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Abstract. In photoelectrochemical water splitting, every impinging photon should not only be absorbed but
also be utilized towards reaction. While increasing photoelectrode thickness in photoelectrochemical reactors
facilitates photon absorption, it has a debilitating effect on efﬁciency if the thickness required for complete
photon absorption is much more than the exciton diffusion length, which is a property determined by the
material and its processing. To address this issue, we demonstrate a general experimental methodology with a
stack of cadmium selenide photoanodes wherein the thickness of each photoelectrode is of the order of
exciton diffusion length and which improves overall photocurrent by about 50%.
Keywords. Photoelectrochemical water splitting; Photoelectrode thickness; Cadmium selenide; Stack;
Exciton diffusion length; Optical absorption.

1. Introduction
Realizing sustainable generation of fuels is a critical
endeavor, and immense effort has gone towards solar
water splitting.1–15 While photocatalysis offers a
simpler photoreactor design, photoelectrochemistry
provides separation of combustible products and a
systematic approach to augment photo-potential with
external electric potential.16–25 There are three major
reactor designs used to perform a photoelectrochemical (PEC) water splitting reaction, namely (1) particlebased PEC reactor, (2) tubular reactor, and (3) ﬂat
plate reactor.26 One design variable for greater
absorption of solar ﬂux is to operate both the photocatalytic bed reactor and particle-based PEC reactor at
depths wherein there are no photocatalytic particles in
the ‘dark zone.’27 A tubular PEC reactor uses a solar
concentrating cover plate and heterojunction photoelectrode (coupling two or more semiconductors) to
increase solar absorption. Further, photoelectrode with
a single semiconductor material having a greater

