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ABSTRACT

We report the effect of incorporation of graphene nanoribbons (GNR) into a TiO, mesoporous film sensitized
with colloidal CdSe/CdS core/shell quantum dots (QDs) on the efficiency and long-term stability of a photo-
electrochemical (PEC) cell for hydrogen (H,) generation. The GNR-TiO, hybrid photoanodes were prepared by
using simple, low-cost and large-area scalable doctor-blade method. The presence of GNR in the hybrid pho-
toanode was confirmed by ultraviolet-visible absorption measurements, scanning electron microscopy and
Raman spectroscopy. Our results demonstrate that an optimum loading of 0.02 wt% GNR increases the pho-
tocurrent density (at 0.8 V vs RHE) of the PEC device up to 5.51 mA/cm?, which is 30% higher than that of the
control device. This improvement in photocurrent density can be attributed to enhanced electron transport
(reduced charge transport resistance) in GNR-TiO, hybrid anodes as confirmed by electrochemical impedance
spectroscopy. In addition, PEC cells based on GNRs-TiO,/QDs hybrid photoanode maintain ~65% of the initial
photocurrent density after 7200 s of continuous one sun illumination, which is 15% higher than PEC cell based
on a standard TiO,/QDs photoanode. Our findings offer a simple, large area scalable and low-cost approach to
fabricate photoanode for high-performance optoelectronic devices, such as improving the performance of PEC
cells for hydrogen generation.

1. Introduction

Hydrogen (H,) is a promising high-energy density clean fuel that
can provide renewable and sustainable energy [1,2]. Presently H, is
primarily used in applications such as petroleum refining [3,4], am-
monia production [5,6] and to a lesser extent in metal refining in the
mining industry [7,8]. Although the majority of energy used in trans-
portable and storable energy sources still comes from fossil fuels, sub-
stantive efforts are made to produce H, from widely available feedstock
like water and solar driven processes, which has the capacity to provide
ample energy to meet human need and tackle environmental issues
[9-13]. Renewable H, production can be driven by different technol-
ogies [14-16], among which Photoelectrochemical (PEC) solar-fuel
conversion is a promising and clean approach to produce storable fuel
from solar radiation [17,18]. A PEC device consists of a photoanode, an
electrolyte and a counter electrode [see Fig. 1(a)]. The main process in

a photocatalytic reaction starts with the absorption of photons by the
photoanode and consequently the generation of an electron-hole pair
(exciton). The second step consists of charge separation and migration
of photogenerated carriers towards electrodes. Within this step, the
morphological and electronic band structure of the semiconductor
photoanode strongly affect light absorption, carrier separation and
hence the overall photocatalytic performance of PEC devices [19,20].

Successively, electrons go through the external circuit and reach the
cathode, where the final step of surface chemical reactions occur and
hydrogen is produced [21]. A key process to increase the efficiency in
PEC device is to improve the transport of photogenerated carriers to the
electrodes where the reductive reaction leading to chemical fuel pro-
duction, or the H, evolution reaction (HER) from H" (in acid) or H,O
(in the base) takes place [22].

A major hurdle to achieve this, is to facilitate the transport of
photogenerated charges through the network of semiconductor
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Fig. 1. (a) Schematic illustration of the working principle of PEC device for hydrogen generation. (b) Electron transport process in the mesoporous TiO, film with and

without GNR. The arrows indicate the electron transfer process.

particles without any encounter between grain boundaries during the
transit. To attain this, significant efforts have been devoted to design
and synthesize different morphologies for the most commonly used
wide band gap semiconductors (e.g. TiO, and ZnO), such as nanorods
[23], nanotubes [24] and nanowires [25], to fabricate photoanodes
with improved charge transport.

Due to their unique physical, chemical, electronic and mechanical
properties, Graphene Nanoribbons (GNRs) are considered a promising
one-dimensional (1D) nanomaterial [26-29] that may improve device
performance. GNRs have been already employed with success in Li-ion
batteries electrodes [30-32], in counter electrodes [33,34], and in wide
bandgap semiconductor-based anodes [35] of DSSCs [36-38]. The
challenge still remains to use this 1D network as a guide for providing
direct low resistive pathways to these photogenerated electrons in
semiconductor mesoporous films towards the fluorine doped tin oxide
(FTO) conducting glass. The use of multi-walled carbon nanotubes
(MWCNTSs)-blended electrode with large band gap semiconductors for
enhancing photoelectron transport has been recently proposed [39-41].
However, to the best of our knowledge, there are no reports on the use
of GNRs, capable of focusing the electrons’ random pathways into a
more orientated directions, applied to PEC devices [42].

