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Chapter 5
Polymer Wrapped Semiconducting
Single‐walled Carbon Nanotubes Toward
Efficient H2 Evolving Photocathodes
In this chapter, we report for the first time the use of the semiconducting
single‐walled carbon nanotubes (s‐SWNTs) as active material for H2‐
evolution photocathodes in neutral phosphate buffer electrolyte. This
photocathode harvests light from the visible till the near infrared (NIR). By
interfacing the s‐SWNT with TiO2 nanoparticles (NPs), the photocurrent
increases eight times (from ‐0.03 mA cm‐2 to ‐0.25 mA cm‐2 at 0 V vs
reversible hydrogen electrode (RHE)), compared to the bare s‐SWNT
photocathode. The external quantum efficiency (EQE) of the s‐SWNT/TiO2
system reaches 0.5% in the visible, and 2.0% in the NIR. The
photoluminescence measurements suggest that s‐SWNT and TiO2 form a
type II heterojunction, which results in efficient charge separation.
Furthermore, the devices showed stable photocurrent for more than 8 h
under continuous operation. This work paves the way towards the
functionalization of carbon nanotubes for efficient solar energy to fuel
conversion.*

*Lai‐Hung Lai, Widianta Gomulya, Jih‐Sheng Yang, Pavlo Gordiichuk, Martin Fritsch,
Sybille Allard, Andreas Herrmann, Jih‐Jen Wu, Ullrich Scherf, and Maria A. Loi, submitted.
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5.1

Introduction

H2 is one of the most promising fuels because of the abundant raw
materials (water) and the feasibility of its conversion into electricity. Solar
energy to H2 conversion has attracted considerable attention since
renewable energy is directly transformed into chemical energy. However,
only some wide band gap materials like TiO2,[1] Fe2O3,[2] and BiVO4[3] fit the
requirements for photoelectrochemical (PEC) water splitting due to their
high stability and the position of their energy levels of the semiconductors
that need to straddle either the proton reduction potential (‐4.44 eV) or the
O2 evolution potential (‐5.67 eV). The wide band gap of these materials,
however, limits the PEC performance because of limited solar light
absorption. Therefore, it is crucial to find narrow band gap, robust and
environmental friendly, materials for water splitting.
s‐SWNTs are one of the few materials that might fulfill the requirements
mentioned above. Carbon nanotubes are composed of carbon, which is one
of the most earth abundant elements, they display a very high absorption
cross‐sections,[4] they exhibit an exceptional stability in air and water,[5] and
they show superb exciton and free carrier mobility/diffusivity.[6] SWNTs
either have semiconducting or metallic properties, depending on their
chirality determined by the unit vector indices (n,m). When |n‐m| = 3q
(where q is an integer), the nanotubes are metallic or semi‐metallic;
otherwise they are semiconducting.[7] The co‐existence of semiconducting
and metallic tubes after synthesis is a limiting factor since for their
application in electronic and optoelectronic devices, such as transistors,
solar cells, and photoelectrodes, ultrapure semiconducting nanotubes are
required. Recently, conjugated polymer wrapping has been demonstrated as
an efficient way to select semiconducting tubes.[8] The hybrids of SWNTs
and conjugated polymers dispersed in a common organic solvent gives rise
to an ink, which can be applied for solution‐based fabrication techniques
such as spin‐coating, blade coating and screen printing.
Nowadays, SWNTs have been employed in photoelectrochemical
research (including liquid electrolyte solar cells and water splitting devices)
in the following three configurations: i) SWNTs functionalized with light
absorbers such as quantum dots (QD) and molecular dyes, whereby the
SWNTs act as electron transport material for sensitized solar cells;[9] ii)
SWNTs decorated either with proton reduction catalysts[10] or water
oxidation catalysts.[11] Thereby, SWNTs act as a “scaffold” to increase the
surface area of the electrodes; and iii) SWNT sensitized solar cells for visible
light harvesting.[12] In the last case, the SWNT photoelectrodes show ultra‐
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low performance with only ~0.05% external quantum efficiency (EQE) in the
visible due to the mixed composition of tubes.[12] In the first two cases, ultra‐
pure semiconducting SWNTs are not required (if recombination is avoided)
because both metallic and semiconducting tubes can be used as a
transporting material. To the best of our knowledge, there is no report
describing the utilization of pure semiconducting tubes as active material in
PEC water splitting.
In this work, we studied polymer‐wrapped s‐SWNT as a broad‐spectrum
light collector for the fabrication of electrodes able to convert solar energy
into H2. We found that electrodes composed of polymer‐wrapped s‐SWNTs
harvest light from the visible and NIR range, with more than 10% current
contributing from wavelengths above 1000 nm. Furthermore, by
incorporating TiO2 NPs into a s‐SWNTs network, both photocurrent and
EQE were boosted by one order of magnitude due to the formation of a type
II heterojunction, which enables a higher charge extraction efficiency. This
photocathode shows a stable PEC H2 production without obvious
degradation for more than 8 h.

