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Solar-driven photoelectrochemical (PEC) hydrogen (H) generation
is a promising approach to harvest solar energy for the production
of a clean chemical fuel. However, the low photon-to-fuel conver-
sion efficiency and long-term stability of PEC devices are major
challenges to be addressed to enable large-scale commercializa-
tion. Here we report a simple, fast and cost-effective approach to
fabricate high efficiency and stable PEC devices for H, generation,
by fabricating a hybrid photoanode obtained by incorporating small
amounts of multiwall carbon nanotubes (MWCNTSs) into a TiO,
mesoporous film and sensitizing with colloidal heterostructured
CdSe/(CdSe,S;_,)s/(CdS), quantum dots (QDs). The latter were
specially designed to accelerate the exciton separation through a
band engineering approach. The PEC devices based on the TiO,/
QD-MWCNT (T/Q-M) hybrid photoanode with an optimized
amount of MWCNTs (0.015 wt%) yield a saturated photocurrent
density of 15.90 mA cm2 (at 1.0 Vgye) under one sun illumination
(AM 1.5G, 100 mW cm2), which is 40% higher than that of the
reference device based on TiO,/QD (T/Q) photoanodes. This is
attributed to a synergistic effect of the promising optoelectronic
properties of the colloidal heterostructured QDs and improved
electron transport (reduced charge transfer resistance) within the
TiO,—MWCNT hybrid anodes enabled by the directional path of
MWCNTs for the photo-injected electrons towards FTO. Further-
more, the PEC device based on the T/Q—M hybrid photoanode is
more stable (~19% loss of its initial photocurrent density) when
compared with the T/Q photoanode (~ 35% loss) after two hours of
continuous one sun illumination. Our results provide fundamental
insights and a different approach to improve the efficiency and
long-term stability of PEC devices and represent an essential
step towards the commercialization of this emerging solar-to-fuel
conversion technology.
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A colloidal heterostructured quantum dot
sensitized carbon nanotube-TiO, hybrid
photoanode for high efficiency hydrogen

ab

*< Zhiming M. Wang*® and Federico Rosei () *2°

Conceptual insights

Herein, for the first time, we report a novel and cost-effective approach to
fabricate highly efficient and long-term stable photoelectrochemical (PEC)
devices for hydrogen (H,) generation. At an optimized loading of multiwall
carbon nanotubes (MWCNTSs) in TiO, and layered configuration of
TiO,/QD-MWCNT (T/Q-M) hybrid photoanodes, the PEC device yields
40% higher photocurrent density than the control device. This is attributed
to two features, namely: (i) enhanced electron transport, enabled by the
directional path offered to the photo-injected electrons by the MWCNTSs
and (ii) the promising optoelectronic properties of the specially designed
colloidal heterostructured QDs through a band engineering approach. In
addition, the PEC devices based on the T/Q-M hybrid photoanodes
maintain 81% of the initial value of photocurrent density after two hours
of continuous one sun illumination, due to the reduced sensitivity of the
T/Q-M hybrid photoanodes in the UV portion of the solar spectrum,
combined with the strong conductive and thermally stable network of
MWCNTs embedded within the TiO, nanoparticles. Our findings define a
new promising approach to improve the efficiency and long-term stability
of PEC devices, which are essential factors for the commercialization of
this emerging solar-to-fuel conversion technology.

Introduction

Solar-driven photoelectrochemical (PEC) hydrogen (H,) genera-
tion is an attractive approach for the sustainable production
of clean and renewable fuels, to address future global energy
demands."™ A typical PEC device consists of a semiconductor
photoanode and a cathode in an electrolyte solution. An electron-
hole pair (exciton) is generated when a semiconductor photo-
anode absorbs a photon with energy higher than its band gap.
A suitable band alignment of the semiconductor-electrolyte
interface facilitates exciton separation, leading to hole oxidation
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Fig. 1 Schematic illustration of the: (a) PEC device working principle for
H, generation; (b) band structure of the graded alloyed core/shell QDs
(R = radius of CdSe core; H = thickness of the graded alloyed interfacial
layers; H' = thickness of the outer CdS layer) sensitized TiO,—~MWCNT
hybrid film applied as the working electrode. The arrows show the electron
and hole transfer process.

and electron transfer through an external circuit to the
cathode for H, generation, as shown in Fig. 1(a).> Following
the pioneering work on PEC water splitting systems based on
n-type TiO, semiconductors,® significant breakthroughs have
been reported in developing high-efficiency photoanode mate-
rials based on wide band gap semiconductors including TiO,,”
Cu,0,% Zn0,’ W0,,"° Fe,0;,'" etc. Among these, TiO, is con-
sidered as a low cost, stable, non-toxic and efficient photo-
anode material to fabricate PEC devices for sustainable H,
generation ’. However, due to its wide band gap (E, = 3.2 eV),
TiO, can only absorb in the ultraviolet (UV) region of the solar
spectrum, which represents a mere 5% of solar photons. Thus,
TiO, is not a suitable semiconductor for efficient solar-to-H,
generation.”>"® The sensitization of the TiO, mesoporous
anode with colloidal chalcogenide quantum dots (QDs) as the
light harvesters is an effective approach to extend the photo-
anode’s absorption spectrum toward the visible/NIR region,
leading to significant improvement of the PEC performance."*™"”
To date, various types of QDs such as PbS, CdS, CdSe and their
composite heterostructures (core/shell QDs: PbS/CdS, CdSe/CdS
QDs) have been extensively applied as a light harvester to
sensitize TiO, to fabricate high efficiency PEC devices for
H, generation.'®>!