GNRs are capable of achieving high photocurrent and faster pho-
toexcited electron transfer from the semiconductor to the liquid/solid
interface through the 1D network of carbon, as in the case of hybrid
GNRs-TiO, hybrid in DSSCs [35]. Electrons follow random paths after
entering into the semiconductor nanoparticles anode and thus have a
maximum probability to recombine due to intrinsic defects within the
TiO, nanoparticle film, as shown in Fig. 1(b) [43]. Therefore, by ad-
dition of a small amount of GNRs, we can achieve a unidirectional flow
of electrons for increasing charge transport efficiency [see Fig. 1(b)].

Here we report a simple, fast and cost-effective approach for the
fabrication of GNRs-TiO, hybrid anodes sensitized with colloidal het-
erostructured quantum dots (QDs), to improve the performance of PEC

cells for H, generation. The highest saturated photocurrent density of
the PEC device based on GNRs-TiO,/QDs hybrid photoanode reaches
5.51 mA/cm? (at 0.8V RHE) under one sun illumination (AM 1.5G,
100 mW/cm?), which is 30% higher than the PEC device based on
TiO2/QDs photoanodes. This improvement is attributed to the en-
hanced electrons transport properties of GNRs-TiO5/QDs hybrid pho-
toanode. In addition, the long-term stability of the PEC device based on
GNRs-TiO,/QDs hybrid photoanode (0.02 wt%) is 15% better as com-
pared to PEC based on TiO,/QDs photoanode.

2. Experimental
2.1. Materials

Optically transparent fluorine doped SnO, (FTO) conducting sub-
strates with sheet resistance 15 Q/square were obtained from Xop Glass
(Spain). The TiO, nano-oxide blocking layer solution was supplied from
Solaronix. The mixed large and small mesoporous TiO, paste composed
of 20nm and up to 450 nm sized anatase particles (Code 18 NR-AO)
were bought from Dyesol, Australia. Sulfur (100%), oleylamine (OLA)
(technical grade, 70%), cadmium oxide (99%), cadmium nitrate tetra
hydrate (=99%), oleic acid (OA), Rhodamine 6 G and octadecene
(ODE), selenium pellet (=99.999%), trioctyl phosphine oxide (TOPO),
trioctyl phosphine (TOP) (97%), hexane, zinc acetate dihydrate (98%),
sodium sulfide nonahydrate (=99.9%), sodiumsulfide (Na,S), sodium
hydroxide, sodium sulfite (Na,SOs3), toluene, methanol, acetone,
ethanol, dimethlyformamide (DMF) and isopropanol (IPA) were ob-
tained from Sigma-Aldrich Inc.

2.2. GNR-TiO, hybrid film deposition

The GNR suspension was dispersed in DMF, for the exfoliation of
carbon nanomaterials [44]. A thin and compact TiO, blocking layer was
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Fig. 2. SEM images of GNR-TiO, hybrid mesoporous films with different concentration of GNR: (a and b) 0.00 wt %; (c and d) 0.02 wt% and (e and f) 0.05 wt% at
different magnifications. The presence of deep cracks at higher concentration of the GNR is highlighted by white arrows. A comparison of absorption spectra of GNR-
TiO, hybrid mesoporous films deposited on transparent conducting oxide glass with different concentration of GNR (wt %).

deposited on ultrasonically cleaned FTO glass substrates by spin coating
the Ti-Nanoxide solution at a speed of 6000 r.p.m. for 30s. It was then
annealed at 500 °C for 30 min under ambient atmosphere and left to
cool down to room temperature. A suspension of GNRs was prepared by
adding 6 mg of GNR in 15ml of DMF and sonicated for 4h. Subse-
quently, a double mesoporous layer was prepared by tape casting the
hybrid GNR-TiO, paste containing different concentrations of GNRs
suspension in TiO, nanoparticulate paste. Each layer was dried for
15 min under atmospheric conditions and then for 6 min at 120 °C.
Then, all photoanodes were annealed at 500 °C for 30 min under am-
bient atmosphere. The film thickness was controlled through the
number of layers of GNR-TiO, casted and measured by Alpha step 500
profilometer. After annealing, the photoanodes were characterized with
UV-vis absorbance, scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and Raman spectroscopy. The final per-
centage weight of GNR in the TiO, photoanode was estimated using
thermogravimetry and taking into account the photoanode weight after
annealing [45].