5.2

Polymer wrapped s‐SWNT

The preparation of the s‐SWNT dispersion comprises two major steps:
sonication and ultracentrifugation of the SWNT polymer mixture in toluene.
Commercially available carbon nanotubes synthesized by high‐pressure CO
conversion
(HiPCO)
and
the
polythiophene‐derivative,
poly(3‐
dodecylthiophene‐2,5‐diyl) (P3DDT), were used for this work. Sonication of
the
mixture
yields
de‐bundled
and
dispersed
SWNTs.
By
ultracentrifugation, impurities, bundles, and undispersed metallic species
are precipitated, while free polymer and dispersed s‐SWNTs are present in
the supernatant. For further enrichment, a second ultracentrifugation step at
higher g‐force is performed.[13] In this way, excess of polymer is reduced and
concentration of s‐SWNTs increased. The chemical structure of the polymer
and a schematic sketch of the dispersed SWNTs are shown in Figure 5.1(a).
Figure 5.1(b) shows the density of states of a semiconducting SWNT of
band‐gap of about 1 eV as the ones used in our experiments. The transitions
between the van Hove singularities can be observed as a sharp peak in the
absorption spectra. The first (Es11) and second (Es22) transition of
semiconducting HiPCO SWNT are located in the spectral range between
1000 and 1800 nm and 700‐1000 nm, respectively. In contrast, metallic tubes
exhibit optical transitions in the spectral range between 500 and 700 nm.
Due to the fact that the absorption of the metallic tubes is in the same region
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Figure 5.1. (a) Chemical structure of P3DDT and schematic of the polymer‐wrapped SWNT. (b)
Density of states (DOS) of the (10,3) s‐SWNT and electronic transitions between different van
Hove singularities. (c) Absorption spectra of the HiPCO:P3DDT hybrid in solution (black) and
film of thickness of ~400 nm (red).
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as the polymer (Figure 5.1(c)), it is hard to reveal the presence of metallic
tubes in the solution, however, there are numerous reports indicating that
the polymer dispersion procedure results in high purity semiconducting
SWNTs (Figure 5.1(c)).[14, 15]