In parallel, considerable efforts have focused on the design
and synthesis of different morphologies of wide band gap semi-
conductors (e.g. TiO,, ZnO) such as nanorods,>* nanotubes> and
nanowires,** etc., to further increase the solar-to-H, conversion
efficiency. These one-dimensional (1D) nanostructures signifi-
cantly improve the charge transport properties by directing their
flow towards the acceptors. However, the overall efficiency of
PEC devices based on these 1D nanostructures is still lower
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than the expected theoretical value. This is mainly attributed to
the lower specific surface area of these 1D nanostructures
as compared to nanoparticles.”> Carbon nanomaterials such
as multi-walled carbon nanotubes (MWCNTs),?® graphene,?”
graphene nanoribbons®® and graphene oxide®® are widely used
in various optoelectronic devices due to their unique structural
and optoelectronic properties such as excellent conductivity,
high mechanical strength and optical transparency. The incor-
poration of MWCNTs into a TiO, nanoparticle photoanode is
considered as a viable alternative to the use of 1D nanostruc-
tures for the purpose of enhancing electron transport, while
maintaining a high specific surface area.>** In previous work,
we demonstrated that the limited addition (0.010 wt%) of
MWCNTs in the TiO, mesoporous layer improves the photo-
voltaic performance.’® This is mainly due to the enhanced
electron transport of the injected electrons from dyes within
the photoanode. To date, both colloidal heterostructured QD
sensitization and incorporation of carbonaceous materials into
wide band gap semiconductors have been explored separately
to increase the performance of solar energy conversion
devices,'**7?° while little work has been done on the combi-
nation of these two approaches.*’ However, to the best of our
knowledge, there is no report on the application of MWCNTSs in
TiO, mesoporous films together with the sensitization of
colloidal heterostructured QDs for PEC devices.

Recent studies on wide band gap semiconductor sensitiza-
tion with colloidal heterostructured QDs demonstrated that
specially designed ‘““giant” heterostructured QDs, with relatively
thick shells (1.5 nm up to 10 nm) around the core were used as
a sensitizer for TiO, to fabricate high efficiency and stable PEC
devices for H, generation®? and other optoelectronic devices.**™*
These “giant” heterostructured QDs exhibit superior opto-
electronic properties such as better photophysical/chemical stability,
suppressed non-radiative Auger recombination, improved quantum
yield (QY), and improved exciton lifetime compared to both pure
QDs and core/thin-shell (shell thickness <1.5 nm) QDs.>***” In
particular, the formation of quasi-type-II core/shell heterostructures
by tailoring the shell thickness/composition as well as the core
size is the most promising feature of the “giant” heterostructured
QDs. In this architecture, the electrons leak into the shell region,
while holes are confined into the core region.*®?°

Recently, Bae et al. demonstrated that Auger recombination
is significantly suppressed by the addition of an interfacial
alloyed layer between the CdSe/CdS core/shell sharp interface.*’
In addition, we have observed that the presence of the interfacial
layer between the core and shell of the “giant” core/shell QDs
generates double color emission?’ and enhances the photo-
voltaic performance.>* The performance of PEC devices based
on colloidal QD sensitized wide band gap semiconductors was
significantly improved in recent years. For example, in 2010
Lee et al.** reported a photocurrent density of ~14.90 mA cm 2
for a CdS/CdSe co-sensitized TiO, photoelectrode, the highest
reported value at the time. In 2013, Seol et al.*® reported a
photocurrent density of 13.90 mA cm™” from a PEC device
based on CdSe/CdS/ZnO nanowires modified with IrO,-nH,O.
However, the methodologies adopted in these works to improve
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the performance of PEC devices are quite complex and time-
consuming. In addition, the low photon-to-fuel conversion
efficiency and long-term stability of the PEC devices based on
QD sensitized wide band gap semiconductors are still open
issues for this system.

In this work, we report a simple, fast and cost-effective
approach for the fabrication of TiO,-MWCNT hybrid anodes
sensitized with colloidal heterostructured QDs, to boost the
efficiency and long-term stability of PEC cells for H, generation.
The colloidal heterostructured CdSe/(CdSe,S;_,)s/(CdS), QDs
were specially designed to accelerate the exciton separation
through a band engineering approach. The highest saturated
photocurrent density of PEC devices based on the TiO,/QD-
MWCNT (denoted as T/Q-M) hybrid photoanode with the
optimized amount of MWCNTs (0.015 wt%) is 15.90 mA cm >
(at 1.0 Vgyg) under one sun illumination (AM 1.5G, 100 mW cm™2),
which is 40% higher than the device based on TiO,/QD
(denoted as T/Q) photoanodes. This significant improvement
is ascribed to the enhanced electron transport properties of
the T/Q-M hybrid photoanode with additional spin coated/
scattering layers and promising optoelectronic properties of the
colloidal heterostructured QDs as light harvesters. In addition,
the PEC device based on T/Q-M (M = 0.015 wt%) photoanodes
maintains 81% of the initial photocurrent density, while with
the T/Q photoanodes it maintains only 65% after two hours of
continuous one sun illumination.

Experimental

Materials

Sulfur (100%), oleylamine (OLA) (technical grade, 70%),
cadmium oxide (99%), cadmium nitrate tetrahydrate (>99%),
oleic acid (OA), rhodamine 6G and octadecene (ODE), selenium
pellets (=>99.999%), trioctyl phosphine oxide (TOPO), trioctyl
phosphine (TOP) (97%), hexane, zinc acetate dihydrate (98%),
sodium sulfide nonahydrate (>99.9%), sodium sulfide (Na,S),
sodium hydroxide, sodium sulfite (Na,SO;), toluene, methanol,
acetone, ethanol, isopropanol (IPA) and MWCNTs with 10 pm
average length and 12 nm average diameter (catalog number
698849) were obtained from Sigma-Aldrich Inc. Ti-nanoxide
BL/SC was purchased from Solaronix. Titania paste (code18NR-AO)
consisting of a blend of active anatase particles (20 nm in
diameter) and larger anatase scattering particles (up to 450 nm
in diameter) was supplied by Dyesol (Queanbeyan, Australia).
Fluorine-doped tin oxide (FTO) coated glass substrates with
sheet resistance of 10 Q (square)” ' were purchased from
Pilkington glasses. All chemicals were used as received without
any further purification.

