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ABSTRACT: In this study, polyol-made CdS and CdSe crystalline nanoparticles (NPs) are loaded by impregnation on TiO,
nanotube arrays (TNTAs) for solar-simulated light-driven photoelectrochemical (PEC) water vapor splitting. For the first time, we
introduce a safe way to utilize toxic, yet efficient photocatalysts by integration in solid-state PEC (SSPEC) cells. The enabling
features of SSPEC cells are the surface protonic conduction mechanism on TiO, and the use of polymeric electrolytes, such as
Nafion instead of liquid ones, for operation with gaseous reactants, like water vapor from ambient humidity. Herein, we studied the
effects of both the operating conditions in gaseous ambient atmospheres and the surface modifications of TNTAs-based
photoanodes with well-crystallized CdS and CdSe NPs. We showed 3.6 and 2.5 times increase in the photocurrent density of
defective TNTAs modified with CdS and CdSe, respectively, compared to the pristine TNTAs. Electrochemical impedance
spectroscopy and structural characterizations attributed the improved performance to the higher conductivity induced by intrinsic
defects as well as to the enhanced electron/hole separation at the TiO,/CdS heterojunction under gaseous operating conditions.
The SSPEC cells were evaluated by cycling between high relative humidity (RH) (80%) and low RH levels (40%), providing direct
evidence of the effect of RH and, in turn, adsorbed water, on the cell performance. Online mass spectrometry indicated the
corresponding difference in the H, production rate. In addition, a complete restoration of the SSPEC cell performance from low to
high RH levels was also achieved. The presented system can be employed in off-grid, water depleted, and air-polluted areas for the
production of hydrogen from renewable energy and provides a solution for the safe use of toxic, yet efficient photocatalysts.

KEYWORDS: solid-state photoelectrochemical cells, water vapor splitting, surface protonic conduction, defects, TiO, nanotubes,
CdS nanoparticles, CdSe nanoparticles

B INTRODUCTION and the formation of H, and O, bubbles on the electrode
surface further leads to overpotentials and scattering of the
incident light, decreasing overall efficiency.”

Inspired by polymer electrolyte membrane (PEM) fuel cells
and electrolyzers, we have previously demonstrated for the first

As a light emission-free fuel, hydrogen H, is considered the
ultimate alternative to carbon-based energy carriers for
industry and transport. Photocatalytic and photoelectrochem-
ical (PEC) water splitting can convert solar energy to H,
directly, a potential future contribution to a hydrogen
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economy. They are based on the absorption of photon energy Received: July 10, 2021
by photocatalysts, producing electron—hole pairs that can Accepted:  September 15, 2021
participate in redox reactions with water.”” PEC H, Published: September 27, 2021

production is typically conducted in acidic or alkaline liquid
aqueous media, with challenges in cell design, transport, and
corrosion. In addition, UV light is partly absorbed by water,
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Figure 1. Left: SSPEC cell holder and the different parts. Middle: SEM micrograph of the SSPEC cell configuration as well as a schematic
representation of the three-layered structure. The top surface of the photoanode electrode is not covered in Nafion in order to allow gas diffusion

and surface proton conduction through the adsorbed water layers.

time the photoelectrolysis of water vapor present in ambient
humid air in a novel solid-state PEC (SSPEC) cell,*
comprising a layered structure of an anode, an electrolyte
(e.g., Nafion), and a cathode. A key feature in our design for
the anode, or more precisely the photoanode operating under
gaseous conditions, is that the need of a polymeric binder,”™”
which allows protonic transport toward the electrolyte, is
alleviated.” In order to achieve this, we exploited surface
proton conduction (SPC), which allows proton (H") transport
in adsorbed water layers on oxide surfaces'® such as TiO, by
Grotthuss and/or vehicle mechanisms.'' Compared to liquid
PEC cells, the SSPEC design minimizes the distance between
two electrodes, making the cell more integral and robust. From
an operational point of view, the use of gaseous reactants is
also expected to increase the device’s durability, trans-
portability, and safety. The absence of liquid electrolytes
reduces the risk of environmental contamination from spillage
and leaching of toxic components. Furthermore, capturing
moisture from air can facilitate large-scale solar H, production
in rural and off-grid areas as the only requirements are
humidity and sunlight.

In engineering SSPEC cells, the photoanode should be
highly porous to facilitate diffusion, adsorption, and dissoci-
ation of water vapor, ensuring a high SPC and triple-phase
contact area (electrode—electrolyte—gas phase) for efficient
ionic conduction and charge transfer.” A 3D electrode based
on TiO, nanotube arrays (TNTAs) grown on a Ti mesh is a
promising candidate for SSPEC photoanodes. Their special
one-dimensional structure perpendicularly aligned to the
substrate provides a high internal surface area for water
adsorption and photocatalytic reactions and a short pathway
for electron migration.10 Furthermore, multiple reflections of
light entering and proceeding inside the hollow structure
considerably improve their light absorption properties.'”"?