2.3. EPD of the QDs on the TiO, and GNR-TiO; film and further ZnS
coating

GNR-TiO, hybrid and TiO, films on FTO substrate were vertically
immersed in the QDs toluene solution in such a way that the deposited
films were facing each other. The distance between them was adjusted
at around 1cm and a direct current bias of 200V was applied for
120 min. To wash off unabsorbed QDs after the EPD process, the sam-
ples were rinsed several times with toluene and dried with N, flow at
room temperature. Prior to ZnS capping, photoanodes went through
ligand exchange by applying 3 successive ionic layer adsorption and

reaction (SILAR) cycles of methanolic solution cetyl-trimethyl ammo-
nium bromide (CTAB) and toluene for 1 min dipping. After CTAB cap-
ping, 1 min dipping in methanol was applied to wash and remove the
chemical residuals from the surface and then dried with N, finally
1 min dipping in toluene and dried with N, for one SILAR cycle. The
ZnS capping layer was formed using the SILAR process as follows. In a
typical SILAR deposition cycle, Zn>* ions were deposited from a me-
thanolic 0.1 M solution of Zn(OAc),. The sulfide precursor was 0.1 M
solution of Na,S in the mixture of methanol/water (1/1 v/v). A single
SILAR cycle consisted of 1 min of dip-coating the TiO, working elec-
trode into the cation precursors Zn%"), and subsequently into the
anion solutions (S>7). After each bath, the photoanode was thoroughly
rinsed by immersing it in the corresponding solvent (methanol or mixed
solution), respectively, to remove the chemical residuals from the sur-
face and then drying with a N, gun. Two SILAR cycles were applied to
form the capping ZnS layer.

2.4. Characterization

The PEC performance of the photoelectrodes was evaluated in a
typical three-electrode configuration, consisting of a GNR-TiO,/QDs
hybrid mesoporous film as a working electrode, a Pt counter electrode,
and a Ag/AgCl saturated 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 electrolyte and the conducting
back-contact and/or the connecting wire. Subsequently, the sample was
fully immersed in the electrolyte containing 0.25M Na,S and 0.35M
Na,SO; (pH~13) as the sacrificial hole scavenger. All potentials,
measured with respect to the reference electrode of Ag/AgCl during the
PEC measurements, were converted to scale according to the following
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Fig. 3. (a) and (b) TEM images of GNRs (highlighted by red-dotted line) supported on Cu grid at different magnification. Raman mapping of the GNR (green line),
TiO, (blue line), GNR-TiO, (red line) composite photoanode with GNR = 0.02 wt% and GNR-TiO, (black line) composite photoanode with GNR = 0.05 wt% (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

equation Vggg = Vag/aga + 0.197V + pH * (0.059). The photo re-
sponse was measured by using a sun simulator (Sciencetech SLB-300 A)
under one sun simulated sunlight. The sample was placed at a distance
of two cm from the lamp case (seven cm far from the actual bulb). Prior
to each measurement, light intensity monitored using a silicon re-
ference cell and adjusted to 100 mW/cm?. All the current versus po-
tential measurements were carried out at a 20 mV/s sweep rate.
Electrochemical impedance spectroscopy (EIS) was carried under dark
conditions by using a SOLARTRON 1260 A Impedance/Gain-Phase
Analyzer by applying open circuit conditions with a test recorded at a
frequency of 300 kHz to 1 Hz, and the AC signal was 1 mV rms in am-
plitude. All the impedance measurements were analyzed using an ap-
propriate equivalent circuit model with Gamry software (Version 7.5,
Echem Analyst).

