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Profound influence of surface trap states on the utilization
of charge carriers in CdS photoanodes

The fundamental charge transfer and utilization processes of
CdS photoanodes have been analysed and a surface electron
trapping mechanism through surface sulfur vacancies has
been proposed. Transient photocurrent (TPC) measurements
reveal surface sulfur vacancies as the electron trap centres
that are also involved in the oxygen-evolution reaction. By
using a cationic surfactant, hexadecyltrimethylammonium
bromide (CTAB) occupying surface sulfur vacancies, electron
trapping processes on the surface can be eliminated.
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CdS is one of the most promising photoanode candidates for photoelectrochemical (PEC) water splitting
because of its narrow bandgap, suitable band-edge alignment, and facile fabrication. However, it suffers from
photocorrosion and instability due to surface charge recombination. Extensive PEC characterization studies
showed that hole utilization at the photoanode/electrolyte interface is the bottleneck for CdS photoanodes.
In this study, the fundamental charge carrier dynamics processes on CdS surfaces were investigated and a
deactivation mechanism was proposed where surface sulfur vacancies (S,) served as electron trap centers
that caused surface charge recombination. Detailed photocurrent transients showed that the extent of
trapping was affected by S, content and oxygen evolution via the water oxidation reaction. To circumvent
this issue, a surface decoration method was demonstrated by using hexadecyltrimethylammonium bromide
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(CTAB) which passivated electron trapping via occupation of the surface S,s by Br™. This work may contribute
to further studies on CdS and other semiconductor photoelectrodes to enhance the understanding of charge
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Introduction

Photoelectrochemical conversion (PEC) by splitting water using
semiconductor materials is one of the most promising
clean energy technologies as a facile and effective strategy for
converting solar energy into green hydrogen. Transition metal
chalcogenides such as CdS, MoS,, WS,, and CdSe have
attracted a great deal of attention with their significant
potential and unique properties." Among all, CdS is an
excellent choice owing to its superior qualities, such as appro-
priate band positioning, narrow band-gap energy, and efficient
visible light absorption characteristics.* Despite the advantages,
its widespread utilization is still limited by poor charge separation
and instability issues due to photocorrosion and surface charge
recombination, which results in activity loss.” There have been
several attempts to enhance the oxygen evolution reaction (OER)
efficiency and photo-stability of CdS, such as building heterojunc-
tion structures with other semiconductors to improve hole
extraction,®® using OER co-catalysts for better charge utilization
at the photoanode-electrolyte interface,” "' and modification of
the photoanode surface with passivation overlayers to prevent
photocorrosion.’**? Although such surface engineering strategies
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utilization processes at photoanode—electrolyte interfaces.

can increase the photocurrent densities and boost the OER
kinetics, the photostability issues, and the fundamental under-
standing of the charge transfer and utilization mechanisms
remain a matter of debate.

In addition to these possible solutions, it has been reported
that the controlled growth of semiconductors with the help
of surface-active reagents can also have an impact on their
photocatalytic and PEC activities.'"*""* Surfactants such as poly-
ethylene glycol (PEG), sodium dodecyl sulfide (SDS), thioglycerol
(TG), and hexadecyltrimethylammonium bromide (CTAB) are
used as stabilizing reagents in order to control the direction
and the extent of the particle growth and to manipulate the
optical and structural characteristics of the nanomaterials.®™"®
In comparison to other surfactants, CTAB is less toxic and cheaper
as a capping agent alternative which is significantly utilized for
the synthesis of CdS colloidal particles. It is a cationic surfactant
consisting of a hydrophobic tail and a positively charged ammo-
nium (NH,) head group with bromide anion (Br~).'* Although it
shows promising results for the synthesis of photocatalysts and is
extensively studied in the literature as a simple option to manip-
ulate photocatalytic behavior, its potential as an overlayer is not
promoted enough. Li et al.*>° used CTAB on Fe,0; photoanode by
a hydrothermal deposition method followed by a post-annealing
treatment. They reported impressive results for photocurrent
density increase and enhanced charge separation. They proposed
a working mechanism where Br~ of CTAB acts like a redox
mediator at the photoanode-electrolyte interface. They supported
this hypothesis by transient photocurrent (TPC) and electroche-
mical impedance spectroscopy (EIS) where the photocurrent
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density of pristine Fe,O; showed a significant increase and a lower
charge transfer resistance. A different approach was reported by
Sun et al*' where they designed a 2D WSe, p-n junction by
electron doping with CTAB. They conducted computational studies
on both WSe, and WS, to study the adsorption behavior of CTAB
on transition metal dichalcogenides. Their calculations showed
that the carrier density of CTAB treated WS, was higher than that of
pristine one and they attributed this result to the sulfur vacancy (S,)
sites occupied by Br~ which acted like an electron dopant to give
p-type characteristic to the junction structure.