thickness, photoelectrode is formed via coupling two
or more semiconductor materials (heterojunction
photoelectrode), and both anode and cathode are made
up of semiconductor materials (tandem conﬁguration)
are commonly employed strategies to enhance solar
absorption in a ﬂat plate photoelectrochemical reactor.28 Later two designs enhance solar absorption by
utilizing light from different portions of solar spectra
(such as UV, Vis, and IR). Still, an increase of each
semiconductor’s thickness is needed for materials with
a low absorption coefﬁcient to enhance the absorption
of light from the same spectra. However, increasing
photon absorption via increasing photoelectrode
thickness often decreases the efﬁciency due to
increased charge-carrier recombination.28–30
To address this issue, we demonstrate a strategy
wherein a single photoelectrode is replaced by a stack
of photoelectrodes with the thickness of each photoelectrode is of the order of exciton diffusion length.
This strategy, not restricted to a particular class of
materials, enables the utilization of transmitted light
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from the preceding photoelectrodes at succeeding
photoelectrodes. Albeit the stacked photoelectrodes
were used for dye-sensitized photocells31 and PEC
water splitting reaction,32–36 none of these works
operated the individual electrodes with thickness as
same as exciton diffusion length. Itoh et al., ﬁrst
demonstrated effective utilization of photons for PEC
water splitting reaction by stacking Fe2O3 photoanodes. Photoanode of 60 nm thick spray-coated Fe2O3
on SnO2 deposited glass produced photocurrent density of 0.3 mA/cm2 at 0.6 V vs. SCE (pH = 13) and the
stack of four electrodes of the same thickness produced photocurrent density of 1.1 mA/cm2. However,
a single electrode of 600 nm thick produced a photocurrent density of 0.5 mA/cm2 only under similar
conditions.34 Kim et al., used dual photoanodes of 300
nm thick BiVO4 and 450 nm thick a-Fe2O3 to use
photons effectively and enhance the photocurrent
density of the PEC water-splitting reaction. Under
direct light illumination, BiVO4 and Fe2O3 photoanodes produced photocurrent densities of 5.0 and 4.5
mA/cm2 at 1.23 VRHE, respectively, and stack conﬁguration (Fe2O3 behind BiVO4) produced 7.0 mA/
cm2 under similar conditions.32 When Wang et al.,
used single 250 nm thick BiVO4 coated with FeOOH/
NiOOH cocatalysts as photoanode for PEC water
splitting reaction and produced photocurrent density
5.13 mA/cm2 at 1.23 V vs. RHE. However, the dual
photoanode stack enhanced the photocurrent density to
5.87 mA/cm2.35 Niu et al., effectively recycled the
photons by stacking two photoanodes made of the
same semiconductor material (Cu2O) but synthesized
them using the thermal oxidation and electrodeposition methods. In this report, the researchers conﬁgured
anodes such that electrodeposited Cu2O (ED-Cu2O) in
the front and thermally oxidized Cu2O (TO-Cu2O) at
the back. The front ED-Cu2O produced a photocurrent
density of 4 mA/cm2, back TO-Cu2O produced 3 mA/
cm2, and dual Cu2O photoanode produced 7 mA/cm2
at 0 V vs. RHE.33 Ahmet et al., used the combination
of dual photoanodes and photovoltaic cells in the stack
to use photons effectively. Stack of cobalt phosphatecoated hydrogenate tungsten-doped BiVO4 (CoPi/
W:BiVO4) anodes in the front and silicon heterojunction (SHJ) solar cell at the back produced 5.12
mA/cm2 at 1.23 V vs. RHE.36
The thermodynamic potential of 1.23 V is needed
for the photoelectrochemical water-splitting reaction.
However, when considering the losses associated with
charge carrier transportation and overpotential
required for surface reactions, materials with a minimum bandgap of 1.7 eV are needed. Since solar
intensity in the solar spectrum is dropped rapidly
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below 390 nm, materials with a bandgap greater than
3.2 eV deliver less solar to hydrogen efﬁciency. These
arguments suggest that materials with a bandgap
between 1.7 eV and 3.2 eV are suitable for PEC watersplitting reactions. Among all pristine photoanodes,
TiO2, a-Fe2O3, BiVO4, CdS, and CdSe possess suitable bandgap (1.7 eV-3.2 eV) for the water-splitting
reaction.37–39 Though TiO2 is stable under both
strongly acidic and alkaline conditions, a high bandgap
of 3.2 eV only absorbs the UV light (i.e., 5% of the
solar spectrum), limits its use.40 a-Fe2O3 is having a
suitable bandgap (2.2 eV), but it has a short diffusion
length (2-4 nm) and low absorption coefﬁcient, which
requires at least 400-500 nm thick ﬁlm to absorb full
solar intensity.41 Around 100-200 electrodes should be
used in the stack to achieve maximum current density.
BiOV4 has a diffusion length of 10 nm and needs 100
nm thick ﬁlm to absorb full solar intensity, which
requires ten electrodes in the stack to achieve maximum photocurrent density.42,43 Controlling the thickness of ﬁlms in the nanometer range and difﬁculty in
stacking tens of electrodes limit us to use both a-Fe2O3
and BiOV4 hotoanodes. Further, CdS having
micrometer range diffusion length and reasonable
absorption coefﬁcient does not need stacking, and only
one electrode is sufﬁcient to absorb full light intensity.44 Among all photoanodes discussed above, CdSe
possesses a moderate band gap (1.74 eV), reasonable
diffusion length (200-400 nm), and absorption coefﬁcient.44–46 A total of four electrodes are sufﬁcient to
absorb light intensity completely. Besides, CdSe can
be deposited electrochemically,47 control the thickness
of 250 nm, and possess diffusion length less than total
optical absorption length. Due to the properties mentioned earlier, CdSe is chosen as a model system to