5.3

s‐SWNT photocathodes

Bellisario et al.[16] reported that many features of SWNTs, such as
distribution of nanotube chiralities, length, orientation, defect concentration,
presence of bundles, and dielectric environment, have significant impact on
solar cell performance. The transport for SWNTs is optimal along their axis,
while the absorbance is higher when the eletric field of the light is parallel to
the long axis, which makes a diode configuration not optimal.[16] When a
diode configuraion is necessary, the orientation of the SWNTs in
intermediate angles is preferred to find a compromise between light
absorption and carrier transport. To obtain this intermediate angle
arrangement of the tubes in respect to the substrate, we employed fast
drying of the concentrated SWNT ink on Au substrates.
The s‐SWNTs used in this work have a band gap of 0.9‐1.2 eV with
HOMO and LUMO positioned around ‐3.9 and ‐5.0 eV, respectively.[17]
These tubes have the ability to harvest light from the UV up to the NIR
region due to several possible electronic transitions. The energy levels of
these s‐SWNTs are supposed to lead to a favorable proton reduction (see
Figure 5.2(a)). Therefore PEC cells with a structure as shown in Figure 5.2(b)
were fabricated. The cells consisted of a SWNT‐based photocathode
(working electrode (WE)), a SCE reference electrode (RE) and a Pt coil as
counter electrode (CE). A additional Pt layer was photodeposited on the
photocathode to improve the electrocatalytic properties. Figure 5.2(c) shows
the J‐V curves of the s‐SWNT photoelectrodes with 75 μg cm‐2 s‐SWNT
loading (film thickness about 400‐500 nm) measured in three‐electrode
electrochemical cell with 0.1 M phosphate buffer (pH 7). About 30 μA cm‐2
current density (calculated from the current density difference in the dark
and under the light) under front‐side illumination of AM1.5 1 sun intensity
was observed at 0 VRHE (black line in Figure 5.2(d)). A photocurrent of ~3 μA
cm‐2 is still observed after inserting a 1000 nm long pass filter in front of the
photocathode (red line in Figure 5.2(d)) indicating the NIR light harvesting
capability of the active material. Figure 5.2(e) shows the external quantum
efficiency (EQE) of s‐SWNT based photocathodes measured at 0 VRHE
proving its ability to harvest photons from 480 nm to 1100 nm resembling
the whole absorption spectrum (Figure 5.1(c)). The lower EQE signal above
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Figure 5.2. (a) Energy levels of the components of the HiPCO:P3DDT photocathode. (b)
Schematic drawing of the photoelectrochemical cell composed by the SWNT photocathode (WE),
SCE reference electrode (RE) and Pt coil as counter electrode (CE). (c) J‐V curve measured under
AM1.5 and 1 sun with chopped light. (d) Transient photocurrent of the HiPCO‐P3DDT
photocathode at 0 VRHE under AM1.5 and 1 sun (black) and with 1000 nm long pass filter (red).
(e) EQE spectrum of the photocathode. (f) Integrated photocurrent response as a function of the
s‐SWNT loading.
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1100 nm can be ascribed to the absorption of water, where only <5% of light
pass through the 2.5 cm water used in the electrochemical cell, resulting in a
very low signal to noise ratio in the NIR (Figure 5.3). To further confirm this,
the photocurrent was measured under backside illumination, where the
light is not passing the water. A schematic of the front‐/back‐side
illumination configuration is shown in Figure 5.4(a). In order to allow the
light to pass through the backside, the Cr/Au is not deposited, and
polyethylene naphthalate (PEN)/ITO substrate is used instead of FTO
substrate. Figure 5.3 indicates that PEN/ITO substrate absorbs only 20% of
light for the wavelength between 1000‐1400 nm, which is much lower than
the absorption of water. For the photocathode with front‐side illumination,
light above 1000 nm contributes only 10% to the photocurrent (Figure
5.4(b)), while for the back‐side illumination, it contributes about 26% to the
photocurrent (Figure 5.4(c)). This result proves that the low EQE signal in
the NIR is caused by the water absorption.
Figure 5.2(f) shows the thickness dependent photocurrent. When the
loading of s‐SWNT exceeds 75 μg cm‐2, which corresponds to a film
thickness of ~400 nm, a decrease in photocurrent is observed. The EQE
depends on a series of device parameters: E
∙
∙
∙ ,[2]
where LHE is the light harvesting efficiency,
is the exciton diffusion
efficiency, Φsep is the charge separation efficiency, and ηc is the charge
collection efficiency. We can exclude that the low EQE values are caused by
the LHE since the absorbance of the s‐SWNT layer with a film thickness of
~400 nm is in the range of 0.4 to 0.8 (Figure 5.1(c)), which corresponds to 60‐
80% light absorption. The
is also not detrimental to the EQE since a
thinner s‐SWNT film does not show higher efficiency. Therefore, the most
probable limiting factors of the EQE are the limited exciton diffusion and
hence charge separation. The latter is associated to a high exciton binding