Herein, we aim to discuss the potential-dependent charge
transfer and utilization properties of the CdS and CTAB deco-
rated CdS photoanodes by probing the transient behavior with
linear sweep voltammetry (LSV) under chopped illumination to
investigate the obstacles for PEC efficiency. Results demonstrate
that CTAB has a positive effect on inhibiting hole accumulation
by acting like a hole-collecting layer on the surface. Several PEC
and structural characterization techniques were applied to pro-
pose an adsorption mechanism for CTAB. We studied the sur-
face reaction kinetics of CdS by in situ photoluminescence (PL),
EIS, and TPC measurements to provide a detailed analysis of the
reactions taking place at the photoanode-electrolyte interface
and how these reactions affect the OER efficiency.

Results and discussion

Surfactant-free hydrothermal synthesis of CdS photoanodes
and modification of the CdS surface with CTAB after the
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Fig. 1
elemental mapping of Br, Cd, and S, and (e) Br K,; elemental mapping.
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synthesis by dip-coating method was successfully performed.
Dip-coating time of CdS/FTO photoanodes was set as 2 and 6 h to
see how the amount of CTAB overlayer changes with dip-coating
time. The successful deposition of CdS and CTAB was investigated
by X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared (FTIR) analysis, and high-resolution transmission elec-
tron microscopy (HRTEM) imaging, which is shown in Fig. 1.
The control over the CTAB overlayer growth is verified by the
Br 3d XPS spectra in Fig. 1a where the intensity of the Br 3d
peak located at 68.3 eV** increases with longer dip-coating
time. The atomic percent of Br was calculated as 10.5% after
2 h, and 22.4% after 6 h of dip-coating. The photoanode with
lower and higher atomic percentages of Br will be denoted as
CdS/CTAB1 and CdS/CTAB2, respectively. Fig. S1a and b (ESIf)
demonstrate Cd 3d and S 2p XPS spectra of bare CdS after
hydrothermal deposition and the effect of CTAB adsorption on
their intensities. The spin-orbit split Cd 3d peaks at 411.8 eV
(Cd 3ds/,) and 405.3 eV (Cd 3ds5,) and S 2p peaks at 162.6 eV
(S 2psp) and 161.4 eV (S 2p,s,) confirm the stoichiometric
CdS formation. In addition to the evolution of Br 3d peaks,
the gradual decrease in Cd 3d and S 2p peak intensities also
shows the presence of the CTAB overlayer on the CdS surface.*
The increase in C 1s peak intensity presented in Fig. Sic
(ESIt) and the appearance of symmetric and asymmetric C-H
stretching bands at 2616.2 and 2849.3 cm™ " in Fig. 1b show the
presence of the hydrophobic tail of CTAB.>* It can be antici-
pated that CTAB is adsorbed on the CdS surface together with
Br~ and hydrophobic tail. It is known that CdS is sensitive to
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(a) Br 3d XPS spectra, and (b) FTIR spectra of bare CdS, CdS/CTAB1, and CdS/CTAB2. (c) HRTEM image of CdS/CTAB2 powder sample, (d) EDX
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surface oxidation even if it is kept in the dark. The peak located
at 168.4 eV in S 2p spectrum must be considered to investigate
the effect of CTAB on the surface oxidation of CdS. This peak is
attributed to SO,>~ which is an oxidation product of S*>~ on the
surface.”>?®

The homogeneity of surface coverage by CTAB is further
confirmed by HRTEM and elemental mapping done by energy
dispersive X-ray spectroscopy (EDX). HRTEM image, the ele-
mental mapping, and Br K,; mapping are shown in Fig. 1c, d
and e, respectively. Elemental mapping results showed the
homogeneous distribution of Br on the CdS surface.

