yaBaHe KOMMYECTBOTO HAa (DOTO-reHepupaHu ENeKTPOHW Ha MOBLPXHOCTTA Ha (POTO-
enekTpofa. belle ycTaHOBEHO, Ye CKOPOCTHATA KOHCTaHTa Ha MPeHoca Ha 3apsj He 3aBUCK OT CBET/IMHHUS UHTEH3UTET.
YBenmyeHata PeKOMOMHALWS eneKTPOH-Aynka onpefens eeKTVBHUTEe 3arybum Ha cucTemMarta MpW YCWMBaHE Ha
cBeT/MHaTa. Tasn paboTa npefcTaBs HOBa MH(OpPMaUMs 3a KMHETMKATa Ha MpeHoca Ha 3apsg Ha MexpaydasoBaTta
rpaHmua thoto-ctumynmpad Rh:SrTiO3/eneKTponnT, KakTo M OCHOBHU HacoKu 3a (DOTOENEKTPOXUMUYHW KUHETUYHU
n3cnefBaHmsa Ype3 OTOENEKTPOXMMMYHA UMNedaHcHa cnekTpockonus (PEIS).
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