Electrophoretic deposition (EPD) of the QDs on the TiO, film
and further ZnS/SiO, coating

As-prepared TiO,~-MWCNTs hybrid and TiO, films grown on
FTO substrates were vertically immersed in the QD dispersion
in such a way that the deposited films were facing each other.
The distance between them was adjusted to around 1 cm and a
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direct current (DC) bias of 200 V was applied for 120 min. To
wash off the unabsorbed QDs after the EPD process, the
samples were rinsed several times with toluene and dried
under N, flow at room temperature. Prior to ZnS capping, the
photoanodes went through ligand exchange by applying three
successive ionic layer adsorption and reaction (SILAR) cycles
of methanolic solution cetyl-trimethyl ammonium bromide
(CTAB) and toluene for 1 min dipping. After CTAB capping,
1 min dipping in methanol was applied to wash and remove the
chemical residuals from the surface, followed by drying under
N,. Then finally 1 min dipping in toluene was applied followed
by drying under N, to complete one SILAR cycle. The ZnS
capping layer was formed using the SILAR process. In a typical
SILAR deposition cycle, Zn** ions were deposited from a
methanolic 0.1 M solution of Zn(OAc),. The sulfide precursor
was a 0.1 M solution of Na,S in a mixture of methanol/water
(1/1 v/v). A single SILAR cycle consists of 1 min dip-coating of
the TiO, photoanode into the cation precursors (Zn>*), and
subsequently into the anion solutions (S*7). After each bath,
the photoanode was thoroughly rinsed by immersing it into
the corresponding solvent (methanol or mixed solution) respec-
tively, to remove the unabsorbed chemical residuals and dried
under N,. Two SILAR cycles were applied to form the ZnS
capping layer. After ZnS capping, the SiO, coating was carried
out by soaking the photoanode in a 0.01 M ethanolic solution of
tetraethylorthosilicate for 1 hour at 35 °C and then rinsed with
ethanol and dried under N,.

Characterization

X-ray diffraction (XRD) of extensively purified QDs was carried
out using a Philips X'pert diffractometer using a Cu K, radia-
tion source (4 = 0.15418 nm). Transmission electron micro-
scopy (TEM) and high-resolution-TEM (HR-TEM) images of the
QDs and T/Q film were collected by using a JEOL 2100F TEM
system. Scanning electron microscopy (FE-SEM, JEOL JSM-6900 F)
was used to study the morphology of the TiO, and TiO,-MWCNT
hybrid photoanodes. Thermogravimetric analysis (TGA) measure-
ments were performed using a Q500 TGA thermogravimetric
analyzer (TA instruments) in the temperature range of 30-700 °C
at a heating rate of 15 °C min . The chemical composition
mapping of the QDs and T/Q photoanodes was carried out using
energy dispersive X-ray spectroscopy (EDS). The Raman spectra of
the photoanode were recorded using a Renishaw InVia spectro-
meters coupled with a 514 nm excitation source. The UV-vis
absorption spectra were recorded on a Cary 5000 UV-vis-NIR
spectrophotometer (Varian) with a scan speed of 600 nm min .
Fluorescence spectra were recorded using a Fluorolog-3 system
(Horiba Jobin Yvon). The PL lifetime of the QDs was measured
in the time-correlated single-photon counting (TCSPC) mode
using a 444 nm laser.

The theoretical wave functions of the electrons and holes
were calculated by solving the stationary Schrédinger equation
in spherical geometry, in which we used the bulk values for
the effective masses of electrons (m.*) and holes (my*), namely
m* = 0.44m, and my* = 0.13m. for CdSe,** and m.* = 0.2m.
and mp* = 0.7m, for CdS, where m, is the electron mass at rest

This journal is © The Royal Society of Chemistry 2019
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under vacuum.*® The potentials of the electrons and holes as a
function of position were approximated as the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) levels, respectively, for the bulk materials. For
CdSe, these levels are —3.71 and —5.81 €V, respectively, while for
CdS they are —3.3 and —5.8 €V, respectively. Outside the QDs, the
potentials were set to 0 and —9.8 eV for the electrons and holes,
respectively. The interactions between the electrons and holes
were neglected in the calculations.

The PEC performance of the photoanodes was evaluated in a
typical three-electrode configuration, consisting of a T/Q-M
photoanode as a working electrode, a Pt counter electrode,
and a saturated Ag/AgCl reference electrode. An insulating
epoxy resin was used to cover the sample’s surface except for
the active area, to avoid any direct contact between the electro-
lyte and the conducting back-contact and/or the connecting wire.
Subsequently, the sample was fully immersed in the electrolyte
containing 0.25 M Na,S and 0.35 M Na,SO; (pH ~ 13) as the
sacrificial hole scavenger. All potentials, measured with respect
to the reference electrode of Ag/AgCl during the PEC measure-
ments, were converted to scale according to the following
equation Vryyg = Vagagal + 0.197 + pH X (0.059). The photo-
response was measured by using a 150 W xenon lamp as the
light source with an AM 1.5G filter. The sample was placed at
a distance of 2 cm from the lamp case (7 cm away from the
actual bulb). Prior to each measurement, light intensity was
monitored by a thermopile and adjusted to 100 mW cm™ >
All the current versus potential measurements were carried out
at a 20 mV s~ sweep rate. The wavelength-dependent incident
photon-to-current efficiency (IPCE) was calculated according to
the following equation:*®

1240J

where J represents the photocurrent density (mA cm™2), / is the
wavelength of the incident light (nm), and I is the intensity of
the incident light (mW ¢cm™2).