demonstrate our idea instead of exploring new materials to provide a photoreactor design criterion applicable to any material via the exciton diffusion length.
However, CdSe suffers from photo corrosion, and hole
scavenger such as methanol is used to prevent photo
corrosion. Other strategies like depositing protective
layers such as titanium dioxide48 and aluminiumdoped ZnO49 of angstrom length scale on the electrode
surface by atomic layer deposition can be used to
prevent photo corrosion and further integrated into this
approach.
In this study, the electrodeposited cadmium selenide
(CdSe) on indium doped tin oxide coated glass (ITO)
was used as an electrode in the stack. ITO glass was
chosen because of its high transmittance and good
electrical conductivity.50–53 A stack of four photoanodes with CdSe ﬁlm thickness of 250 nm on ITO
substrates was used in 20% (v/v) methanol in an
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aqueous 1M KCl solution.54 Light intensity decreases
with an increase in the overall optical length (which is
the sum of the thickness of individual photoelectrodes
that are part of the stack), and the photocurrent at
different photoelectrodes scales with its insolation.
The photocurrent per unit solar ﬂux of a single electrode is 0.72 mA/cm2 and increases by about 50% (to
1.09 mA/cm2) after stacking four electrodes under the
same solar insolation. Further, we have proposed a
model to estimate the total current from the stack and
the current from individual electrodes in the stack. The
calculated current densities compare well experimental current densities.
2. Experimental
2.1 Materials
CdCl2.H2O (99%, Lot # GM0055A1604) was purchased from Loba Chemie., India; selenium powder
(-100 mesh, 99.5%, Lot # MKBB5843) and nitrilotriacetic acid trisodium salt (NTA) (98%, Lot #
BCBS0649) were purchased from Sigma-Aldrich,
India; sodium sulﬁte anhydrous (98% Lot
#DE6D661216) and methanol (99%, Lot #
SD3F630217) were purchased from Merck, India; KCl
(99.5%, Lot # 2205010817) and H2SO4 (98%, Lot #
1031430516) were purchased from Fisher Scientiﬁc,
India; ITO coated glass substrates (10 X/sq.) were
purchased from Techinstro, India; Milli-Q water
(18.2 MX) was obtained from Merck Millipore water
puriﬁcation system, electrolytes were prepared with
Milli-Q water (18.2 MX-cm), and all the chemicals
were used as received.
2.2 Electrodeposition of CdSe ﬁlm on ITO
substrate
Before electrodeposition of CdSe, the ITO coated
glasses were sonicated in soap solution for 90 min and
washed with tap water and Milli-Q water. CdSe was
then electrodeposited onto the pre-cleaned ITO coated
glass substrates in a 50 mL electrochemical cell via an
electrochemical workstation (Metrohm Autolab from
the Netherlands, Multi Autolab/M101). 3.0 g of Na2SO3 was dissolved in Milli-Q water to prepare 30 mL
of selenosulﬁte solution, and pH was adjusted to 9.0
by adding 1 M H2SO4 solution dropwise. Selenium
powder (0.12 g) was added to the solution mentioned
above and heated until the solution was clear (90 °C
and 4 h) under reﬂux condition. 0.265 g of NTA was
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dissolved in Mill-Q water to prepare 10 mL of Cdnitrilotriacetic acid trisodium (NTA) complex solution. pH was adjusted to 8.0 by adding 3 M H2SO4
solution dropwise. 0.177 g of CdCl2.H2O added to the
solution. We observed that the reproducibility of
results is achieved better with freshly prepared CdNTA solution. After cooling the selenosulﬁte solution
to room temperature, Cd-NTA solution was added to
it. The electrochemical deposition was carried out in
the solution at -1.0 V vs. Ag/AgCl on scotch tape
masked ITO glasses (5.5 mm and 12.7 mm diameter)
for the required charge; the platinum mesh was used as
the counter electrode.50–52 Different thicknesses of the
CdSe ﬁlms were prepared by varying the deposition
charge densities passed through the working electrode
(ranging from -75 mC/cm2 to -176 mC/cm2). A
schematic of the experimental procedure is shown in
Scheme 1.
2.3 Material characterization
X-ray diffraction (XRD, PANalytical, Germany) was
performed by scanning from 10° to 80° with the scan
rate of 2°/min. Morphology of the CdSe ﬁlm was
determined by FESEM (Carl Zeiss, Supra 40 VP), and
chemical composition analysis was performed by the
energy dispersive X-ray spectrometer (Oxford, UK;
spatial resolution 0.5 lm radius), which was annexed
to FESEM. The absorbance of CdSe ﬁlm was measured by UV-Vis-NIR spectrophotometer (Cary 5000,
Agilent Technologies). Thickness measurements were
performed by an optical proﬁlometer (NanoMap-D,
Aep Technology, USA). The elemental composition of
the surface was analyzed by X-ray photoelectron
spectroscopy (XPS) in addition to EDX. XPS measurements were done by using a PHI Versa Probe II
Scanning XPS Microprobe and analysis was done by
CasaXPS software (version 2.3.22PR1.0). The XPS
spectra were calibrated by setting C-1s peak (used as a
reference) at 284.6 eV.
2.4 Photoelectrochemical measurements
The photoelectrochemical characterization was
undertaken in a three-electrode set-up consisting of
Ag/AgCl (sat. KCl) reference electrode, working
electrode, and counter-electrode (platinum mesh).
Such a three-electrode set-up is sufﬁcient as an applied
bias to a photon to current efﬁciency is not a metric of
interest here.9 A stack of photoelectrodes was used as
a working electrode (the stack of photoelectrodes
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Scheme 1. Schematic illustration of the experimental protocol of electrochemical deposition of CdSe ﬁlm on ITO glass
substrate.