Synthesis of titania nanotubes by anodization of Ti foil
yields good control of geometrical factors, like tube length,
pore diameter, and wall thickness.'” Previous studies mainly
focused on the growth of TNTAs on flat Ti foil or glass
substrates, but less work has been done on a porous and
curved surface, like Ti meshes, which can act as gas-permeable
electrodes in SSPEC cells.

TiO, is a well-studied photocatalyst with a wide bandgap of
3.2 eV that can absorb only ~4% of the incoming sunlight."*
The introduction of intrinsic defects (e.g, oxygen vacancies)
significantly increases the visible light response of TiO, due to
the formation of new energy states below the conduction band
(CB)."'® They also act as shallow electron acceptors and
improve charge separation.17 In addition, in order to achieve
high PEC efficiency, electrons accumulated on TiO, nanotubes

need to be transferred to the cathode part as fast as possible.
Reduction, e.g., by introduction of oxygen vacancies,
significantly improves the n-type electronic conductivity of
TiO,, a strategy that was followed in this work by annealing the
as-formed TNTAs in a 5% H,/Ar atmosphere (reducing
conditions).

Additionally, coupling TiO, with a narrow bandgap
semiconductor as a sensitizing agent can further extend the
light absorption in the visible region. TiO,/CdS and TiO,/
CdSe are typical nanocomposite systems with the optical
response region encompassing nearly all of the visible and UV
regions.'® Semiconducting NPs of CdS and CdSe with their
tunable bandgaps provide opportunities for harvesting the
visible and even infrared regions of solar light. Based on the
bulk energy values, the CB of TiO, is at —0.5 V vs NHE, while
for CdS and CdSe, the CB values are around —0.73 and —0.8
V vs NHE, respectively. This energy difference drives electron
transfer from CdS (or CdSe) to TiO,."”

Due to their low bandgap and thermodynamic instability,
CdS and CdSe NPs suffer from photocorrosion durin
photocatalytic reactions if no sacrificial agents are involved.”
Toxic Cd** ions can leach into the aqueous electrolysis
solutions.”’ Several studies have highlighted the toxicity of
Cd** ions to a wide range of microorganisms and cells.””*’
Herein, CdS and CdSe are deposited on previously reduced
TiO, nanotubes arrays (rTNTAs) and operated under gaseous
conditions, thus avoiding the possibility of leaching Cd-based
sensitized photocatalysts. Two SSPEC configurations were
developed with rTNTAs, which were surface-modified by CdS
or CdSe NPs. The deposition of the NPs was done by a facile
impregnation process. A Pt/C electrocatalyst was used as a
cathode and Nafion as the proton-conducting electrolyte. We
tested and compared the PEC performance of TNTAsCdS|
Nafion|Pt/C and TNTAsCdSelNafion|Pt/C SSPEC cells under
different relative humidity (RH) conditions. The ability to
replenish their performance after operating under a lower RH
value was assessed as well. Finally, the water vapor splitting
mechanism under different RH conditions was discussed in
light of protonic surface diffusion on the photoanode as well as

the polymer electrolyte.

B EXPERIMENTAL SECTION

The details of the growth of TiO, nanotubes on a Ti mesh as well as
the synthesis of CdS and CdSe nanocrystals are provided in the
Supporting Information (SI), which also contains the list of chemicals
and details of physicochemical and photoelectrochemical character-
izations. Moreover, all sample definitions and abbreviations are given
in the Supporting Information.

Preparation of the Solid Polymer Electrolyte and Assembly
of SSPEC Cells. The solid polymer electrolyte was prepared by drop-
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casting 150 uL of NafionS solution onto both sides of Millipore
Prefilter paper (pore size: 0.2 ym) and then leaving it to dry. The
SSPEC was assembled by stacking the previously prepared anode,
membrane, and cathode using Nafion20 as the gluing agent: the
anode adhered to the membrane using 30 xL of Nafion20 solution,
while the cathode adhered with its Pt/C side facing toward the
membrane on the opposite side. It is emphasized that while an excess
of mesh on the circumference of the photoactive region was fastened
with Nafion to provide mechanical adherence, the active surface of the
photoanode was kept free from Nafion. As argued later on, protons
are conducted along adsorbed water layers on the TNTAs and are
transferred in the electrolyte in the triple-phase boundaries with the
electrolyte. On the other hand, the Pt/C cathode was flooded with
Nafion, which acted not only as the binder but also as a proton-
conducting medium, like in PEM fuels cells and electrolyzers. Then, a
13 kPa pressure was applied to the stack for 12 h at room temperature
to ensure good adhesion. Prior to adjusting the SSPEC cell on our in-
house-made mounting cell, the three-layer membrane was hydrated
overnight by placing it in 1 M H,SO, solution.