Electrochemical impedance spectroscopy (EIS) was carried
out under dark conditions by using a SOLARTRON 1260 A
Impedance/Gain-Phase Analyzer with a bias voltage from 550 to
750 mV. The tests were recorded over a frequency range of
10 mHz and 300 kHz, and the AC signal was 10 mV in
amplitude. All the impedance measurements were analysed
using an appropriate equivalent circuit model with Z-View
software (v3.5, Scribner Associate, Inc.).

Results and discussion

Structural characterizations of the hybrid anode film

Fig. 2(a-f) shows the SEM images of the TiO, and TiO,-
MWCNTs hybrid mesoporous films at different concentrations
of MWCNTs deposited on the ultrasonically cleaned FTO glass
substrate. However, it was not possible to see the MWCNTSs in
the SEM images of the TiO,~-MWCNT hybrid mesoporous
film due to the low concentration of MWCNTSs (0.015 wt%) and
their complete conformal coverage by the TiO, nanoparticles.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM images of mesoporous TiO; films with different content of
MWNCTs: (a and b) O wt %; (c and d) 0.015 wt% and (e and f) 0.030 wt% at
different magnifications. The inset of b, d, and f are high-resolution SEM
images of corresponding mesoporous films. The presence of deep cracks
induced at higher concentrations of the MWCNTSs is clearly visible in
(f) (white arrows) and the inset (dotted circles highlights a crack zone
area). A systematic comparison of the patterns of MWCNTSs, bare TiO, and
TiO,—MWCNT mesoporous films at different concentrations of MWNCTs:
(g) absorption spectra; (h) XRD; (i) Raman spectra, the inset highlights
the D and G bands of the MWCNTs and TiO,—MWCNTSs.

The surface of the TiO,-MWCNT hybrid mesoporous film at a
high concentration of MWCNTsS (0.030 wt%) shows deep cracks
[shown by white arrows in Fig. 2(f) and rectangular circles in the
inset of Fig. 2(f)], which are absent in the TiO, (Fig. 2(a and b))
and TiO,-MWCNT hybrid mesoporous film with an optimized
concentration of MWCNTs (0.015 wt%) (Fig. 2(c and d)). Such
cracks lead to electron trapping, which hinders efficient electron
transport, and also act as recombination sites for back-electron
transfer at the electrolyte/FTO interface. This reduces the overall
PEC performance, as discussed later.

The optical properties of the TiO, mesoporous film were
modified by the addition of MWCNTSs. Fig. 2(g) shows the
absorption spectra of TiO, and TiO,~-MWNCT hybrid mesoporous
films at different concentrations of MWCNTs in the UV-visible
region. The results show that the transparency of the TiO,-
MWNCT hybrid film in the UV-visible region is not affected by
the addition of MWNCTs up to 0.015 wt%. However, on addition
of higher concentrations of MWCNTs above 0.015 wt%, light
absorption by the MWNCTs increases, which reduces the
transparency of the TiO,-MWNCT hybrid film [Fig. 2(g)]. This
direct light absorption by the MWCNTs results in loss of part of
the solar radiation available for exciton generation, which in
turn may reduce the overall PEC performance.

Fig. 2(h) displays the XRD pattern of the MWNCT powder,
TiO, and TiO,-MWCNT hybrid anode at different concentra-
tions of MWCNTs. The characteristic peaks of the XRD pattern
of the MWNCTs are observed at 20 = 26.0° and 43.0°.%7

Nanoscale Horiz., 2019, 4, 404-414 | 407
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The presence of XRD pattern peaks at 20 =25.3°, 37.8° and 48.1°
in both the TiO, and TiO,~-MWCNT hybrid anode, confirms the
anatase phase of TiO,. The peaks at 20 = 25.3° and 48.1°
correspond to the (101) and (200) anatase crystal planes of
TiO, (JCPDS No. 21-1272) consistent with the previous litera-
ture reported on the same system.*®*® However, there is no
characteristic peak of MWCNTSs observed in the TiO,~-MWCNTSs
hybrid films at different concentrations of MWCNTSs. This is
mainly due to the overlap of the characteristic peak of MWCNTSs
(at 20 = 26.0°) and the anatase TiO, (at 20 = 25.3°).

In addition, the concentration of MWCNTSs in the TiO,-
MWCNT hybrid film is below the XRD detection limit.

Fig. 2(i) depicts the comparison of the Raman spectra of
MWCNTSs, TiO, and the TiO,~-MWCNT hybrid anode with an
optimized concentration of MWCNTs. The pristine MWCNTSs
display the presence of the D and G bands at 1350 cm™ ' and
1580 cm ™' respectively, which are the specific peaks of
the carbonaceous materials.’® The Raman spectra of the
TiO,~-MWCNT hybrid film clearly show the presence of D and
G bands at 1350 cm™ ' and 1580 cm ™' respectively (see inset
of Fig. 2(i)) even at a very low concentration of MWCNTSs
(0.015 wt%). This confirms the presence of MWNCTs without
any structural changes in the TiO,~-MWCNT hybrid photoanodes
after 30 min annealing at 500 °C under ambient conditions. The
stability of the MWCNTs at 500 °C under ambient conditions is
further confirmed by the TGA of MWCNTs in the temperature
range of 30-500 °C (see Fig. S1, ESIt). However, the relative
intensity of the D and G bands is lower, which may be due to the
conformal coverage of MWCNTs by the TiO, nanoparticles.