energy, which favours excitonic recombination.[18]
Therefore a type II heterojunction should be constructed to extract
charges more efficiently from SWNTs. The heterojunction was realized by
stacking P25 TiO2 nanoparticles (average particle size ~ 21 nm) on top of the
s‐SWNT layer by directly drop casting TiO2 NPs. Since the solvent used for
the TiO2 particles is the same as used for the SWNT dispersion, this step in
part redissolves the s‐SWNT allowing formation of a intermediate layer
composed of a mixture of s‐SWNTs and TiO2 NPs (Figure 5.5(a)). Figure
5.5(b) shows the energy level diagram of the s‐SWNT/TiO2 photocathode
with the conduction band of TiO2 being positioned well below the LUMO
levels of P3DDT and the conduction band of s‐SWNT, energetically favoring
electron injection from P3DDT and s‐SWNT to TiO2. Figure 5.5(c) shows the
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Figure 5.3. Transmission spectra of a 1 inch cuvette containing water and PEN substrate.
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Figure 5.4. (a) Illustration of front/back side illumination geometry. (b) Photocurrent response for
the front‐side illumination under AM1.5 1 (black line) with and without a 1000 nm long‐pass
filter. (c) Photocurrent response for the back‐side illumination under AM1.5 1 sun and with and
without 1000 nm long‐pass filter.
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Figure 5.5. (a) Schematics of the s‐SWNT/TiO2 heterojunction photocathode. (b) Energy levels of
the HiPCO:P3DDT/TiO2 photocathode. (c) J‐V curves and (d) EQE spectra of s‐SWNT and s‐
SWNT/TiO2 (75/100 μg cm‐2) heterojunction photocathodes. Inset of (c) shows the photocurrent
as a function of TiO2 loading. The integrated current values are indicated in the figure (d). (e)
Photoluminescence of SWNT (75 μg cm‐2) and s‐SWNT (75 μg cm‐2)/TiO2 (100 μg cm‐2) on quartz
substrates. (f) Quenching rate (QR%) of different SWNT tubes corresponding to different SWNTs
species. QR% = (1‐IBi/ISWNT)×100%, where IBi and ISWNT are PL intensity of SWNT/TiO2 and SWNT
samples, respectively.
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J‐V curves of the devices. The photocurrent increases by almost one order of
magnitude from 30 μA cm‐2 to 250 μA cm‐2 for the samples prepared with a
TiO2 loading higher than 75 μg cm‐2 at 0 VRHE compared to devices without
TiO2 NPs. The photocurrent saturates when the TiO2 loading reaches 75 μg
cm‐2 (inset of Figure 5.5(c)). The reference sample with only TiO2 NPs shows
only ~10 μA cm‐2 photocurrent response. Figure 5.5(d) shows a more than
eight times increase of the EQE values of devices containing NPs versus
devices without NPs over the entire spectral range for the optimized sample
presented in Figure 5.5(c) (s‐SWNT/TiO2 = 75/75 μg cm‐2). The theoretical
current densities at 0 VRHE obtained by AM 1.5G‐ weighted integration of the
EQE spectrum are 0.027 and 0.2 mA cm‐2 for the devices without and with
TiO2, respectively, which are similar to the current densities obtained in the
J−V measurements. This increment in photocurrent and EQE can be
explained by the fact that the exciton generated in the tubes are separated as
soon as it diffuses towards the TiO2 NPs before recombination or relaxation
to other excited states takes place. The exciton lifetime of s‐SWNT is very
short (~30 ps) compared to the proton reduction timescale; once electrons
are injected into the TiO2, it can live long before recombination due to the n‐
type property of TiO2 and therefore resulting in long carrier lifetime
(~ms).[19] Besides the enhanced charge separation rate, the improved PEC
performance for the s‐SWNT/TiO2 photocathodes can be ascribed to the
formation of a p‐N heterojunction. The P3DDT‐wrapped s‐SWNTs show p‐
type unipolar transport properties,[14] while TiO2 NPs are characterized by n‐
type dominated transport properties. Moreover, TiO2 might act as a hole‐
blocking layer to suppress the interfacial carrier recombination.
To confirm the formation of a type II heterojunction, optical
measurements were performed on SWNT and SWNT/TiO2 layers. Figure
5.5(e) shows the photoluminescence quenching of the SWNT sample when
the TiO2 NP toplayer is installed. This quenching could be related to the
decreased exciton binding energy (
/4
) in the SWNT/TiO2
structure due to the relatively high dielectric constant of TiO2 ( ~30).
However, no shift of the PL emission peaks was observed indicating that the
exciton binding energy is not affected by the presence of the TiO2. Therefore,
it is very likely that the energy level offset (see Figure 5.5(b)) is the most
important factor, which drives the charge separation. From the PL
measurements, the quenching rate (QR%) using the equation
%
1
/
100%, where
and
are PL intensity of SWNT/TiO2 and
SWNT samples, respectively, is calculated. Figure 5.5(f) shows the
decreasing QR% as the energy gap of SWNT is decreasing. This behaviour
indicates a less favorable exciton dissociation for large diameter SWNT
98