The phase purity of the photoanodes was determined by
X-ray diffraction (XRD) (Fig. S2, ESIT). All photoanodes showed
the characteristic peaks of the hexagonal wurtzite crystal struc-
ture of CdS with a preferential growth in the (002) plane
direction®” which was consistent with the field emission scan-
ning electron microscope (FESEM) images presented in Fig. S3
(ESIT) where vertical growth of CdS nanorods on the fluorinated
tin oxide (FTO) coated glass surface was shown. CTAB dip
coating did not change the morphology of the photoanodes,
but it made the surface rougher and granular. The change
in overall surface texture can be attributed to homogeneous
surface coverage by CTAB. FESEM-EDX analysis was performed
for the CTAB-decorated photoanodes. The EDX spectra of CdS/
CTAB1 and CdS/CTAB2 are in strong agreement with the
elemental mapping analysis. However, the difference in Br
peak intensities is not as prominent as in XPS due to the longer
probing depth of FESEM-EDX.

PEC activities of the photoanodes were determined by
chopped illumination LSV in 0.1 M NaOH electrolyte with a
10 mV s~ ! scan rate where a mechanical chopper was used to
cut the light with 5 s on —5 s off intervals. The reason why a
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hole scavenger-free electrolyte was preferred is that sacrificial
agents can mask the important information in PEC character-
ization experiments since the reaction with photogenerated
holes and scavenger species is more dominant than other
charge utilization processes. Na,SO3/Na,S is the widely
accepted electrolyte couple for CdS photoanodes to benefit
from the corrosion recovery effect of Na,S on CdS and effective
carrier extraction with Na,SO; as a hole scavenger.®?°
Although this electrolyte suppresses the photo-corrosion by
preventing the reaction of holes with CdS, monitoring the
accumulation of charge carriers or charge-trapping processes
at the photoanode-electrolyte interface can be challenging.

As can be seen in Fig. 2a, adsorption of CTAB on CdS
the surface leads to a gradual increase in the photocurrent.
This improvement might have different origins, i.e. increased
surface activities in terms of charge utilization and improved
light absorption properties upon CTAB absorption. For this
reason, UV-Visible (UV-Vis) spectroscopy was first performed to
investigate the effect of CTAB on the light absorption charac-
teristics of CdS. Band-gap energies of the photoanodes were
calculated by using Tauc analysis for which the detailed infor-
mation is given in the ESL{ Tauc plots of the photoanodes
given in Fig. S4a (ESIT) show that CTAB modification does not
have a significant effect on the band gap energy. It is calculated
as 2.42 for the bare CdS which is consistent with the
literature.®® Incident photon-to-current efficiencies (IPCE) of
all photoanodes were measured at 1.2 V, within the same
wavelength range as UV-Vis spectroscopy (Fig. S4b, ESIT). We
note that IPCE can be defined as a function of photon absorp-
tion efficiency (17aps), charge carrier transport efficiency (1),
and interfacial charge injection efficiency (1;nj).*" Since CTAB
does not create a significant change in the band-gap energy of
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Fig. 2 (a) Chopped illumination LSV, (b) decay rates of the photocurrent after the anodic spike, (c) 1;n; of are CdS, CdS/CTAB1, and CdS/CTAB2. (d) The
schematic representation of the adsorption model of CTAB on CdS after dip coating.
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bare CdS, IPCE drop shows similar wavelength dependence
suggesting that CTAB adsorption had no effect on #,ps. A
relatively small increase in IPCE for CdS/CTAB1 and CdS/
CTAB2 above the absorption edge could then be associated
with 5y and #jy. CTAB adsorption appears to reduce the
electrochemical surface area (ECSA) of the photoanodes,
which can be attributed to the occupation of the surface sites
(Fig. S5, ESIt).