Structural/optical characterizations of the colloidal
heterostructured QDs

The diameter of the starting CdSe core QDs is around 3.30 +
0.29 nm, as calculated from the TEM image (see Fig. S2, ESIT).
The size distribution of the as-synthesized CdSe core QDs is
shown in Fig. S2(b) (ESIt). The increased size of the QDs after
graded alloyed shell growth was confirmed by TEM imaging
(see Fig. 3(a)). After the growth of five interfacial layers of
CdSe,S; _, (x = 0.9-0.1) and two monolayers of CdS, the final
diameter reaches 7.6 + 1.3 nm (H = 2.15 nm). The size
distribution of the as-synthesized graded alloyed core/shell QDs
is shown in Fig. S2(c) (ESIt). The high crystallinity with lattice
fringes of the QDs is clearly visible in the HRTEM image (see
Fig. 3(b)). The calculated lattice parameter of the QDs is 3.61 A
which corresponds to (101) lattice spacing of the wurtzite (WZ)
crystal structure consistent with the SAED and XRD patterns. An
HRTEM image of the QD sensitized TiO, film is shown in Fig. 3(c).

The homogeneous dispersion of the QDs (orange dotted
circles) on the surface of the TiO, mesoporous film without any
aggregation during the deposition of QDs via EPD is confirmed
by TEM imaging [see Fig. 3(c)]. This is consistent with the
measurements of the optical properties of the as-synthesized
QDs and QDs deposited onto TiO, mesoporous films [Fig. S2(e),
ESIt]. The EDS spectra of the colloidal heterostructured QDs
and T/Q photoanode coated with ZnS and SiO, are shown in
Fig. S3 [ESI{]. The EDS spectra of the QDs confirm the presence
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of Cd, Se and S elements (Fig. S3(a), ESIt). Similarly, the EDS
spectra of the T/Q photoanode coated with ZnS and SiO,
confirms the presence of Ti, Cd, Se, S, Zn and Si (Fig. S3(b),
ESIT). In addition, the EDS spectrum of T/Q is also acquired
by SEM. Fig. S4 (ESIT) shows the EDS spectra of T/Q and the
corresponding elemental wt% ratios reported in Table S1
(ESIt), which confirms the presence of Ti, O, Cd, Se and S.

The absorption spectrum of the as-synthesized QDs is
shown in Fig. 3(d). The results show that the first excitonic
absorption peak is observed at around 627 nm and the absorp-
tion spectrum from 400 to 700 nm. The PL spectrum of the
corresponding QDs in toluene is shown in Fig. 3(e). The PL peak
of the as-synthesized QDs in toluene is observed at 650 nm.

The crystal structure of the QDs deposited on a silicon
substrate was characterized by XRD. Fig. 3(f) displays the
XRD patterns of the colloidal heterostructured QDs. The peak
positions of the XRD pattern of the QDs shows the combined
reflection of the WZ crystal structure of CdS and the WZ crystal
structure of CdSe, which confirms the formation of alloyed QDs
and is consistent with our previous reports.** The SAED pattern
of a QD shown in Fig. S2(d) (ESI{) is ascribed to (111), (211),
(220), (310), and (311) planes of the WZ phase respectively.
These findings are consistent with XRD analysis.

Carrier dynamics of T/Q

The band structure and carrier dynamics of the colloidal
heterostructured QD sensitized TiO, photoanodes is shown in
Fig. 1(b). An exciton is generated upon the absorption of a
photon, which is dissociated at the T/Q interface. Although the
conduction band (CB) of CdS is higher than that of CdSe, the
presence of a gradient band alignment offered by the CdSe,S;
alloyed interfacial layers facilitates the electrons to overcome
the original high energy barrier and improves the leakage of
electrons from the CdSe core to the CdS shell (quasi type-II).**>°
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The formation of the quasi-type-II core/shell heterostructure
band alignment of the gradient CdSe/(CdSe,S; )s/(CdS),
heterostructure QDs is confirmed by the red shift in PL**
and calculated electron/hole spatial overlap from theoretical
simulations [see Fig. 4(c)]. In this band alignment, the electrons
and holes leak into the shell region and then from the CdS shell
to the CB of TiO,. Similarly, the holes leak from the CdSe core
region to the shell region and are then extracted by the electro-
lyte (Na,S/Na,SO;, pH ~ 13), which serves as a hole scavenger.

Transient PL spectroscopy was applied to investigate the
charge dynamics of the graded alloyed core/shell QDs coupled
with carrier scavengers including TiO, and the electrolyte. The
absorption of a photon by the QDs generates an exciton which
dissociates at the QD/metal oxide and the QD/redox couple
electrolyte interface. The optimized band alignment of the CB
of the QDs with the CB of the metal oxide and the valence
band (VB) of the QDs with the redox potential of the electrolyte,
leads to an efficient transfer of the photogenerated electron
and hole. The electron lifetime and carrier transfer rate of the
QDs with carrier scavengers (metal oxide and electrolyte) were
measured under an excitation wavelength 1 = 444 nm. All the
PL decay curves were well fitted using an exponential decay.
The intensity-weighted average lifetime ((r)) was calculated by
using the following equation:

a;it?
=2 o (1)

where q; (i = 1, 2, 3) are the fitting coefficients and 7, (i = 1, 2, 3)
are the characteristic lifetimes of the PL decay, respectively.
In this measurement, the TiO, mesoporous film was used as
an electron scavenger, while the electrolyte containing 0.25 M
Na,S and 0.35 M Na,SO; (pH ~ 13) serves as a hole scavenger.
We already ruled out the possibility of energy transfer from the
QDs to the metal oxide films due to the lack of spectral overlap
between the PL of the QDs and the absorption of the metal
oxide.>* Hence the variation of PL decay rate is dependent on
the electron transfer from the QDs to the metal oxide. These
results demonstrate that PL decay is faster in the case of QDs
coupled with a TiO, mesoporous film than the QDs coupled

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Horizons

with a ZrO, mesoporous film [see Fig. 4(a)], confirming that the
electron transfer from the CB of the QDs to the CB of TiO, is
more efficient than that to the CB of ZrO,. This is mainly due to
the difference in the electronic band alignment between ZrO,
(E; =5 eV)’! and TiO,, which is not suitable for electron transfer
from QDs. Similarly, a hole transfer from the VB of the QDs to
the electrolyte is more efficient than that to the VB of ZrO,.
The carrier lifetime values for QDs coupled with the TiO,
mesoporous film (an electron scavenger) and the electrolyte
(a hole scavenger) are shorter than that of the QDs coupled
with a ZrO, mesoporous film, as shown in Fig. 4(a and b).”> We
calculated the carrier transport rate (Kecorne) from the differences
in the carrier lifetime values, by using the following equation:

1 1
Ketortu = ((£)QDs/e(TiO,) or h(electrolyte))  (1)QDs/(Zr0O,)

(2)

where (7)QDs/e(TiO,) or h(electrolyte) and (t)QDs/ZrO, are the
average lifetimes of the QDs with carrier scavengers and QDs
with ZrO, respectively.