Chapter 5

species due to the smaller energy level offset with TiO2 NPs compared to
tubes with a smaller diameter.
To further investigate the limiting factors of this SWNTs/TiO 2
photocathodes, impedance spectrocsopy was carried out. Figure 5.6 shows
the Nyquist plots of SWNT/TiO2 photocacathode measured at 0 VRHE under
100 mW cm‐2 illumination. The semi arcs at high frequency in the Nyquist
plot indicate the charge transfer impedance contribution of the
heterojunction, while the linear regime at low frequency is caused by the
impedance of the mass transfer. The mass transfer impedance is caused by
the diffusion of the oxidized form (O) and reduced (R) form at the
solid/liquid heterojunction interface, in this case, O and R are H2O and H2,
respectively.[20] This is also evidenced by the bubble accumulation on the
surface of the photocathode. We also measured the reference samples with
only SWNT and TiO2 NPs at the same condition. The equivalent circuit

(a)

Qµ

(b)
Rs
W

Rct

Figure 5.6. (a) Nyquist plots of the SWNT, TiO2, and SWNT/TiO2 samples at 0 V vs RHE under
100 mW/cm2 illumination. Inset of figure (a) shows the Nyquist plot of SWNT/TiO2 sample. (b)
Equivalent circuit model for the electrochemical impedance spectroscopy (EIS) fitting.
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Table 5.1. Summary of the EIS fitting results for SWNT, TiO2, and SWNT/TiO2 samples.*

*

2

SWNT

TiO2

SWNT/TiO2

unit

Rs

180.1

17.9

39.3

Ohm cm2

Qμ

2.0E‐5

6.6E‐5

2.5E‐5

F cm‐2 sα ‐1

α

0.902

0.8543

0.854

N/A

Rct

8484.7

732.0

53.2

Ohm cm2

W

N/A

N/A

59.6

Ohm cm2 s‐1/2

, where

is constant phase element (CPE), α is a constant, and fp is the peak
frequency of Nyquist impedance plots.

parameters obtained by fitting the measurements with the proposed model
(Figure 5.6(b)) are listed in Table 1. In the equivalent circuit, Rs and Rct
represent the series resistance and charge transfer resistance, respectively.
Qμ is constant phase element (CPE) which is related to film capacitance and
double layer (with the electrolyte) capacitance. W represents Warburg
impedance. We observed much larger charge transfer resistance for both
SWNT and TiO2 samples with values of 8484.7 Ohm cm2 and 732 Ohm cm2,
respectively, indicating less carrier concentration upon light illumination for
both samples compared to that of SWNT/TiO2 hybrids, which shows Rct
value of 53.2 Ohm cm2.
Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) images were recorded to understand the morphology of the s‐SWNT
photoelectrodes. Figure 5.7(a) shows the AFM image of the dense and
random oriented s‐SWNT networks with an average tube length of ~400 nm.
Figure 5.7(b) shows cross‐sectional SEM image of s‐SWNT/TiO2
photocathodes with a film thickness of ~500 nm TiO2 NPs on top of the s‐
SWNTs. It seems that most of s‐SWNTs are oriented parallel to the substrate
except for a few tubes, which are arranged random in respect to the working
electrode surface. Obviously, it is not possible to observe individual tubes
due to the limited resolution of the SEM. However, one could speculate that
one of the limiting factors of the exciton/carrier transport is the morphology
of the SWNT network and the tube length. To further improve the
photocathode performance in the future, it is planned to fabricate SWNT
films with longer tubes and better control of their arrangement.
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Figure 5.7. (a) AFM image of the HiPCO‐P3DDT film. (b) Cross‐sectional SEM image of the as‐
prepared s‐SWNT/TiO2 sample.