The hole transfer, accumulation, and extraction behavior of
the photoanodes can be monitored from the transient behavior
of photocurrent density. Starting from 0.2 V, there is an anodic
spike every time the photoanode is illuminated, and these
spikes are followed by a decay in photocurrent density
(Fig. 2a). The anodic spikes are continuously increasing as
more holes are being utilized with the anodic potential sweep
and the photocurrent reaches 2.47 mA cm™ 2 at 1.1 V which is
rather promising for bare CdS photoanodes in a scavenger-free
alkaline electrolyte. Results demonstrate that as the CTAB
coverage increases, the photocurrent density at anodic spikes
also increases. In the reported TPC experiments, these anodic
spikes and the subsequent decay is associated with the for-
mation of photogenerated charge carriers and the accumula-
tion of holes at the photoanode-electrolyte interface,
respectively.®> After the positively charged holes are produced
by CdS, they start to migrate to the surface with the band-
bending effect.*> However, especially in photoanodes with
strong light absorption and carrier utilization characteristics
like CdS, the rate of photogenerated holes that arrive at the
surface is higher than their injection into the electrolyte for
OER. In Fig. 2b, the decay kinetics of photocurrent density was
investigated by estimating the photocurrent decay rates after
each anodic spike. For the bare CdS, the photocurrent decay
rate increases up to 0.77 V and then it becomes slower as the
potential increases. The potential where the decay rate starts to
decrease shows a cathodic shift for the CTAB-decorated photo-
anodes indicating the enhanced OER kinetics. At potentials
below 0.66 V, the decay rate of CdS/CTAB1 and CdS/CTAB2 are
close to each other whereas the decay rate of CdS/CTAB2 is the
lowest above 0.66 V. In the proposed adsorption mechanism of
CTAB which is shown in Fig. 2d, Br~ occupies the surface S,s,
therefore, the decreased decay rate with CTAB shows that S;s
have an important role in the activity loss of CdS.

Generally, photocurrent density is expected to reach a steady
state after this decay when the production of charge carriers
and the injection of holes to the electrolyte are in equilibrium.
However, starting from 0.2 V, another anodic event subsequent
to the initial photocurrent decay is observed. This pattern,
photocurrent density going through a dip, repeats itself
between 0.2 V to 1.2 V which means that there is a change
either on the photoanode surface or in the ionic species at the
photoanode/electrolyte interface. This type of behavior has
been reported for different photoanodes before,***> but very
little information regarding its potential dependence is avail-
able. It is known that CdS is sensitive to chemical and light-
induced corrosion during PEC experiments. Especially in elec-
trolytes without a hole scavenger, it can dissolve into the

1516 | Mater. Adv, 2024, 5,1513-1522
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electrolyte as Cd** and S>~.%°° Sulfide species are electroche-
mically unstable ions, and they can easily undergo electroche-
mical oxidation under applied anodic bias. Caliari et al.*°
reported that the electrochemical oxidation of S*~ to SO*~
takes place at potentials between 0.475 V and 1.0 V which is
consistent with the behavior in Fig. 2a. Since the anodic event
after the photocurrent decay is in the same potential window,
we attribute this behavior to the oxidation of S~ which is
dissolved from the CdS due to photocorrosion.

In addition to this anodic behavior, after photocurrent dip
under illumination, there is a cathodic spiking between 0.2 and
0.7 V when the light is off (inset of Fig. 2a). This spike can be
explained by the recombination of holes and electrons at the
surface when photoexcitation is interrupted. It starts from 0.2 V
in bare CdS and shows a gradual decrease until it disappears
completely at 0.7 V. There is a correlation between these
cathodic spikes and S>~ oxidation peaks because of the lower
kinetic overpotential required for $>~ oxidation. Another factor
that could contribute to suppressed cathodic spikes is the
enhanced charge separation at higher potentials which facil-
itates water oxidation. However, the cathodic spikes disappear
at the same potential region where the anodic photocurrent
gains momentum. It is thus more plausible that S*~ oxidation
contributes to this trend of cathodic spikes. The intensity of
cathodic spikes decreases significantly in CdS/CTAB1 and they
almost disappear in CdS/CTAB2. The elimination of the surface
charge recombination with the CTAB overlayer corresponds to
boosted charge separation and utilization.

In addition to chopped illumination LSV measurements,
photoanodes were tested under continuous illumination in the
presence and absence of Na,SO; hole scavenger (Fig. S6a and b,
ESIT) to investigate the potential dependent evolution of #;,j. In
Fig. 2¢, more efficient utilization of photogenerated holes in the
presence of CTAB is evident. It is clear that CTAB acts like a
hole-extracting layer on the surface, suppressing the accumula-
tion of holes at the photoanode/electrolyte interface, however,
this role appears to be valid up to 0.7 V. The possible reason
for steady #n; at higher potentials could be provided by EIS
investigations.

EIS was performed to investigate the changes in charge
transfer resistance (Rcr) with the anodic and cathodic spikes
through the anodic sweep. The details of the measurements
and fittings of the Nyquist plots are given in Fig. S7 (ESIY).
In Fig. 3a, it is shown Rqr of bare CdS decreases with CTAB
treatment and CdS/CTAB2 has the lowest Rcr, which is con-
sistent with the LSV measurements. However, the potential
dependent behavior of Rcr of the photoanodes shows a
surprising trend.