3. Results and discussion

3.1. Structural and morphological characterization of GNR-TiO, hybrid
anode

SEM images of the bare TiO, and GNR-TiO, hybrid mesoporous
anodes with different concentrations of GNRs at different magnification
are shown in Fig. 2(a)-(f). SEM images of bare TiO, mesoporous film
confirm the formation crack-free and porous film [see Fig. 2(a) and
(b)]. Fig. 2(c) and (d) displays SEM images of GNR-TiO, hybrid me-
soporous film with an optimized concentration of GNR (0.02 wt%).
However, it is very hard to identify the presence of GNRs in the hybrid
mesoporous film due to the low concentration of GNR and complete
coverage of GNR by TiO, nanoparticles as generally observed for the

similar carbonaceous-TiO5 hybrid system [41,46]. SEM images of GNR-
TiO5 hybrid mesoporous film with the highest concentration of GNR
(0.05 wt%) exhibits a series of deep cracks [Fig. 2(e) and (f)], which are
not observed in bare TiO, and GNR-TiO, hybrid mesoporous film with
an optimized concentration of GNR (0.02 wt%).

The presence of these cracks with high loading of GNR (0.05 wt%)
in the GNR-TiO, hybrid anode, hinder the efficient transport of elec-
trons within the photoanode by trapping inside the anode. In addition,
these cracks act as recombination sites for electrolyte and back transfer
electrons (electrolyte/FTO). This may reduce the device’s overall
functional performance, confirmed also by photocurrent density mea-
surements of PEC based on respective photoanodes (more details re-
ported in PEC measurement section).

The transparency of the GNR-TiO, hybrid mesoporous film in the
UV-vis region changes with different content of GNRs. Fig. 2(g) dis-
plays the variation of absorption spectra of GNR-TiO, hybrid meso-
porous film with GNRs concentration. The transparency of GNR-TiO,
hybrid mesoporous film with GNR content below 0.02wt% is com-
parable to bare TiO, and absorption peak positions are close to each
other, since they both show a drastically increased absorption intensity
at 400 nm, corresponding to the intrinsic band gap of anatase TiO,.
However, further increasing the content of GNR (0.03-0.05 wt%) in the
hybrid film reduces its transparency. The UV-vis spectrum of GNR-TiO,
hybrid film (0.03-0.05 wt%) shows a stronger absorption in the range of
400-800 nm than bare TiO, and GNR-TiO, hybrid (GNR less than
0.02 wt%) and is consistent with the reported literature on carbonac-
eous-TiO hybrid film [47-52]. There is an obvious correlation between
the GNRs content and the UV-vis spectrum change, that can be at-
tributed to the GNRs sheets on the surface of TiO,. The absorption of



GNR-TiO; hybrid anode remains unaltered, when the mass amount of
GNR is less than 0.02 wt%, probably due to the chemical monolayer
adsorption. Once the monolayer coverage becomes saturated, further
addition of GNRs tends to form multilayers, which will evolve into
clusters that reduce the transparency [53,54]. Therefore, direct light
absorption by the GNRs results in a loss of part of the radiation avail-
able for exciton generation, which in turn worsens the device’s overall
performance.

TEM images of GNRs (highlighted by red-dotted lines) supported on
a Cu grid are shown at different scales in Fig. 3(a) and (b). The mi-
crographs show that GNRs used in this work are a few-layers graphene,
which is further confirmed by Raman spectroscopy measurements.

Fig. 3(c) and (d) displays the spectra of representative samples of
GNR-TiO, hybrid mesoporous film at 0.02 and 0.05 wt%, and a Raman
spectrum of GNR. The details in Fig. 3(d) consists of two dominant
characteristic Raman features, the so-called D-band and G-band at
1346cm ™! and 1576cm™! respectively for GNR, 1342cm™! and
1569 cm ~ ! respectively for 0.02 wt% hybrid GNR-TiO,, 1342 cm ™! and
1575 cm ™' respectively for 0.05wt% hybrid GNR-TiO, [48]. As the
amount of GNRs is increased from 0.02 to 0.05 wt% (Ip /Ig = 0.28 and
Ip /Ig = 0.42 respectively) into the TiO,, the Ip/Ig ratio increases as
well by 0.14 point. This increased ratio confirms that the higher amount
of GNRs introduce more defects [55]. In addition, the presence of the
disorder-induced D’-band at the right side of the G-band can be also
confirmed, which is activated by long-range defects such as charged
impurities absorbed on the GNR sheets [56]. This D’-band evolves from
a small overlap into wider and more prominent and distinct peaks (from
1608 cm ™! for 0.02 wt% to 1659 cm ™' for 0.05 wt%).