5.4

Photocathode stability

The stability of the s‐SWNT/TiO2 photocathode is reported in Figure
5.8(a). The photocurrent rises to a stable value after 1 h in the electrolyte and
remains there for more than 8 h. After overnight continuous measurement,
the photocurrent dropped to 60% of the maximum photocurrent. Figure
5.8(b) shows the Raman spectra of the initial s‐SWNTs, s‐SWNT/TiO2
samples and the s‐SWNT/TiO2 after the PEC experiment. The ~1380 and
~1451 cm‐1 peaks are attributed to the thiophene rings in P3DDT and are
present in all samples indicating that the P3DDT is still present after the
PEC experiment. The Raman peaks at ~1590 and ~1520 cm‐1 are
corresponding to the tangential vibration of the carbon atoms along the
tubes axis direction and the circumferential direction, denoted as G+ and G‐,
respectively.[21] Both peaks do not change their intensity indicating the high
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stability of the SWNTs under aqueous conditions in the presence of air (inset
of Figure 5.8(b)). Another interesting observation is that the defect derived
D‐band, located at 1330 cm‐1 and originating from disordered carbons, is
almost invisible in all samples underlining the high quality of the s‐SWNTs
obtained from the polymer wrapping procedure. A possibile reason for the
decrease of the photocurrent is poisoning of the Pt catalysts, which becomes
inactive in a trapping state after long‐term operation in the electrolyte.[22]

(a)

(b)
(1 day)

Figure 5.8. (a) Stability of the photocathode. (b) Normalized resonant Raman spectra of s‐SWNT
(black), s‐SWNT/TiO2 before PEC experiment (red) and s‐SWNT/TiO2 after PEC experiment
(blue). Inset of (b) shows the spectra in the range of 1500‐1600 cm‐1.
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5.5

Conclusions

To conclude, we have discovered a robust and environmentally benign
visible and NIR light harvesting material combination for PEC hydrogen
production. By stacking TiO2 NPs on top of a s‐SWNT film, an almost one
order of magnitude enhancement of the photocurrent is obtained, which is
due to the formation of a type II heterojunction of the NPs and the SWNTs.
The photocathode is stable in the electrolyte for more than 8 h operation.
This work highlights that polymer wrapped s‐SWNT/TiO2 hybrids represent
a new earth abundant material for solar energy to fuel conversion.
Controlling the s‐SWNT and TiO2 morphology as well as the length of the s‐
SWNT are the next steps to further improve the performance of the
photocathode.