The calculated electron transport rate (K. = 2.6 4 0.1 x 10" s %)
and hole transport rate (K = 5.1 &+ 0.1 x 107 s~ ") values®***
confirm efficient carrier transfer from the QDs to the carrier
scavengers (TiO, and electrolyte).

To further investigate the optoelectronic properties of the
QDs, we calculated the electron (.(r)) and hole (y(r)) wave
functions by solving the stationary Schrodinger wave equation
in a spherical geometry®* (more details are reported in the
Experimental section). Fig. 4(c) displays the variation of calcu-
lated spatial probability distribution (p(7)) of () and yr,(r) as a
function of QD radius (r (nm)). The p(r) versus r (nm) curves
show that the electrons leak into the shell region, while the
holes are confined in the CdSe core. This confirms the possible
formation of a quasi-type II core/shell band alignment®®=° with
the electron-hole spatial overlap area of 72%.

PEC measurements

As a proof of concept, colloidal heterostructured sensitized
TiO, and TiO,-MWCNTs hybrid mesoporous films at different
concentrations of MWCNTs were applied as a working
electrode in a PEC system, to highlight the effects of MWCNTs.
The thickness of the TiO,-MWCNT hybrid and bare TiO,
mesoporous films is 12 + 0.5 micrometres.

The PEC cell measurements were carried out in the dark, under
continuous and chopped illumination (AM 1.5G, 100 mW cm ™)
by using a typical three electrode configuration system. The
current density vs. applied potential curves of the T/Q-M
photoanode at different concentrations of MWCNTs and the
T/Q photoanode as a benchmark are shown in Fig. 5(a-f).
The photocurrent density for all samples gradually increases
with the increase in the concentration of MWCNTSs in TiO,.
The variation of saturated photocurrent density values versus
the concentration of MWCNTSs in the T/Q-M photoanode at
1.0 Vgyg is summarized in Fig. 5(g). The highest saturated
photocurrent density of the PEC system based on the T/Q photo-
anode is 9.05 mA cm > under one sun illumination [Fig. 5(a)].
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Fig. 5 Photocurrent density-potential curves of PEC devices based
on colloidal heterostructured QD sensitized TiO,—MWCNTs hybrid
photoanodes with different concentrations of MWCNTSs under dark, con-
tinuous and chopped illumination (AM 1.5G, 100 mW cm™2): (a) 0.0 wt%;
(b) 0.010 wt%; (c) 0.015 wt%; (d) 0.020 wt¥%; (e) 0.025 wt% and (f) 0.030 wt%.
(g) Variation of current density at 1.0 V vs. RHE under 100 mW cm™2
illumination with the concentration of MWCNTs.

With the addition of 0.010 wt% of MWCNTs into the TiO,
mesoporous film, the saturated photocurrent density increases
to 9.80 mA cm™~> under one sun illumination [Fig. 5(b)], then
reaches a maximum value of 10.87 mA cm > at 0.015 wt%
MWCNTs addition, which is 20% higher than that of the PEC
system based on the T/Q photoanode [Fig. 5(c)]. This improve-
ment in photocurrent density with the inclusion of 0.015 wt%
MWCNTs in T/Q-M is mainly attributed to enhanced
electron transport and reduced charge transfer resistance (see
discussion in the ESIt section). The high electrical conductivity
of the MWCNTs provides a direct pathway to the photoinjected
electrons towards the FTO without passing through the numerous
grain boundaries of TiO, nanoparticles, thereby enhancing
electron collection. Moreover, this small concentration of
MWCNTSs (0.015 wt%) in mesoporous TiO, does not affect the
optical transparency and structural morphology, as confirmed by
UV-visible and SEM measurements respectively. For further
increases in the concentration of MWCNTSs, the photocurrent
density reduces from 10.87 to 8.38 mA cm > (0.020 wt%)
[Fig. 5(d)], 6.33 mA cm > (0.025 wt% MWCNTS) [Fig. 5(e)] and
5.23 mA cm 2 (0.030 wt%) [Fig. 5(f)]. This is mainly due to the
detrimental effects of a high concentration of MWCNTS, such as
the formation of cracks, which act as the recombination centers
during carrier transport, and also due to the reduced optical
transparency of the hybrid photoanode, as aforementioned.

Effect of the spin-coated TiO, layer

After the systematic analysis of effects of MWCNTs on the
photocurrent density of PEC devices, the best performing
T/Q-M (M = 0.015 wt%) photoanodes were further optimized
by adding an additional spin-coated TiO, layer composed of
20 nm sized particles between the blocking and active layers.
The total thickness of the TiO,~-MWCNT hybrid and bare TiO,
mesoporous films is 13 £ 0.1 micrometres including a 300 nm
spin-coated layer after annealing at 500 °C for 30 min. The PEC
devices based on the T/Q and T/Q-M (M = 0.015 wt%) photo-
anodes with a spin-coated TiO, layer exhibit a higher photo-
current density as compared to the respective configuration of
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Table 1 Comparison of photocurrent density at 1.0 V vs. RHE under one
sun illumination (AM 1.5G, 100 mW cm™2) of the PEC devices based on the
T/Q-M (M = 0.015 wt%) and T/Q photoanodes with an additional spin-
coated layer of 20 nm sized and a scattering layer of 150-200 nm sized
TiO, nanoparticles

Photoanode structure Spin-coated layer Scattering layer J (mA cm™?)