The schematic representation of the custom-made SSPEC device as
well as a cross-sectional view of the SSPEC layered configuration is
displayed in Figure 1. The nominal geometric area of the TNTAs
mesh photoanode was 1 cm? while the cathode area was kept approx.
two times higher (2 cm?).

Detailed schematic information can be found in our previous work*
and Figure 1, but briefly, the SSPEC cell was mounted on a special,
transparent acrylic frame with a quartz window. Two O-rings were
used to ensure that there was no gas crossover between the anode and
cathode chambers from the circumference of the three-layer
membrane. Moreover, the O-rings were equipped with Pt wires in
order to establish electrical contacts with each electrode and the
potentiostat. Each compartment was connected to a separate gas line
with the anode exposed to wet air and the cathode to wet Ar. The gas
flow and RH could be controlled individually by in-house gas mixers
and humidifiers.

B RESULTS AND DISCUSSION

Structural, Chemical, and Optical Characterization.
The crystal structure of the samples was characterized by X-ray
diffraction (XRD), and the results are presented in Figure 2.
All the TiO, nanotubes display similar XRD patterns, which
can be indexed to the pure anatase phase (ICDD No. 98-000-
9853, PDF4).”* The peak intensity of TiO, decreased
significantly after reducing in a 5% H, atmosphere at 400
°C, reflecting the decreased crystallinity due to lattice disorder
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Figure 2. XRD patterns of the TNTAs60-based sample series. Peaks
with Miller indexes corresponding to the Ti mesh substrate are given
in blue and those to anatase TiO, in red.

by the formation of intrinsic defects,'” as will be further
discussed later. After being combined with CdX (X = S or Se),
the XRD patterns do not show the characteristic peaks of CdX,
most probably due to the low concentration and the small
crystal size of the chalcogenide phases.'® For reference
purposes, the XRD patterns of TNTAs30 after reduction and
combination with CdX are presented in Figure SI.

The XRD patterns of polyol-made CdS and CdSe NPs are
shown in Figure S2. They match very well with the hexagonal
wurtzite (ICDD No. 98-003-1490, PDF4)'® and cubic blende
(ICDD No. 98-004-1528, PDF4)* structures, respectively.
For both, all diffraction peaks appear to be broadened as a
consequence of the very small crystal size of the produced
chalcogenide phases. The crystal size inferred from Rietveld
refinement is found to be about 3 nm.

In Figure 3, the fracture cross-section scanning electron
microscopy (SEM) images of the rTNTAs60,

Figure 3. Fracture cross-section SEM images of (a) TNTAs60, (b)
rTNTAs60CdSe, and (c, d) rTNTAs60CdS. CdS NPs are evenly
distributed on the outer surface of the nanotubes, while larger
aggregates with much less homogeneous distribution are observed for

the CdSe-modified TiO, nanotubes.

r'TNTAs60CdSe, and rTNTAs60CdS samples are presented.
The pore diameter of the as-grown TNTAs60 is around 98 nm,
while for TNTAs30, it is approx. 38 nm (Figure S3). The
morphology of rTNTAs60 remained identical before and after
deposition of CdS, indicating the stable structure of TiO,
nanotubes. Although the XRD pattern of rTNTAs60CdS does
not show the peaks of CdS NPs, SEM shows evenly dispersed
NPs on the outer walls of the TNTAs. Additional SEM and
energy-dispersive spectroscopy (EDS) images for the
r'TNTAs60 and rTNTAs60CdS samples can be seen in Figure
S4. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images of the rTNTAs60CdS
sample in Figure S5 clearly show that CdS NPs are attached to
the inner and outer surfaces of TiO, nanotubes (Figure SSc).
EDS mapping under dark field mode further confirms the
presence of both the Cd and S elements in the rTNTAs60CdS
sample (Figure SSd). The HRTEM image of TiO, in Figure
SSe shows that all the lattice fringes are parallel in the same
direction with a lattice spacing of 0.24 nm, which fits well with
the interplanar spacing of the anatase (004) lattice plane.”® It is
also noticeable that a lattice spacing of 0.337 nm correszgonds
to the (002) plane of CdS in a wurtzite crystal system.
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Figure 4. XPS spectra and fitted data of TNTAs60 and rTNTAs60CdS: (a) O 1s, (b) Ti 2p, (c) Cd 3d, and (d) S 2p. The inset in (a) shows the
peak fitted XPS spectra of O 1s. The peak fitting residuals are also given (red curve).