5.6

Methods

Polymer‐wrapped s‐SWNT solution preparation.
P3DDT is synthesized according to Ref. [14]. P3DDT (Mn = 43800, Mw=
47500) was solubilized in toluene, with concentration 12 mg per 20 mL of
toluene. Subsequently, single‐walled HiPCO SWNTs (6 mg; Unidym,
Sunnyvale, CA) were added. The solution was then sonicated with an
ultrasonic liquid processor (Misonix 3000) for 2 h at 69 W and 16 °C. A two‐
step centrifugation was performed to remove bundles, carbon contaminants,
and metallic nanotubes, as well as the excess polymer from the SWNT
solution. During the first ultracentrifugation with an Optima XE‐90
instrument (Beckman Coulter; rotor: SW55Ti) (1 h, 40000 rpm, 190000g), the
high‐density components precipitated, forming a pellet at the bottom of the
centrifugation tube, while the low‐density components, containing
individualized s‐SWNTs wrapped with polymer, stayed in the upper part as
the supernatant. The second step (5 h, 55000 rpm, 367000g) was used in
order to enrich SWNTs and to remove excess polymer.[13] Here,
individualized s‐SWNTs are precipitated to form a pellet. Finally, the pellet
was re‐dispersed in 2 mL toluene.
Photocathode fabrication.
Fluorine‐doped tin oxide (FTO) substrates were cleaned with soap and
water and sonicated in deionized (DI) water, acetone and isopropyl alcohol
in an ultrasonic bath for each cleaning step. Then 7 nm of Cr and 100 nm
thick Au films were evaporated on the clean FTO surface. The s‐SWNT
solution with a concentration of 1.5 mg/ml is drop casted on the Au coated
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substrate kept at 100 oC on the hot plate. For the bi‐layer sample
preparation, the TiO2 dispersion was prepared by mixing 1 mg P25 TiO2
powder (AEROXIDE® TiO2 P25, consist of 71% anatase, 27% rutile and 2%
amorphous TiO2 with average particle size ~21 nm) with 1 mg Benzoic acid
(TCI, purity >99%) in 1 ml of Toluene. The TiO2 solution was sonicated for
30 minutes before drop casting it on top of the s‐SWNT sample kept at 100
oC on the hot plate. Pt was deposited on top of the photocathode by photo‐
electrodeposition in 5 mM H2PtCl6∙6H2O aqueous solution with a pH value
of 11.0 tuned by 2 M NaOH at potential of ‐0.627 V vs SCE for 30 sec under 1
sun.
Characterization.
J‐V characteristics were measured with a SP‐200 Bio‐Logic potentiostat.
Solar cells measurements were performed under 100 mW/cm2 AM 1.5G
conditions obtained with a solar simulator (SF150 class A, Sciencetech)
calibrated by a Si reference cell (SRC‐1000‐RTD‐QZ, VLSI Standards
Incorporated). External quantum efficiencies (EQE) measurements were
performed at 0 VRHE using a 250 W quartz tungsten halogen lamp (6334NS,
Newport with lamp housing 67009, Newport), wavelength selection was
obtained with a set of band‐pass filters (Thorlabs) with full width half
maximum (FWHM) of 10 ± 2 nm, from 400 nm to 1300 nm and FWHM of 12
± 2.4 nm from 1300 nm to 1400 nm. PD300 and PD300IR (Ophir Optics) are
used as calibrated photodiodes. The EQE can be derived according to the
following equation:
/
/

/

(Eq. 5.1)

where Ires(λ) is the photocurrent measured from the chopped light at
wavelength λ, Pin(λ) is the input power at wavelength λ, h is the Planck’s
constant, c is the speed of light, e is the elementary charge and λ is the
wavelength. The EQE spectra measured from the photoresponse of the
device at certain wavelength were further corrected by the water absorption
spectrum (Figure 5.3) by the following equation: EQE = EQEmeas/(1‐A%),
where A% is the absorption of water. The photocathode was characterized
by three‐electrode electrochemical cells composed of a working electrode,
reference electrode (saturated calomel electrode (SCE)), and counter
electrode (Pt coil) in 0.1 M NaH2PO4 phosphate buffer (pH 7, adjusted by 2
M NaOH). The electrolyte was degassed by bubbling into it dry N2 during
PEC measurements were taken. All potentials are converted to the potential
of RHE electrode: ERHE = ESCE + 0.241 + 0.0591∙pH (V). The determination of
the film thickness was performed using a Veeco Dektak 6M profilometer.
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The morphology of the film was examined by field‐emission scanning
electron microscopy (FESEM, HITACHI SU8010). AFM images were
recorded with a Bruker microscope (MultiMode 8 with ScanAsyst) in
tapping mode with TESP‐V2 probes with an elastic constant k = 42 N m‐1
and a resonance frequency f = 230 kHz. The images were taken with a scan
rate of 0.6 Hz and 1024 sample/lines. The chemical composition of the film
was characterized by Raman scattering spectroscopy (by Protrustech
Corporation Limited) at an excitation wavelength of 532 nm.
Photoluminescence measurements were performed by exciting the
samples at 400 nm by the second harmonic of a mode‐locked Ti:Sapphire
laser delivering pulses of 150 fs at a repetition frequency of 76 MHz. The
steady state PL was recorded using a Si CCD detector, while time‐resolved
PL measurements were recorded by a Hamamatsu Streak Camera working
in synchroscan mode. All PL spectra were corrected for the spectral
response of the setup. Absorbance, reflection and transmission were
measured by UV‐3600 UV‐Vis‐NIR spectrophotometer (Shimadzu Scientific
Instruments) equipped with 3 detectors (PMT, InGaAs and PbS) and an
integrating sphere.
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