T/Q No No 9.05
Yes No 9.60
Yes Yes 11.30
T/Q-M No No 10.87
Yes No 11.94
Yes Yes 15.90

the photoanodes without the spin-coated TiO, layer. A systematic
comparison of photocurrent density under one sun illumination is
shown in Fig. S5 (ESIt) and the corresponding values at 1.0 Viug
are reported in Table 1. The photocurrent density increases from
9.05 to 9.60 mA cm > for the bare T/Q photoanode (see Fig. S5(a),
ESIT), whereas in the case of the T/Q-M (M = 0.015 wt%)
photoanode the photocurrent density increases significantly
from 10.87 to 11.94 mA cm > (see Fig. S5(b), ESIf). This
is mainly attributed to an improved adhesion between the
compact blocking and the mesoporous active layer of TiO,
particles with an additional spin coated TiO, nanoparticle
layer. A significant improvement in the PEC performance of
the T/Q-M (M = 0.015 wt%) photoanode is due to the synergetic
effect of enhanced electron transport and improved adhesion.

Effect of the TiO, scattering layer

The performance of the PEC system based on T/Q-M
(M = 0.015 wt%) photoanodes was further enhanced by adding
a 4-5 pm thick scattering layer of 150-200 nm sized particles
over the mesoporous active layer. The latter system with
the added scattering layer shows significantly enhanced photo-
current density as compared to the respective configuration of
photoanodes without MWCNTs [shown in Fig. 6(a and b)].
The total thickness of the TiO,-MWCNT hybrid and
bare TiO, mesoporous films including the scattering layer is
16 + 0.5 micrometres. The saturated photocurrent density
values at 1.0 V vs. RHE of the respective PEC devices under
continuous and chopped illumination (AM 1.5G, 100 mW c¢m?)
are reported in Table 1.

The photocurrent density increases from 11.30 to 15.90 mA cm™ >,
This is mainly attributed to the effect of the scattering layer
that acts as a light scattering barrier. Light scattering extends
the time spent by light inside the active layer. Consequently, the
possibility of light captured by the QDs is higher for a photo-
anode with a scattering layer.

The PEC system based on the T/Q-M (M = 0.015 wt%)
photoanode with a scattering layer shows better performance
compared to the T/Q photoanodes due to the combined effect of
the improved electron transport and enhanced light absorption.

A systematic comparison of the performance of the
PEC system based on the T/Q and T/Q-M (M = 0.015 wt%)
photoanodes with and without a scattering layer is shown in
Fig. S6 (ESIt). The photocurrent density increases from 9.60

This journal is © The Royal Society of Chemistry 2019
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RHE) under one sun continuous illumination (AM 1.5G, 100 mW cm™2).

to 11.30 mA cm > for the T/Q photoanode, whereas in the case
of T/Q-M (M = 0.015 wt%), the photocurrent density increases
significantly from 11.94 to 15.90 mA cm . Hence the cham-
pion PEC device based on the T/Q-M (M = 0.015 wt%) photo-
anode with a spin-coated/scattering layer yields a saturated
photocurrent density of 15.9 mA ecm ™2 (at 1.0 Vgyg) under one
sun illumination (AM 1.5G, 100 mW c¢m™?), which is 40% higher
than the device based on the TiO,/QD photoanodes. This is a
record photocurrent density for PEC devices based on core/thick
shell QD sensitized wide band gap semiconductors®**"” (see
Table S3, ESIT). In addition, the IPCE measurements of the PEC
devices based on the T/Q-M (M = 0.015 wt%) hybrid and T/Q
bare photoanodes were carried out under one sun illumination
(AM 1.5 G, 100 mW cm ™ >). A systematic comparison of the IPCE
values calculated at 1.0 V vs. RHE for a PEC device with the T/Q-M
(M = 0.015 wt%) hybrid and T/Q bare photoanodes is shown
in Fig. S7 (ESIt). The IPCE values of a PEC device with a T/Q-M
(M = 0.015 wt%) hybrid photoanode are higher than those of a
PEC device with a T/Q bare photoanode over the whole visible
spectrum. These results are consistent with the obtained differ-
ences in the photocurrent density values for the PEC devices with
the T/Q-M (M = 0.015 wt%) hybrid and T/Q bare photoanodes.
Based on the measured saturated photocurrent density,
the H, evolution rate was calculated for the T/Q and T/Q-M
(M = 0.015 wt%) photoanode based PEC devices, yielding
100 mL cm > per day and 140 mL cm™ 2 per day, respectively.
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Long-term stability measurements

The long-term stability of the PEC device is a critical factor
towards commercialization. The stability measurements were
carried out under continuous one sun illumination (AM 1.5G,
100 mW cm ™ ?).

To highlight the effect of MWCNTs on long-term stability,
we fabricated two types of PEC devices with the T/Q and T/Q-M
(M = 0.015 wt%) photoanodes. Fig. 6(c) displays the variation
of the normalized photocurrent density of the PEC devices
under continuous one sun illumination as a function of time.
Our results demonstrate that the PEC cell based on the T/Q-M
photoanode shows only 19% loss of the initial photocurrent
density after two hours of continuous one sun illumination,
whereas in the case of the PEC cell with a T/Q photoanode it
shows a 35% loss of the initial photocurrent density under the
same experimental conditions. This significant difference in
the long-term stability of the PEC devices with and without
MWNCTs is mainly attributed to the presence of MWNCTs
in the photoanode as all the other components were the same.
To understand the long-term stability degradation mechanism,
we studied the structure of TiO,. In general, non-stoichiometry
in TiO, occurs due to the reduction of Ti*" to Ti*", which creates
shallow energy levels.>*”® The latter are approximately 1 eV below
the CB and do not participate in the electron transport.>> Upon
illumination, the UV portion of the solar spectrum generates an
electron-hole pair in TiO,. A hole in the VB recombines with an
electron at the shallow energy levels and leaves behind a free
electron in the CB. The latter rapidly recombines with a hole
in the electrolyte.’® After electron-hole recombination, these
empty shallow energy levels tend to trap another photo-injected
electron from the CB, which further recombines with the hole
in the electrolyte. Hence, these energy levels create a cascade
electronic path, which enhances the recombination of the
photo-injected electrons in the CB of TiO, with the holes of
the electrolytes. These structural defects in the TiO, meso-
porous films affect the electronic transport properties®” that
reduce the overall long-term stability.