The as-prepared CdS NPs formed aggregates upon
evaporation of the solvent, but they could be separated to a
great extent by sonication, leading to small clusters of a few
particles, with a total size ranging around 9—10 nm, as shown
in Figure S6 (top image). The morphology of the freshly made
CdSe-based composites appeared rougher with many smaller-
sized nanoparticles forming larger aggregates. The CdSe NPs
(Figure S6 bottom image) could not be separated by
sonication as was the case with the CdS NPs, and thus they
were deposited as large aggregates (approx. 80 nm as given in
Figure S7) mainly at the top surface of TiO, nanotubes. This
impacts on the PEC performance of the CdSe-modified
TNTAs photoanodes, as we will see later. Finally, fracture
cross-section SEM images show the same morphological
characteristics between the different samples, and moreover,
the length of the nanotubes is approx. 6 ym (Figure S8).

Amorphous layers, which are generally observed by HRTEM
in black TiO,, were not obvious in the reduced TiO,
nanotubes, a possible indication that our TiO, was not heavily
reduced. However, the intrinsic defects can still be manifested
by XPS. Figure 4a compares the O 1s core level XPS spectra of
TNTAs60 and rTNTAs60CdS, and the sharp peak at 529.7 eV
associated to the characteristic peak of lattice oxygen is almost
identical for both samples, while a shoulder peak at around 531
eV is much higher in rTNTAs60CdS (Figure 4a inset). This
broad peak was deconvoluted and peak fitted with two
additional O 1s peaks. The peak at lower binding energies
(529.7 €V) is assigned to the hydroxyl groups or nonlattice
oxygen (surface adsorbed oxygen), corresponding to Ti-OH.
These groups are formed via binding of adsorbed species, like

46878

H,0, on oxygen defective sites on the surface of TiO,.”*** The
second peak at 532.4 eV is ascribed to molecular water
adsorbed on the surface of the material.”*” Therefore, oxygen
vacancies were introduced into rTNTAs60 by annealing in a
5% H,/Ar atmosphere. Two broad peaks centered at 458.5 and
464.3 eV (Figure 4b) correspond to the Ti 2p;,, and 2p,,,
peaks of Ti*" in TiO,, respectively. The absence of shoulder
peaks appearing at lower binding energies associated with Ti**
indicates that titanium defects do not exist on the surface of
reduced TiO, nanotubes. The absence of Ti** in such reduced
nanostructured TiO, has been observed previously and was
attrib%%tgeld to the localization of electrons at the vacant oxygen
sites.”

Figure 4c,d reveals the characteristic peaks of CdS dispersed
on the surface of rTNTAs60. The high-resolution Cd 3d XPS
spectrum displayed two individual peaks of Cd 3ds,, and Cd
3d,, at 404.8 and 411.5 eV, corresponding to the Cd*" species
in CdS. The deconvoluted peaks of the S 2p;/, and S 2p,,
signals located at 161.4 and 162.7 eV indicate the presence of
$*~ in CdS."® As for the rTNTAs60CdSe sample, similar
results were obtained. Figure S9a shows two peaks located at
405.9 and 412.6 eV for Cd 3d;,, and Cd 3d;,, respectively. In
Figure S9b, the Se 3d component is presented, in which a
broad peak at approx. 54.10 eV was fitted with two peaks at
54.02 and 54.90 eV. The difference of 0.88 eV corresponds
well to the Se 3ds/, and Se 3d;/, components of Se*” species,
respectively.”>* It is worth noting though that the binding
energy of the Cd 3d peaks in CdS shifts to lower binding
energies than that in CdSe, a fact that is in agreement with a
previous report.”* Moreover, the lower binding energy in the
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see Figure S11). For reference, vertical markers indicate the bandgap positions of the relevant constituents.
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Figure 6. LSV plots of the SSPEC cell configurations under one sun illumination. (a) Different photoanodes tested under 80% RH in air. The inset
shows a higher magnification at lower applied voltages. (b) rTNTAs60CdS sample tested under different RH levels starting at 80%, then changing
to 40%, and finally returning back to 80%. In all cases, the cathode was supplied with 80% RH in Ar.

case of 'ITNTAs60CdS compared to rTNTAs60CdSe suggests
a more intimate interfacial contact between CdS and TiO,.>