Besides the overall decrease of the D-band and the 2D-band [55]
(both only active in the vicinity of point defects) as we increase the
amount of GNRs, the 2D-band shown in Fig. 3(c) reveals a peak shift
into higher wavenumbers as well as an asymmetric shape with a full
width half maxima (FWHM) of ~52.8-57.5cm ™! when embedded in
the mesoporous film. This supports the hypothesis that the GNRs in the
hybrid film is composed of few layers GNRs, as much as the pristine
GNR (FWHM (2D) of 61 cm™ 1Y) [57]. The decrease in the intensity of
the G-band with further increase in GNRs concentration (0.03-0.05 wt
%), suggests that the quality of GNRs in the TiO, matrix is diminished.
A further confirmation of lower GNR quality can be seen in the defect
activated D’-bands [58-60] and D + G-bands [61] whose intensities
and FWHM steadily increases and the I,/Ig ratio (indicating structural
defects and disorder in the carbon network) also increases from 0.36 to
0.42 for bare and 0.05wt% GNRs samples respectively. These trends
show that the increased amount of GNRs gradually reduces the overall
quality of the GNRs inside the TiO, film.

3.2. Structural and optical characterization of QDs

CdSe QDs were first synthesized via a hot injection approach as
reported elsewhere [62]. Then a CdS shell was further grown by SILAR
[63] at 240 °C under N, flow. The diameter of starting CdSe core QDs is
around 3.30 * 0.29 nm with uniform size distribution (< 10%). The
increased size of QDs after the six CdS shells growth, was confirmed by
TEM analysis (see Fig. 4(a). The average size of CdSe/6CdS QDs is
7.24 = 0.46 nm with an average shell thickness (H) of 1.96 nm (esti-
mated from TEM images). The high crystallinity of as-prepared QD is
confirmed by HRTEM images, in which lattice fringes of QDs is clearly
visible (inset of Fig. 4(a).

The optical properties of as-synthesized CdSe/(CdS)s core/shell QDs
in toluene are shown in Fig. 4(b)-(e). The first absorption excitonic
peak is observed at 591 nm with broad absorption spectra range from
UV to the visible region [see Fig. 4(b)] [64]. This broad absorption
feature of the core/shell QDs may be due to carrier delocalization into
the shell region. PL spectra of as-synthesized CdSe/(CdS)e¢ core/shell
QDs in toluene are shown in Fig. 4(c). The PL peak of CdSe/(CdS)e
core/shell QDs is centered at 605 nm.

Carrier dynamic behavior of the CdSe/(CdS)s core/shell QDs after
coupling with semiconductor metal oxide was studied by transient PL
spectroscopy technique. The electron lifetime and electron transfer rate
of QDs deposited on TiO, or ZrO, mesoporous films were measured
under an excitation wavelength of A. = 444 nm. All PL decay curves
were well fitted using a three-stage exponential decay. The intensity-
weighted average lifetime (< t >) is calculated by using the following
equation:
<r> = ol + atd + ot

aqh + G+ Gn 1)
Where a, (x = 1-3) are the fitting coefficients of the PL decay and 7
(x = 1-3) are the characteristic lifetimes, respectively. PL decay is
faster in case of QDs anchored with TiO, than QDs with ZrO,, which
confirms an efficient electron transfer from QDs to the TiO, (Fig. 4(d)
and (e)). This is mainly due to the difference in electronic band align-
ment of ZrO, (position of conduction band (CB) edge) and TiO,, which
in case of ZrO, is not suitable for electron transfer from QDs. The cal-
culated average electron lifetime values for QDs anchored to the TiO,
mesoporous film is 23 + 2ns, whereas for QDs anchored to the ZrO,
mesoporous film is 25 * 1 ns, values comparable to the one in litera-
tures [65]. The difference between the average lifetime values gives the
electron transfer rate (K.), which is 0.9 + 0.2 x 107/s.

3.3. PEC measurements

We applied GNR-TiO, hybrid mesoporous films with different con-
tent of GNR sensitized with colloidal CdSe/(CdS)g core/shell QDs as
working electrodes to fabricate a PEC device. A bare TiO, mesoporous
film sensitized with colloidal CdSe/(CdS)e core/shell QDs was also
applied as a working electrode and considered as a reference to high-
light the effect of GNR. PEC measurements were performed under dark,
continuous and chopped illumination (AM 1.5G, 100 mW-cm~2) by
using a typical three-electrode configuration system. The current den-
sity vs applied potential curves of GNR-TiO,/QDs hybrid photoanode
with different concentration of GNR and TiO,/QDs photoanode as a
reference are shown in Fig. 5(a)-(e).