replacing the single working photoelectrode in the
conventional set-up). The stack is comprised of four
photoelectrodes with CdSe ﬁlm thickness of 250 nm
on ITO glass substrates was used as the working
electrode-stack. An ohmic contact was established via
stainless steel foil on ITO glass, and it was ensured
that the charge neutrality between the electrode compartments by making the holes in the spacer between
the photoelectrodes (Figure S1, Supplementary Information). 20% methanol (v/v) in 1 M KCl (aq) solution
(pH = 7) was used as the electrolyte, where methanol
acts as a hole scavenger.54 An Oriel Sol3A coupled to
an AM 1.5G ﬁlter (Newport) was used as the light
source. The illumination intensity was calibrated using
an energy meter (Newport, Model 842 PE), and the
intensity measured on the surface of the ﬁrst electrode
in the stack from the solar simulator was 100 mW/cm2.
All the potentials speciﬁed at the working electrode
are mentioned in the RHE scale.

3. Results and Discussion
CdSe ﬁlms of different thicknesses on ITO coated
glass substrate were fabricated by electrodeposition at
-1.0 V vs. Ag/AgCl for different charge densities.
X-ray diffraction (XRD) pattern of CdSe ﬁlm electrodeposited on ITO coated glass for 1 h in Figure 1(a) conﬁrms the formation of cubic CdSe (JCPDS
card no: 00-019-0191). However, the broadness of the

peaks suggests that the degree of crystallinity is less.
The electrodeposited CdSe ﬁlms’ morphology was
probed by scanning electron microscopy (SEM) (Figure 1(b-c)). The electron microscopic image of smooth
ITO glass (Figure 1(b)) and CdSe electrodeposited on
smooth ITO glass (Figure 1(c)) is shown. Figure 1c
shows that the CdSe ﬁlm consists of spherical particles
ranging from 75 nm to 150 nm. Further, chemical
composition analysis (Figure 1(d)) was performed by
the energy dispersive X-ray spectrometer (EDX)
annexed to SEM reveals the presence of Cd and Se,
and the ratio of Cd and Se on the surface as almost
unity. The survey X-ray photoelectron spectroscopy
(Figure 1e) further conﬁrms that the presence of both
Cd and Se elements and the elemental ratio of Cd and
Se on the surface is almost unity. The core-level
spectra of Cd 3d split into two peaks, i.e., Cd 3d5/2 and
Cd 3d3/2 (Figure 1f). The peak at 404.44 eV is ascribed
to Cd 3d5/2, and 411.22 eV is ascribed to Cd 3d3/2,
which is in agreement with previous reports.55 The
energy difference between the two peaks is 6.78 eV,
which suggests that the valence state of Cd in the CdSe
is ?2.56 Peak of Se 3d core-level spectra (Figure 1g)
located at 53.40 eV as a single convoluted peak. The
peak is deconvoluted into two peaks Se 3d3/2 and Se
3d5/2. Both Se 3d3/2 and Se 3d5/2 peaks are separated
by an energy difference of 0.85 eV and positioned at
53.97 eV and 53.12 eV, respectively, suggest that the
valence of Se in CdSe is -2.56 Further, the energy
difference between Cd 3d and Se 3d peaks is
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Figure 1. (a) XRD of ITO glass and CdSe ﬁlm electrodeposited on ITO glass for 1 h (b) SEM of ITO substrate (c) SEM of
CdSe electrodeposited over smooth ITO substrate at -1.0 V vs. Ag/AgCl and total charge passed was -126 mC/cm2 and
(d) EDX analysis of electrodeposited CdSe. XPS spectra of (e) survey scan and elemental analysis of 254 nm thick CdSe
ﬁlm electrodeposited on ITO glass (f) core level spectra of Cd 3d and (g) Se 3d. Filled red circles represent raw XPS data.

351.04 eV which is similar to the value of bulk
CdSe.55,57 These results further conﬁrm that CdSe ﬁlm
is synthesized.
Each ﬁlm’s thickness formed after passing different
charge densities is measured by using a proﬁlometer,
and the calibration curve is plotted (Figure S2, Supplementary Information). The thickness of the CdSe
ﬁlm is linearly increased with the charge passed
through ITO glass. UV-Vis spectra of CdSe ﬁlms of
varying thickness shown in Figure S3(a) (Supplementary Information) suggest that all ﬁlms show a similar
trend of absorption across different wavelengths.
When absorbance is measured at a particular

wavelength (550 nm), absorbance scales linearly with
the thickness of the CdSe ﬁlm (Figure S3(b), Supplementary Information). This wavelength is chosen
because 550 nm is the average wavelength in the UVVis range (300-700 nm). Figure S4 (Supplementary
Information) shows the transmittance spectra of 254
nm thick CdSe ﬁlm on the ITO substrate. The area
under the curve was also calculated in the UV-Vis
range (300-700 nm) to estimate the average
transmittance.
The photocurrent density-voltage curves of CdSe
ﬁlms of different thickness (140 nm, 254 nm, 375 nm,
and 434 nm) were shown in Figure 2(a). The thinnest
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Figure 2. (a) LSV of CdSe ﬁlms with varying thickness under 20 mW/cm2 light illumination; scan rate 20 mV/s (b) Peak
in photocurrent at 0.95 V vs. RHE as a function of CdSe ﬁlm thickness.