The absorption and emission properties examined by diffuse
reflectance spectroscopy (DRS) and photoluminescence (PL)
are summarized in Figure 5 and Figure S10, respectively. The
absorption spectra of TNTAs are represented by the Kubelka—
Munk (K—M) function in Figure Sa, exposing two distinctive
regions of enhanced light coupling. Besides the fundamental
absorption (band-edge) region, one can observe a prominent
absorption build-up throughout the entire visible range with an
onset at 2.5—2.7 eV and a peak at 1.4 eV. The origin of such
increased below-bandgap absorption is apparently intrinsic and
linked to oxygen vacancies that are abundant in the reduced
rTNTAs,** ™" corroborating very well with the XPS findings.
The optical signatures of the embedded CdS and CdSe are not
immediately noticeable in the absorption and emission spectra
(see Figure S10 and corresponding PL analysis on NPs
signatures). Still, the impact from NPs can be perceived by
DRS under certain conditions, e.g, while probing NPs-
decorated black-mesh areas with no or minimal density of
TNTASs that in turn improves the contrast and NPs detection
threshold (see Figure S11).
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Figure Sb presents the Tauc plot derived from the DRS
measurements in such a TNTAs-deprived area, highlighting
the TiO, band-edge at 3.3 eV and certain absorption onsets at
around 2.4 and 1.7 eV that can be linked to CdS and CdSe
NPs, respectively.” ™'

Gas Phase Photoelectrochemical Characterization.
The PEC performances of the different TNTAs-based samples
integrated into SSPEC cells were tested with the anode under
air of 80% and 40% RH while the cathode was supplied with
wet (80% RH) Ar. The linear sweep voltammetry (LSV)
curves under intermittent illumination with simulated solar
light (100 mW/cm?) are given in Figure 6a. Instant and spike-
free photocurrent generation upon chopped illumination is
obtained for all the samples, indicating the eflicient charge
separation in the TiO, nanotube electrode. Compared to the
pristine (TNTAs60) electrode, the photocurrent density of
rTNTAs60, rTNTAs60CdS, and rTNTAs60CdSe is enhanced
considerably over the entire potential range. In addition, the
onset potential of the latter three photoanodes shifted
negatively as can be seen from the inset of Figure 6a,
suggesting a negative shift in the Fermi level. This is supported
by Mott—Schottky measurements that clearly indicate a
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Figure 7. Nyquist plots of the SSPEC cell configurations at 1.23 V vs cathode under one sun simulated illumination. (a) Different photoanodes
tested under 80% RH in air (inset: the equivalent circuit used to fit the raw data). (b) rTNTAs60CdS initially at 80%, then at 40%RH, and after
that, switching back to 80%. A higher magnification in the high frequency region is given in Figure S16. The dots are the raw data, and the lines are
the fitted results. In all cases, the cathode was supplied with 80% RH in Ar.

negative shift of the flat band potential of the rTNTAs60CdS
photoanode (see Figure S12 and Table S1 and corresponding
analysis). The SSPEC configuration with rTNTAs60CdS as
the photoanode achieved the highest photocurrent density of
0.44 mA/cm? at 1.23 V vs cathode under one sun illumination.
This performance is 3.6, 1.7, and 1.5 times higher than those of
SSPEC cells with TNTAs60, rTNTAs60, and rTNTAs60CdSe
as photoanodes, respectively. As a comparison, we chose a pH-
neutral electrolyte (0.5 M Na,SO,) and tested our photo-
anodes in a typical three-electrode aqueous PEC setup. The
results are presented in Figure S13, and we observe the same
trend in their PEC performance as in the gas phase operation,
with the rTNTAs60CdS sample reaching approx. 0.55 mA/
cm® at 123 V vs SCE. This further highlights the high
performance achieved by our gas phase PEC system.

It is well-known that the photocurrent and onset potential
are closely related to the charge transport and separation and
ionic conduction as well as the efficiency of light absorption.
When reducing the TNTAs in a 5% H,/Ar atmosphere, oxygen
vacancies are introduced, as shown by XPS and DRS/PL
earlier, that can be responsible for improving both the
conductivity and the visible light response.'” In addition,
both theoretical calculations and experimental results have
shown that oxygen vacancies on TiO, surfaces enhance
adsorption and dissociation of water molecules, ultimately
increasing the surface protonic conduction.””™*" It increases
the performance of the photoanode also by increasing the
concentration of reactants for water splitting.

Additionally, the improved PEC performance can be
attributed to the enhanced light-absorbing capacity of
rTNTAs60CdS compared to the rest of the samples as
witnessed by the incident-photo-to-current-efficiency (IPCE)
measurements in Figure S14. It can be seen that the
rTNTAs60CdS photoelectrode shows an IPCE of around 3.5
times higher than that of TNTAs60 in the UV light region as
well as 2.5 times higher in the visible light range. In the case of
the rTNTAs60CdSe photoelectrode, the PEC performance is
slightly improved at applied voltages of more than 1.0 V when
compared to the rTNTAs60 alone. The CdSe NPs formed
large aggregates that were not evenly dispersed on the surface
of the TNTAs, leading to an inefficient contact with the
nanotubes. This is also supported by the significant positive

46880

shift in the Cd 3ds;, and Cd 3d;,, binding energies in the
r'TNTAs60CdSe sample compared to the rTNTAs60CdS
sample as seen earlier by XPS. Therefore, a stronger separation
field is needed before the effect of the CdSe NPs can be
beneficial.