Fig. 3b demonstrates that Rcr starts to decrease from 0.3 V
and reaches a plateau at 0.5 V for all photoanodes. This steady
resistance continues until 0.7 V and starts to increase gradually
with applied potential. Through the anodic scan, the Rqr of the
bare CdS is higher than that of CdS/CTAB1 and CdS/CTAB2
except for the 0.5-0.7 V region. However, Rcr is generally
expected to decrease with increasing applied potential due to
enhanced charge separation and utilization.”" Even though the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Nyquist plots recorded at 1.0 V and (b) the potential dependent Rct plots of bare CdS, CdS/CTAB1, and CdS/CTAB2. (c) LSV and in situ PL

emission plots of bare CdS and CdS/CTAB2. The PL measurements were performed by using the same 3-electrode configuration of PEC experimentsin a
quartz spectroscopy cuvette. The PL emission intensities were normalized with respect to the emission at 0.3 V by peak area integration. (d) MS plots of

bare CdS, CdS/CTABL, and CdS/CTAB2 (measured in dark).

photocurrent density of all photoanodes increases through
the whole potential range, Rcr shows an increase starting
from 0.7 V. Note that the change in Rcr behavior falls into
the same region in LSV measurements where the anodic spikes
after the photocurrent dipping under illumination starts. This
behavior might have the same origin that S~ ions are highly
reactive and they tend to donate their electrons to the photo-
anode to give an oxidation reaction. The increase in the charge
transfer resistance can be associated with the additional resis-
tance resulting from the S~ oxidation products accumulating
on the surface. Note that more than one process, such as
charge accumulation, OER, and S®>  oxidation, takes place
simultaneously whenever the light is on in the chopped illu-
mination LSV measurements. We consider the S~ oxidation as
an activity-diminishing factor that is happening simultaneously
with OER.

PL emission spectroscopy was used to provide a supporting
characterization study for the effect of CTAB decoration. It is a
characterization technique that is often used to investigate
charge carrier recombination characteristics.”> In Fig. 3c the
photocurrent density and the in situ PL emission intensity of
bare CdS and CdS/CTAB2 are presented as a function of applied
potential. Results demonstrate that the PL emission intensity of
CdS/CTAB2 is lower than that of bare CdS at all potentials. Both
photoanodes show a gradual decrease in emission intensity as
photocurrent density increases, which is expected since the

© 2024 The Author(s). Published by the Royal Society of Chemistry

electron-hole recombination is less at higher potentials due to
enhanced charge separation. Between 0.3 V and 0.6 V, the
emission intensity of CdS/CTAB2 decreases 1.5 times faster
than that of bare CdS. After 0.6 V, the normalized emission
intensity of CdS/CTAB2 decreases by 4.1% up to 1.0 V while
bare CdS decreases by 2% within the same potential range.
This result is consistent with the chopped illumination LSV
data where the effect of CTAB is more dominant at potentials
above 0.6 V.

The transient behavior of open circuit potential (OCP) was
also investigated to probe the effect of CTAB on photovoltage.
The photovoltage change for CdS photoanodes is shown in
Fig. S8 (ESIt). The OCP of bare CdS is 0.67 V and it decreases with
CTAB overlayer. Generally, it is considered as a negative effect
for photoanodes, because lower OCP means less self-driven
potential for the OER. However, it has been reported elsewhere
that the modification of photocatalyst with hydrophilic surface
passivation overlayers might result in interfacial dipole for-
mation which shifts the band-edge position and causes lower
OCP.”® After the light is switched on, all photoanodes show a
fast OCP decay with photoexcitation of electrons in the valence
band and subsequent formation of electron-hole pairs.** CdS/
CTAB2 reaches the lowest potential compared to bare CdS and
CdS/CTAB1. Higher photovoltage upon illumination can be
attributed to strong light utilization and more photogenerated
charge carriers migrating to the space-charge region. However,

Mater. Adv,, 2024, 5,1513-1522 | 1517
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the OCP values upon illumination are very close to each other.
Notice that, although bare CdS has the highest photovoltage
change, it shows a slight decrease during illumination while
CTAB-decorated photoanodes remain flat. It is an indication of
lower surface charge recombination and improved injection of
photogenerated holes to the electrolyte.*®