ﬁlm (140 nm) among all ﬁlms shows the least photoresponse, and the thickest ﬁlm (434 nm) shows less
photoresponse compared to other ﬁlms (254 nm and
375 nm) but slightly more than 140 nm thick ﬁlm over
a broad range of potentials. It is also observed that the
375 nm thick ﬁlm exhibits the highest current density
among all thicknesses in the lower potential regime.
The current observed in Figure 2(a) is a combination
of both Faradaic photocurrent and non-Faradaic
capacitative current. The I vs. V shows distinctive
behavior in two regions. There is a region beyond
which there is a monotonous exponential rise in the
photocurrent and an onset potential (which is a combination of photo-potential and applied potential), as
indicated by a dotted vertical line in the above ﬁgure,
can be associated with this region. The current is
predominantly capacitative below the onset potential,
although some part of the current can be due to the
Faradaic photocurrent.
The capacitative currents critically depend on the
roughness of the material and roughness/electrochemical surface area is expected to increase monotonously with the ﬁlm’s thickness. The Faradaic
photocurrent in these potential regimes (\ onset
potential) will have a non-monotonous curve peaking
at around the exciton diffusion length (which is *250
nm for this material). We hypothesize that these two
currents’ convolution gives rise to that 375 nm thick
ﬁlm exhibiting the highest current density below onset
potential. To compare current densities where the
contribution from photocurrent is more, we have
plotted the photocurrent densities vs. thickness of
CdSe ﬁlm at high potential bias, i.e., -0.95 vs. RHE
(Figure 2(b)).

The photocurrent observed is the trade-off between
optical absorption and charge carrier separation. As
optical absorption increases with the thickness of the
ﬁlm and more photons are used for charge carrier
generation, photocurrent increases with the thickness.
Moreover, charge carrier separation is constant up to
the thickness as same as charge carrier diffusion
length. It decreases thereafter due to electrons combining with holes before reaching the current collector.
The photocurrent density as a function of CdSe ﬁlms
of different thickness shows a peak in current density
an intermediate thickness (Figure 2(b)) as the photocurrent is presumably limited by optical absorption
at small ﬁlm thickness and by high electron-hole
recombination rates at large thickness.50 We have not
measured the exciton diffusion length in the conventional method (ex-situ measurements like photoluminescence),58,59 but measured the optimal thickness
under photoelectrochemical reactor conditions, which
would reﬂect the exciton diffusion length of the processed material under in-situ condition. The CdSe ﬁlm
that shows maximum photocurrent has a thickness
*250 nm and this thickness is in the range of charge
carrier diffusion length of CdSe.44 250 nm thick ﬁlm
has been prepared by the passage of -126 mC/cm2 of
charge during electrodeposition, and CdSe ﬁlms of this
thickness were utilized in each of the photoelectrodes
that formed a unit of the photoelectrode-stack.
The photocurrent density-voltage curves of individual photoanodes in the stack and stack of four
photoelectrodes were obtained in the dark and under
light illumination (Figure 3(a)), and under chopped
light illumination (on/off cycles: 5 s) (Figure 3(b)). A
sharp increase (decrease) in current is observed when
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light is switched on (off) conﬁrms the increase in
current is solely from light (Figure 3(b)). In each
measurement, linear sweep voltammetry (LSV) was
done at a scan rate of 20 mV/s from 0 V to 1.0 V (vs.
RHE). Methanol was used as a hole scavenger, and
reactions associated with it are mentioned in the
literature.60,61
We have calculated the % transmittance of stacks
containing two, three, and four electrodes as we know
the transmittance of one electrode. The transmittance
of light from a stack of n electrodes is
%T ¼ 100  ðfsÞn

Photo-Current Density (μ$/cm2)