In order to evaluate the influence of RH on the PEC water
vapor splitting, the best performing SSPEC cell with the
rTNTAs60CdS photoanode was tested at a reduced water
vapor level of 40% RH. As displayed in Figure 6b, the SSPEC
cell exhibited a decrease in the performance by a factor of 2.
The transient photocurrent response becomes slower too, as
the dark current does not reach the background level during
the light-off period, implying increased protonic and charge
transfer resistances upon dehydration (see the EIS results
below). After switching back to 80% RH, the performance is
fully recovered.

Similar trends are also observed for the TNTAs30-based
photoanodes, as presented in Figure S15. The highest
photocurrent density is achieved by using rTNTAs30CdS as
the photoanode, which is 2.3 times higher than the SSPEC cell
with the TNTAs30 photoanode at 1.23 V vs cathode under
one sun illumination. The decrease in the photocurrent density
when testing under 40% RH and the ability to recover after
switching back to 80% RH highlight again the reversible effects
of adsorbed water and the SPC mechanism.

To further study and explain the observed j—E character-
istics of our SSPEC cells, electrochemical impedance spec-
troscopy (EIS) measurements were carried out in the two-
electrode setup under dark and light conditions. The Nyquist
results are plotted in Figure 7, along with the suggested
equivalent circuit model in the inset of Figure 7a. In the fitted
equivalent electrical circuit, R; is obtained from the intersection
of the real axis at the high frequency range and represents the
ionic resistance in the electrode and the polymer electrolyte as
well as the ohmic resistances (contacts, etc.). Under
illumination, two depressed semicircles are observed in the
Nyquist plot. The one displayed in the high to mid frequency
range (see higher magnification in Figure S16) corresponds to
the resistance associated with ionic migration through the
polymer electrolyte and the surface proton conduction on the
adsorbed water molecules (R; and CPE,), while the one in the
low frequency domain relates to the charge transfer kinetics of
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Figure 8. Chronoamperometric experiments under different conditions coupled with online mass spectrometry measurements. (a) rTNTAs60CdS
photoanode at 1.23 V vs cathode under intermittent one sun illumination at 80% RH. The inset shows a magnification and highlights the on/off
cycling. (b) rTNTAs60CdS photoanode at 1.0 V vs cathode and (c) at 0.5 V vs cathode under intermittent one sun illumination and varying RH
levels (starting at 80%, switching to 40%, back to 80%, and finally completely dry air conditions). The photoanode was supplied with 40 mL/min of
the respective humidified air while the cathode with dry Ar at a flow of 36 mL/min. The sampling rate from the mass spectrometer was 16 mL/min.
Higher magnifications at certain regions in (b) and (c) are given in Figure S17.

the water splitting reaction at the interface of the electrode and
adsorbed water layers (R, and CPE,)."> The resistance and
capacitance values are summarized in Table S2.

In comparison to TNTAs60, rTNTAs60 exhibits a
significant decrease in the total resistance, which suggests
that the efficiency of charge carriers’ separation and transport is
improved. The reduced overall resistance of the rTNTAs60
photoanode can be attributed to the improved conductivity
induced by the surface intrinsic defects. Apparently, the
improvement in the SPC, which can be correlated to the Ry
component, implies an enhanced water adsorption and
dissociation of the rTNTAs60 sample, as suggested earlier.
The charge transfer kinetics are further accelerated after
surface modification with CdX NPs, and the lowest resistance
across the whole frequency range is found in the
rTNTAs60CdS configuration. The SPC was also improved
after the introduction of the NPs (by a factor of approx. 1.8)
but not as significantly as in the case of TNTAs60 and
rTNTAs60 (by a factor of 6.5). This is reasonable as the NPs
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are not fully covering the TNTAs surface. Overall, CdS greatly
improves the PEC performance by facilitating the separation
and transfer of charge carriers at the photoanode and
electrolyte interface, while the reduction of TiO, accelerated
the SPC and related ionic transport.