In Fig. 3d, Mott Schottky (MS) plots show positive slopes
characteristic of n-type semiconductors. Analysis results
demonstrate that the flat band potential (Vg,) displays a
cathodic shift from 0.28 to 0.027 V with CTAB treatment in
agreement with cathodic shifts in the onset potentials of
LSV curves. A more negative Vg, upon CTAB adsorption
provides a higher quasi-Fermi level of electrons (Eg,).
Photovoltage then increases due to a greater separation
between the quasi-Fermi level of holes (Ey ) and Er,. The
slope of the MS plot for bare CdS shows a significant
decrease with the CTAB treatment. Among all photoanodes,
CdS/CTAB2 reveals the smallest MS slope, however, linking
this to the highest donor density (Nq4)*® must be done with
precaution. It is important to note that the effect of surface
morphologies and complex reactions that take place at the
photoanode/electrolyte interface are neglected in the MS
analysis. Other than modifications on bulk structure, such
as the addition of a dopant that can act like an electron
donor, the potential dependent capacitive behavior at
the space charge layer is the contributing factor that can
influence the linear behavior of the MS plot. Such non-
linearity might have been caused by the change in
the surface electronic structure after CTAB decoration
where surface sulfur vacancies are being occupied by Br™ of
CTAB."

Another set of chopped illumination LSV measurements was
performed to investigate the relation of the CTAB adsorption
mechanism to the surface S, content by using the H,0,-treated
CdS samples. The experimental details are given in ESI.{ In the
literature, S,s have been utilized for CdS photocatalysts
to create electron trap centers that can favor reduction reac-
tions such as hydrogen evolution, CO, reduction, and N,
reduction.*®° Inspired by these studies, the effect of S,s on
the photoelectrochemical response of CdS has been investi-
gated. In Fig. S9a and b (ESIt), Cd 3d and S 2p XPS spectra and
the change in Cd and S species after H,O, treatment are given,
respectively. The gradual decrease in the S 2p and Cd 3d peaks,
and the shift towards higher binding energy is attributed to the
formation of S,s.>! The S, content is calculated based on a
method reported for CdS** and an increase in the amount of
surface S, with H,0, treatment is shown in Table S1 (ESIT). Br
3d XPS spectra in Fig. S9c (ESIT) show that the amount of Br on
CdS_S,/CTAB is higher than that of CdS/CTAB1. This is in
strong agreement with our adsorption hypothesis of Br~ on
the CdS surface.

After the surface characterization, the PEC activities of the
samples were measured. In Fig. S10a (ESIt), chopped illumina-
tion LSV results show that H,O, treatment decreases the PEC
activity of CdS photoanodes (CdS_S,). Sys are the abundant n-
type defects of CdS.>> At an optimum level, they can enhance
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the charge carrier mobility in bulk phase.>®> However, surface
Sys can act like electron trap centers and cause surface charge
recombination which decreases the photocurrent density. This
can be the reason for deactivation after H,O, treatment. After
the formation of surface S,s, the photoanodes were kept in
0.03 M CTAB solution for 2 h like CdS/CTAB1 (CdS_S,/CTAB).
According to the chopped illumination LSV results presented
in Fig. S10a and b (ESIt), CTAB treatment increases the photo-
current density of CdS_S, and bare CdS by 98% and 52%, at
1.1 V, respectively. It is consistent with our hypothesis where
CTAB is adsorbed on the surface by occupation of surface S,
with Br~. Additional S,s created make more binding sites
available for CTAB adsorption, and it can further enhance
charge utilization.