The photocurrent density for all PEC devices varies with the dif-
ferent content of GNR in the TiO, mesoporous film. The variation of
saturated photocurrent density values versus the concentrations of GNR
in the hybrid photoanode at 0.8 Vgyyg is summarized in Fig. 5(f) and
corresponding values are reported in Table 1. In brief, at 0.8 V vs RHE,
the highest saturated photocurrent density of the PEC system based on
bare TiO,/QDs photoanode is 4.21 mA/cm? under one sun illumination.
With the addition 0.01 wt% of GNR in TiO,, the saturated photocurrent
density increases to 4.51 mA/cm? under one sun illumination, then
reaches to maximum value of 5.51 mA/cm? at 0.02wt% of GNR con-
tent, which is 30% higher than that of a PEC system based on the bare
TiO,/QDs photoanode. This improvement in photocurrent density with
the addition of 0.02 wt% GNR in the hybrid photoanode based PEC cells
is mainly attributed to enhanced electron transport and reduced charge
transfer resistance (see more details in EIS section).

For further increases in the concentration of GNRs, the photocurrent
density reduces from 5.51 to 4.65 mA/cm? (0.03wt%) and 3.85mA/
cm? (0.05wt%) as mentioned previously. This is mainly due to the
detrimental effect of the high concentration of GNRs such as crack
formation, which acts as recombination centers during carrier transport
and also due to the reduced optical transparency of the hybrid photo-
anode.

3.4. Electrochemical impedance spectroscopy analysis

To fully understand the mechanism behind the improved perfor-
mance for an optimal amount of GNRs and explore the electron transfer
kinetic mechanism, we performed electrochemical impedance spectra
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Fig. 4. (a) TEM image of CdSe/(CdS)s core/shell QDs, the inset shows the HR-TEM image. Optical properties of QDs: (b) Absorption spectrum in UV-vis region of as-
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(EIS) [66]. A three-electrode system was employed with the bare TiO,
or GNR-TiO,, photoanodes as working electrode, Ag/AgCl as reference
electrode and a platinum foil as counter electrode.

The Nyquist plot reported in Fig. 6 presents a small semicircle at
high frequencies and a large one at low frequencies. The arc at low

frequency corresponds to charge transfer resistance (R.;) and indicates
the charge transfer is the dominant process at this stage [67,68]. A
small R, indicates a higher charge transfer and an improved separation
of electron/hole pairs [67]. As visible in the Nyquist plot and in the
table, the addition of an optimum amount of GNRs in the TiO, matrix

T ; ; (a') R — . : ; 7 = . ; ;
—— = Light g Cc
64 - - -Ic-;ﬁgt)ped 1 64 -- ‘Clﬁ'JPPed (b) b 6- :(L;g::wed . i ‘r-'l :\(‘ )_
i e
] . 5 2 : J
o B = | ;
£ ] & ] &, ' . ]
($) ($) O ! |
< < < I :
£ 1 E 1 E 34 ! | 1
- - - : .
| J 2] | X |
] 1] e
s 4 0- . 4
06 03 00 03 06 09 06 03 00 03 06 09 06 03 00 03 06 09
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
— = Dark 56 4
el = (d) ] 5l — gt (e) | ()
- = -Chopped - = -Chopped
5 5 I 1
(&) 41 ($)
< < l
E 3 £
] ]
o |
14
o4/
06 03 00 03 06 09 .06 03 00 03 06 09 0.00 0.01 0.02 0.03 0.04 0.05
Potential (V vs. RHE) Potential (V vs. RHE) GNR Concentration (wt%)

Fig. 5. Photocurrent density-potential curves of PEC devices based on QDs sensitized GNR-TiO, hybrid photoanodes under dark (black solid line), chopped (dotted
blue line) and continuous illumination (AM 1.5 G, 100 mW/cm?) (red solid line) with different concentration of GNR: (a) 0.00 wt%; (b) 0.01 wt%; (c) 0.02 wt%; (d)
0.03 wt%; and (e) 0.05 wt%. (f) Variation of photocurrent density of PEC devices based on QDs sensitized GNR-TiO, hybrid photoanodes with different content of
GNR at 0.8 V vs RHE under on sun illumination (AM 1.5 G, 100 mW/cm?) (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article).