The kinetic behavior of the best performing SSPEC cells
with the rTNTAs60CdS photoanode was further assessed
under different conditions (different RH and dark/illumina-
tion). As it can be seen in Figure 7b, the charge transfer
resistance increases considerably when switching the operating
RH from 80% (R, = 1500 &, R, = 44 Q) to 40% (R, = 2760
Q, R; = 78 Q). The SPC depends on water dissociation that
produces protonic charge carriers and on their conduction
along the formed water layers on the surface of the electrode. A
liquid-like water layer establishes at RH above 60%, which
induces a remarkable enhancement of proton conduction. At
an RH below 60%, the mobility of protonic charge carriers
hopping in the chemisorbed water layer and ice-like layer is
limited.'" Therefore, in our case, the conductivity improves
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apparently after restoring the RH from 40 to 80%. The ionic
resistance, R, of the electrolyte is also increased from 4.1 € at
80% to 11.6 L at 40% RH because of the higher resistivity of
the polymer electrolyte (Figure S16). Again, such a behavior is
directly linked to available water molecules and in general the
associated resistances increased by a factor of 2 or 3 when the
RH, ie., the available water content, was reduced by half.
Another important feature proving that the intermediate to low
frequencies are reasonably assigned to charge transfer reactions
during the PEC water vapor splitting is derived from EIS being
recorded in the dark. A clear capacitive, i.e., blocking, behavior
is observed (straight lines parallel to the imaginary axis in the
Nyquist plots),’® as under dark conditions, no interfacial
charge transfer reactions (water vapor splitting) are taking
place.

The stability of the best performing SSPEC cells with the
rTNTAs60CdS photoanode was tested at an applied voltage of
1.23 V (vs cathode) at 80% RH. As shown in Figure 8a, the
photocurrent density—time (j—t) curve reveals a stable and
reproducible on/off cycling response to chopped light,
especially under the studied conditions where water is not as
abundant as in a traditional liquid electrolyte PEC cell. The
obtained steady-state photocurrent density agrees well with the
LSV curve in Figure 6 (green curve), indicating that the
scanning rate in the LSV measurements is sufficiently low.
Furthermore, considering that a continuous irradiation heats
up the SSPEC cell, this will eventually lead to dehydration of
the polymer electrolyte membrane and the photoanode,
increasing the resistance for proton conduction. That is the
main reason why the chronoamperometric tests are carried out
with 10 s light on and 20 s light off (insert of Figure 8a) at a
bias potential of 1.23 V vs cathode. In this way, we wanted to
ensure that the physisorbed water layers could be compensated
during the light-off periods. This was documented and
established in previous work from our group, in which the
effect of intermittent vs continuous illumination was studied in
the photocatalytic remote degradation of organic pollutants.*’
The SSPEC configuration with the rTNTAs60CdS nano-
composite displays a stable photocurrent density after 3 h of
operation. However, the photocurrent of pristine TNTAs60
(Figure S18) declines by 37% during the first hour, showing a
decreasing trend thereafter. We believe that this behavior is
related to the relatively unstable water layers formed on the
surface of TNTAs60. As explained earlier, water tends to
adsorb molecularly on the surface of pristine TiO, (H,0—H,O
interactions) and dissociatively on reduced TiO, (OH—H,O
interactions). The hydrogen bonds between the chemisorbed
water layer and physisorbed layer in the pristine sample are less
stable than those on the reduced one.*” As a result, the loosely
bonded water network on the pristine surfaces can more easily
evaporate upon illumination, ultimately decreasing the
available protons and associated PEC performance.

In order to probe the direct H, production in the gas stream
in the cathode side, gas phase analysis was performed by online
mass spectrometry. We also wanted to highlight the direct
production of dry H, at relatively low applied bias voltage, and
for these reasons, a dry Ar flow was supplied to the cathode
with a rate of 36 mL/min and two experiments at 1.0 and 0.5V
(vs cathode) were performed (Figure 8b,c). As the H,
production was expected to be in the ppm level and in order
to fit with the mass spectrometer’s required dwell and settle
times, the light-on/off periods were adjusted to 100 s each.
Figure 8b,c show a very good correlation between the amount

of water vapor supplied to the photoanode and the obtained
photocurrent density as well as the produced H, at the cathode
(refer also to Figure S17, where certain regions have been
magnified). It is worth noting that the photocurrent densities
at 1.0 and 0.5 V (vs cathode) were lower than the expected
ones from the LSV curves of Figure 6, indicating the possible
dehydration of the polymer membrane due to the dry Ar feed
in the cathode. It is also important to notice that at 0% RH
(dry air) in the photoanode, neither photocurrent nor H,
production were observed, correlating perfectly with the
proposed surface protonic conduction mechanism.
Mechanism. To gain a better overview of the processes
happening in our SSPEC cells, we go back and elaborate more
of the SPC mechanism and SSPEC cell setup. A detailed
schematic and proposed mechanism are presented in Figure 9.

-z w0 —
o g (
Photoanode chamber

Humid air

== 5y Ar

Cathode chambe

Figure 9. Schematic of the SSPEC cell working mechanism with
rTNTAs60CdS as the photoanode. The physisorbed water layers on
the surface of TiO,/CdS act as a liquid-like electrolyte, where protons
can transport and reach the polymer electrolyte (Nafion). The applied
voltage provides the necessary electrochemical potential for electrons
and protons to reach the cathode catalyst (Pt/C), where H, is
generated. The SSPEC cell can provide pure and dry H,, but due to
low temperature operation (25 °C) and to avoid dehydration of the
polymer electrolyte, a stream of wet Ar was supplied to the cathode
compartment.