For CdS_S,, the photocurrent decay observed after the
anodic spikes upon illumination is less intense than the pris-
tine CdS. In Fig. S10a (ESIf), 0.7 V and 0.8 V are given as
highlighted regions. Notice that, in the first region, CdS_S,
does not show the anodic rise after the photocurrent decay. It
indicates that H,0, treatment leads to a cathodic shift in the
dip behavior which is associated with the oxidation of dissolved
S>~. In this region, the photocurrent decay rates calculated as
in Fig. 2b showed that the decay rate of bare CdS is 2 times
higher than that of CdS_S,, which is in strong agreement with
the interpretation of TPC behavior. Moreover, the photocurrent
density after the dip increases by 9.4% and 40% for CdS_S,
and bare CdS, respectively. Since the CdS_S, surface has an
increased number of S,s, less photo-corrosion induced >~ is
released to the electrolyte, thus, less §%~ undergoes oxidation
reaction on the photoanode surface to cause faster photocur-
rent decay and increased interfacial Rcr. Moreover, MS analysis
results shown in Fig. S10c and d (ESIt) reveal that CdS_S, and
CdS_S,/CTAB photoanodes have higher N4 than bare CdS
and CdS/CTABI1, respectively. We demonstrated that as the
CTAB overlayer amount increases, The Vg, potential of
bare CdS shows a negative shift and Ng increases. It is impor-
tant to note that the amount of change in these variables
might be ambiguous because MS analysis only applies under
certain assumptions. However, the results support the XPS
spectra in Fig. S9c (ESIt) where the CTAB overlayer amount
on CdS_S, is higher than that of bare CdS after the same dip-
coating time.

As mentioned earlier, understanding the activity loss paths
and the parameters is very important for both investigation of
CdsS charge carrier dynamics and understanding the activity
improvement after surface CTAB decoration. Therefore,
within the light of PEC and structural characterization experi-
ments, the S*>~ oxidation hypothesis was tested in detail by
transient chronoamperometric (CA) measurements to reveal
the mechanistic fingerprints of the elementary steps of
charge carrier utilization. CA-TPC experiments were conducted
to further analyze the photocorrosion and photocurrent density
decay behavior by using 250 ms on 250 ms off light pulses
with an LED light source at 0.7 V. The CA-TPC results of
bare CdS and CdS/CTAB2 are shown in Fig. 4. Notice that the
anodic spike, subsequent decay, and the cathodic spike

© 2024 The Author(s). Published by the Royal Society of Chemistry
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when the light is off are all consistent with the chopped
illumination LSV observations. However, what is unexpected
is the wiggle-like periodic cathodic events observed during
short illumination.

In Fig. 4b, a stacked inset of one wiggle which takes around
10 ms is shown with 2 cathodic events numbered as 2 and 3. We
propose the trapping mechanism below, which can explain the
periodicity of 2 cathodic events and the relation between S~
dissolution and the activity loss.

Water oxidation mechanism

CdS - e  +h"
*+OH +h" - *OH
*OH + OH™ +h" - *O + H,0
*O+OH +h' - *OOH

*OOH + OH™ + h" — Oy + HyO

Photocorrosion mechanism

Cds — Cd(aq)2+ + S(aq)27
CdS — CdS—S:* + S(ug) ™~ (1)

Sagq’~ +2h" > 8°

2S(aq) + 305 + HyO +4h" > 4S0,4q°"

© 2024 The Author(s). Published by the Royal Society of Chemistry

Electron trapping mechanism

CdS—S:* +¢~ = CdS—S" )
CdS—S? + O,y = CdS—S:—0,

CdS—S:—0, = CdS—S:"~0,

CdS—S:*~0,™ +e~ — CdS—Si*—0,~ (3)
CdS—S2*~05"" — CdS—S:* + 0>~ (4)
0,”” +2h" > Oy (5)

As mentioned before, the dip behavior in TPC (event num-
ber 1, Fig. 4a) is related to the light-induced sulfide dissolution
and oxidation at the photoanode surface (eqn (1)). 2 cathodic
events subsequent to the first dip observed under illumination
are shown in eqn (2) and (3). In our proposed mechanism, we
included the S;s formed by photo-dissolution when sulfide
ions dissolve into the electrolyte. These S,s are possible sites
for electron trapping and can contribute to activity loss.
This hypothesis is in accordance with the PEC characterization
results of CdS_S, where there are more sites on the surface in
addition to those form in eqn (1) as a result of photocorrosion.
However, it has been reported that the energy level of S,s
located within the bandgap is close to the conduction band
minimum which makes them unstable trap sites since trapped
electrons can be thermally excited to the conduction band
easily.**>* Moreover, eqn (2) itself does not explain 2 periodic
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cathodic events. At this point, we hypothesize that O, evolving
via the OER could adsorb on S,s trapping electrons (CdS—S)
and transform into an adsorbed superoxide (O,) which is
known to be very reactive. Event number 3 then can be
attributed to the reduction step in eqn (3), the conversion of
adsorbed O, into a peroxide (O,>"). Notice that this event
disappears in CdS/CTAB2 because of the occupancy of S,s with
Br. In this way, photogenerated holes could drive OER more
effectively rather than getting involved in undesired recombi-
nation at the surface due to electron trapping. What makes this
process periodic is that, after recovering its double valency
(CdS—S:*), 0, can desorb from the surface (eqn (4)). O,>~
could then be involved in further oxidation reactions (eqn (5)).