Figure 3. (a) Photocurrent-voltage curves of electrodes at different positions in the stack and overall stack photocurrent
across four electrodes (b) chopped light photocurrent-voltage characteristics of electrodes at different positions in the stack
and stack of four electrodes. The thickness of CdSe ﬁlm on each electrode used in the stack is *250 nm. All the
measurements were done under AM 1.5 G light illumination (100 mW/cm2). At scan rate of 20 mV/s.
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Here, n is the number of electrodes in the stack.
f and s are the transmittances of ﬁlm and substrate,
respectively.
The corresponding photocurrent density of the stack
of n electrodes was calculated from the photocurrent
data in Figure 3(a) by adding photocurrent densities up
to the nth electrode. The photocurrent density as a
function of %T from a stack of n electrodes is plotted
in Figure 4. Photocurrent density linearly decreases
with the increase in % transmittance from the stack
consists of n electrodes. Less % transmittance from the
stack indicates more photons are absorbed and utilized
for water splitting reaction and vice versa.
The intensity of light transmitted to individual
electrodes in the stack follows a geometric sequence.
Since current is directly proportional to the intensity of
light under similar conditions, current from individual
electrodes in the stack also follows a geometric
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Figure 4. Photocurrent density as a function of %T from a
stack of n electrodes. The numbers indicated on the plot
suggest the number of photoanodes in the stack.

sequence. Current from the nth electrode in the stack in
is
in ¼ iðfsÞn1

ð2Þ

and total current from the stack having n electrodes
iT is
iT ¼

ið1  ðfsÞn Þ
ð1  fsÞ

ð3Þ

Here, n is the number of electrodes in the stack.
f and s are the transmittances of ﬁlm and substrate,
respectively. This model is a slight variant of the
previous work.34
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In the dark, all the electrodes in the stack show the
same current-voltage response. At 1.0 V (vs. RHE)
under simulated solar illumination, the ﬁrst electrode
from the solar simulator generates a photocurrent
density of 0.72 mA/cm2. The average transmittance of
CdSe ﬁlm on the ITO substrate is calculated from
Figure S4 (Supplementary Information) as f*s = 0.35
(i.e., 35% of incident photons are wasted as transmittance from each electrode). The photocurrent density-voltage curve of the second electrode clearly
showed photoresponse and generates a photocurrent
density of 0.26 mA/cm2 at 1.0 V (vs. RHE). It utilizes
a fraction of light transmitted from the ﬁrst electrode.
The third electrode shows little photoresponse compared to the second electrode and generates a photocurrent density of 0.11 mA/cm2 at 1.0 V (vs. RHE).
Since the intensity of light transmitted from the third
electrode is signiﬁcantly less, the photoresponse of the
fourth electrode is not signiﬁcant. Figure 5 shows the
correlation between experimental and calculated photocurrent densities from equation 2. The total photocurrent density from the stack at 1.0 V (vs. RHE) is
increased by 47% to 1.06 mA/cm2 when compared to
the photocurrent obtained from the single photoelectrode (which is *0.72 mA/cm2) and 97% of its theoretical maxima (when n??, iT = 1.09 mA/cm2) has
been achieved by using four electrodes in the stack.
4. Conclusions

Photo-current density (μ$/cm2)

Typically, the thickness required for solar absorption
is larger than distances that bulk-generated electronhole pair can travel to reach the surface, wherein they
800

can be utilized for electrochemical reactions. Due to
this reason, electrons and holes are annihilated,
thereby causing a drop-in efﬁciency despite good
optical absorption. To overcome this issue, we show
that instead of photoreactor with a single photoelectrode, if the photoreactor is formed via a stack of
photoelectrodes such that the number of photoelectrodes in a stack (n) is equal to the ﬁlm thickness
required for complete solar absorption divided by
exciton diffusion length, an optimal design can be
achieved. We have demonstrated this strategy by
forming the stack with four 250 nm thick CdSe photoelectrodes. This design showed that the total photocurrent generated can be increased by 50%, and the
unutilized photons can be decreased from 35% to 3%.
As this strategy is not constrained by any particular
class of materials, it can be adopted not only for
promising materials presently available but also
towards materials discovered in the future.
Supplementary Information (SI)
Schematic of the photoelectrochemical cell with the stack as
working electrode, plots of calibration curve between
charge passed and thickness of the ﬁlm, UV-Vis for determination of optical absorption/transmittance, and transmittance curve of 254 nm thick CdSe ﬁlm on ITO substrate
(Figures S1–S4) are mentioned in Supplementary Information. Supplementary Information is available at www.ias.
ac.in/chemsci.
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