TiO, nanotubes grown on a Ti mesh provide a large surface
area and a heterojunction is expected to form between TiO,
and the CdX NPs (let us consider mainly the CdS NPs as they
showed the best results) through their physical contact, as
proposed from several other studies.”* > This is also in
agreement with the M—S measurements that showed a
negative shift of the flat band potential in the case of the
r'TNTAs60CdS photoelectrode. Upon illumination, it is
expected that the CdS NPs located on the surface of TiO,
nanotubes absorb photons in the visible light range and
generate electron—hole pairs. Then, the photogenerated
electrons are subsequently injected into the CB of TiO, due
to its lower energy level. Meanwhile, TiO, nanotubes are also
able to absorb photons in the UV region as well as photons in a
certain visible light range because of the defect energy levels.
The holes migrate to the surface of TiO, nanotubes that are
then transferred to the CdS NPs, where they react with the
H,0O molecules in the surface absorbed water layers.

It is also widely accepted that photocatalysts, such as TiO,
and CdS, cannot perform the 4-electron oxidation reaction of
water toward oxygen evolution due to poor interfacial kinetics,
although their VB energy levels are at the more positive values
than the water oxidation standard potential.”">* Co-catalysts
such as IrO,, RuO,, Co(OH),, NiFeOOH (layered double
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hydroxides), etc. that show improved kinetics are necessary for
the oxygen evolution reaction (OER).”> Therefore, the main
oxidation products in the case of TiO, and CdS are expected
to be hydroxyl radicals and other reactive oxygen species
(ROS) as well as protons.

According to our previous study, a continuous liquid-like
water layer forms on the surface of the nanostructured TiO, at
ambient temperatures and under 80% RH.* Therefore, protons
generated from the water oxidation reaction are transported
along the surface water layers, along the surface of nanotubes,
and toward the polymer electrolyte. Since Nafion is a known
polymeric proton conductor, protons will continue migrating
from the photoanode chamber to the cathode chamber
through this solid electrolyte. We have measured this effect
with EIS, and when the RH was reduced to 40%, then the ionic
resistance of the electrolyte increased by a factor of 2.8 (from
4.1 to 11.6 Q). The applied voltage between the photoanode
and cathode provides the necessary electrochemical potential
for proton transport toward the cathode electrode. Finally, the
electrons are transferred to the counter electrode through the
external circuit and participate in the hydrogen evolution
reaction by reducing protons on the Pt-based cathode
electrode. It is again important to notice that the Ti mesh,
which supports the TNTAs layer modified with the CdS NPs,
is not flooded by ionomers (Figure 1); that is why our ionic
conduction is realized by the adsorbed water layers. In this
way, we make sure that the observed photocurrent density is
not related to any degradation of the ionomer in contact with
the TiO,-based photoelectrode, which could well oxidize the
polymeric structure through the photogenerated holes.

B CONCLUSIONS

A robust SSPEC cell of simple engineering was successfully
assembled for gas phase PEC water vapor splitting under
simulated solar illumination. Such a PEC configuration
represents a safe way to utilize toxic, yet efficient photo-
catalysts, such as CdS and CdSe. The latter was used in the
form of NPs prepared by the polyol method and deposited on
TiO, nanotubes grown on a Ti mesh. The mesh morphology
was necessary in order to obtain gas-permeable photoanode
electrodes. The enabling feature of the gas phase operation is
the dual functionality of TiO,, which acts as a photocatalyst
and as a surface proton conductor, alleviating the need for an
ionomer-coated anode. The surface protonic conduction
allows the transport of protons, formed through water vapor
photoelectrolysis, toward the polymer electrolyte. The photo-
electrocatalytic water splitting properties were improved by
sensitization with CdS NPs, and an increase in the photo-
current density by a factor of 3.6 compared to the bare TiO,-
based photoanode was achieved. The PEC water vapor
splitting performance was evaluated by cycling between high
RH (80%) and low RH levels (40%), and it was found that
both the protonic and electronic conductivities, which were
related to charge transfer reaction kinetics, have almost a
proportional dependence with the RH. Previously acquired
knowledge highlighted that intermittent illumination is
beneficial for long-term operation, as it allows the oxide’s
surface to stay cool and retain the physisorbed water layers.
Such SSPEC cells provide a new method for the safer
utilization of toxic materials as well as possible new avenues in
order to increase the long-term stability and performance of
PEC devices. Finally, the operation with water vapor as the
primary feedstock increases their applicability in off-grid,

remote areas and regions with humid air of low quality as well
as in the utilization of diverse water sources, such as rainwater
and wastewater.
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