In the photocorrosion and electron trapping mechanism, 3
important parameters can change the extent of trapping:
applied potential, light intensity, and illumination time. The
change in potential could manipulate the amount of O, evol-
ving and the last 2 parameters can be used to tune the amount
of Sys. In order to show the effect of these parameters 3 CA
experiments were conducted by using bare CdS as the control
sample. In Fig. S11a (ESIT), a snapshot of 250 ms on 250 ms off
pulse experiment at 3 different potentials is shown. Notice that
as the potential increases the intensity of cathodic peaks
increases as well. Normally, if there is a trapping event that is
caused only by a trap state, it is expected to decrease with
applied potential. However, it is vice versa for CdS, which is
consistent with our hypothesis where the O, evolving is a part
of the trapping mechanism. Secondly, we performed the same
experiment at 2 different light intensities. Since the S, for-
mation on the surface depends on light-induced dissolution,
exposure to intenser light could lead to the formation of a
greater number of S,s that are eventually involved in surface
charge recombination and cathodic events. The result in
Fig. S11b (ESIt) and the PEC activity decrease after H,O,
treatment in Fig. S9a (ESIf) confirm this hypothesis as they
both show the negative effect of surface Ss.

Lastly, the effect of light-induced S, formation is investi-
gated by changing the illumination time at 0.7 V. Similar to
light intensity-dependent tests, an increased number of S;s
could be extended as the photoanode is illuminated for a
longer time. For 50 ms and 150 ms long illumination measure-
ments, there was no cathodic spike when the light is turned off.
However, a cathodic spike appears at 500 ms and continues to
increase until 1200 ms where it reaches a maximum. This
behavior is associated with the recombination of accumulating
holes on the surface with electrons. Notice that the photocur-
rent density at each anodic spike when light is on and photo-
current demonstrating a decaying trend are both decreasing
between 50 to 1200 ms due to the surface charge recombination
involving trapped electrons. Meanwhile, cathodic spikes when
the light is off are increasing, which is associated with surface
charge recombination. The result confirms Fig. S11b (ESIf)
which shows that when more surface S,s form by photo-
dissolution, electron trapping goes to a higher extent. Moreover,
the cathodic spikes start to decrease after 1200 ms illumination
meanwhile the photocurrent decaying over time starts to
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increase. For the chopped illumination LSV experiment, we
associated the anodic event after photocurrent decay with the
S>~ oxidation. It is important to note that longer illumination
not only creates S,s on the surface but also causes more $>~
dissolution which can undergo electrochemical oxidation at
0.7 V. This reversed trend of cathodic spike and the photocurrent
density can be attributed to this electrochemical process which
was also confirmed by EIS measurements.

Conclusion

In summary, a set of PEC characterization experiments were
performed to investigate the fundamental charge transfer
and utilization processes of CdS photoanodes, and a facile
post-synthesis surface modification method was suggested for
more efficient hole utilization. Results showed that S,s, both
abundant and formed by photocorrosion, play a critical role in
the surface charge carrier dynamics of CdS. Results demon-
strate that Sys can act like electron trap centers causing surface
charge recombination. We proposed a surface electron trap-
ping mechanism to explain the photocurrent decay behavior
in chopped illumination LSV measurements, which was
further confirmed by short-light pulse CA measurements.
A combination of LSV, TPC, and in situ PL spectroscopy
investigations revealed that the CTAB overlayer can passivate
the surface electron trapping and electron-hole recombination
processes via the occupation of S,s by Br . To investigate the
effect of surface S,s on the extent of electron trapping and the
adsorption mechanism of CTAB, both bare and surface S,-rich
CdS photoanodes were analyzed by XPS before and after CTAB
treatment to see the change in surface composition. Overall, we
provided a detailed set of TPC experiments which showed that
the electron trapping on the CdS surface is strongly correlated
with the S,s and also the extent of OER. We believe that this
work can be an important insight for research on CdS photo-
anodes by providing a fundamental understanding of key
processes taking place at the photoanode/electrolyte interface.
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