To address this issue, several methods have been reported
such as using UV filters, replacing TiO, with UV inactive materials
and doping of TiO,.””*® However, the performance of solar energy
conversion devices based on these approaches is lower due to the
reduced electron injection/extraction efficiency as well as absorp-
tion of light available for exciton generation. In this work, the
addition of small amounts (0.015 wt%) of MWCNTs in the TiO,
mesoporous films improves the long-term stability as carbon
nanomaterials are widely applied as the UV light absorbers
and blocking agents.>® In addition, the temperature of the PEC
photoanode increases under continuous one sun illumination
(AM 1.5G, 100 mW cm ™), which creates thermal stress. The
latter tends to break the TiO, particle interconnections and
reduces the electron transport rate, hence degrading the overall
long-term stability of the device. However, the presence of
MWCNTs in the TiO, mesoporous film enhances the thermal
stability as MWCNTs have high thermal conductivity and
provide a better connectivity between the TiO, particles.®®
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The difference in the long-term stability of the PEC device based
on T/Q-M with respect to the control device is mainly due to the
highly conductive and the thermally stable network of MWCNTSs
embedded within the TiO, particles that improve the mechanical
strength and prevent the degradation of the T/Q-M photoanode
under thermal stress. Fig. S8(a and b) (ESIt) displays the
systematic comparison of the photocurrent density of fresh
samples and after two hours of continuous one sun illumination
for T/Q and T/Q-M respectively. We consequently demonstrated
a simple, fast and cost-effective approach to enhance the long-
term stability of the PEC H, generation devices.

Electrochemical impedance spectroscopy analysis

To understand the effect of the incorporation of small amounts
of MWCNTs into the TiO, mesoporous film on the carrier
transport properties, EIS measurements were carried out in a
three-electrode configuration in the dark. To retrieve the carrier
transport properties of the working electrode, we fitted the
spectra in the mid-frequency range by using the equivalent
circuit of the transmission model composed of series resistance
(Rs) followed by the parallel of the charge transfer resistance
(Re) and a constant phase element (CPE). Fig. 7 shows the
systematic comparison of EIS measurements as a function of
the bias voltage of the PEC devices based on the TiO,~-MWCNTs
hybrid (0.015 wt%) and bare TiO, photoanode. From the
Nyquist plots, the semicircles define the carrier transport
properties at the photoanode/electrolyte interface.®’ Clearly,
the diameter of the semicircle for a PEC device based on the
TiO,-MWCNT hybrid photoanode is smaller than that of
the bare TiO, photoanode, indicating a reduced R.; for TiO,-
MWCNTs. This confirms that the presence of small amounts of
MWCNTs in TiO, significantly reduces the R, and leads to a
better electron transport for the TiO,-MWCNT hybrid photo-
anode than the bare TiO, photoanode.?®

The calculated R, from the Nyquist plot fitting at different
values of the bias potential for PEC devices based on the
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TiO,-MWCNT hybrid and bare TiO, photoanode is shown in
Fig. 7(b). A lower value of R is obtained for the PEC based on
the TiO,-MWCNT hybrid photoanode than the PEC based on
TiO, photoanodes. This lower R value clearly demonstrates the
efficient electronic transport properties of the TiO,-MWCNT
hybrid photoanode, which reduces carrier recombination and
leads to a high photocurrent density, consistent with the obtained
trend of photocurrent density values of the respective PEC devices.

Conclusions and perspectives

In summary, we prepared TiO,-MWCNT hybrid anodes at
different concentrations (wt%) of MWCNTs. Then the TiO,-
MWCNT hybrid anodes were sensitized with specially designed
CdSe/(CdSe,S;_,)s/(CdS), colloidal heterostructured QDs to
fabricate high efficiency and stable PEC devices. An optimized
concentration of MWCNTSs (0.015 wt%) in a TiO, mesoporous
film as well as the addition of spin-coated and scattering layers
yielded the highest photocurrent density of 15.90 mW cm >
under one sun illumination (AM 1.5G, 100 mW cm ™ 2), which is
40% higher than the device based on T/Q photoanodes of
similar configuration and also higher than the photocurrent
density reported for the PEC devices based on the colloidal
“giant” core/shell heterostructured QD sensitized wide band
gap semiconductors. This highlights that a small amount of
MWCNTs (0.015 wt%) in TiO, improves the electron transport
(reducing the R.) within the photoanode, enabled by the
directional path of MWCNTs for the photo-injected electrons
towards FTO, without affecting the optical/structural proper-
ties, as indicated by EIS, UV-visible and SEM measurements. In
addition, PEC devices based on a T/Q-M photoanode show
better long-term stability as compared to the T/Q photoanode.
These findings provide fundamental insights and define a cost-
effective approach to improve the photocurrent density and
long-term stability of PEC devices, which are crucial factors to
commercialize this promising solar energy conversion technology.
Future directions will focus on the application of functionalized
MWCNTs and metal nanoparticle decorated MWCNTS in TiO,
anodes as well as the optimization of the interfacial alloyed
shell thickness/composition of heterostructured colloidal QDs
to further improve the performance of PEC devices.
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