Table 1

Comparison of photocurrent density at 0.8 V vs RHE
under one sun illumination (AM 1.5G,
100 mW-cm ~2) of PEC devices based on GNR-TiO,/
QDs hybrid photoanodes with different concentra-
tion of GNR (wt%).

GNR (wt %) J (mA/cm?)
0 4.21
0.01 4.51
0.02 5.51
0.03 4.65
0.05 3.85
T T T T
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Fig. 6. The Nyquist plot of PEC devices based on GNR-TiO»/QDs hybrid pho-
toanodes with different concentration of GNR (wt%): Black square (0.0 wt%);
Green circle (0.02wt%) and Orange upper triangle (0.05wt%). Inset table
displays the variation of charge transfer resistance (k ohm) with GNRs con-
centration (wt%) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

leads to a decrease in the R, indicating an improved charge transfer for
the best photoanode. Instead, when the GNR amount is increased, the
charge transfer kinetics becomes slower, thereby reducing the current
generated by the cell. This phenomenon can probably be attributed to
the agglomeration of carbon nanostructures, as previously observed
[35,41].

3.5. Long-term stability measurements

The long-term stability measurements were carried under con-
tinuous one sun illumination (AM 1.5 G, 100 mW-cm ~2). We fabricated
two types of PEC devices based on TiO,/QDs and the best PEC per-
forming hybrid GNRs-TiO,/QDs (0.02 wt%) to highlight the effect of
GNRs addition on long-term stability. A systematic comparison of
normalized photocurrent density of PEC devices based on TiO,/QDs
and GNR-TiO,/QDs (0.02 wt%) under continuous one sun illumination
as a function of time is shown in Fig. 7. The PEC device based on hybrid
GNRs-TiO,/QDs maintains ~65% of the initial photocurrent density
after 7200 s of continuous one sun illumination, whereas in case of the
PEC device based on TiO5/QDs photoanode maintains only ~50% of its
initial photocurrent density. In both devices, all components are the
same, so this difference in long-term stability of PEC devices with and
without GNRs, is mainly attributed to the presence of GNRs in the TiO,
mesoporous film, which acts as UV light absorber and simultaneously
facilitates the removal of the charges, in turn improving long-term
stability [69-71].
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- —e—GNR-TiIO, |
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<
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Fig. 7. Comparison of normalized current density (mW-cm ~2) versus time for
PEC devices based on GNR-TiO»/QDs (red circle) and TiO»/QDs (green upper
triangle) photoanodes at 0.6 V (versus RHE) under one sun continuous illumi-
nation (AM 1.5 G, 100 mW-cm ~2) for 7200s. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article).

4. Conclusions and perspectives

In summary, we prepared GNR-TiO, hybrid anodes with different
concentrations (wt.%) of GNRs. The structural and optical properties of
GNRs-TiO, hybrid anodes were characterized using UV-vis, SEM and
Raman spectroscopy. GNRs-TiO, hybrid anodes were sensitized with a
CdSe/(CdS)¢ colloidal core/shell QDs. The optimized concentration of
GNRs (0.02 wt %) in the TiO, mesoporous film sensitized with CdSe/
(CdS)e colloidal core/shell QDs, yielded the highest photocurrent den-
sity of 5.51 mA/cm? (at 0.08 V vs RHE) under one sun illumination (AM
1.5G, 100 mW-cm ™~ 2), which is 30% higher than the control device.
This demonstrates that a small amount of GNRs (0.02 wt%) dispersed in
TiO, leads to improved electron transport (reducing the R.,) due to the
directional path offered by GNRs to photoinjected electrons towards
FTO. Furthermore, the PEC device based on TiO»-GNRs/QDs hybrid
photoanode shows better long-term stability as compared to TiO,/QDs
photoanode. Our results offer a simple and low-cost approach to im-
prove the performance of PEC devices as well as the possibility to use
other low dimensional carbonaceous materials to boost the efficiency of
PEC devices. Future directions will focus on the application of func-
tionalized GNRs in TiO, mesoporous films with best performing het-
erostructured colloidal QDs, to realize high efficiency and long-term
stable PEC devices.
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