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ABSTRACT: We show that in an electrochemical cell, in which the
photoanode is coated with chiral molecules, the overpotential required for
hydrogen production drops remarkably, as compared with cells containing
achiral molecules. The hydrogen evolution efficiency is studied comparing
seven different organic molecules, three chiral and four achiral. We propose
that the spin specificity of electrons transferred through chiral molecules is
the origin of a more efficient oxidation process in which oxygen is formed in
its triplet ground state. The new observations are consistent with recent
theoretical works pointing to the importance of spin alignment in the water-
splitting process.

Hydrogen production from water by (photo) electro-
chemical cells is an example of multiple electrons

reactions. The practical production of hydrogen from water
in an efficient way is hampered by the need to supply an
external voltage (over potential) to initiate the reaction.1−7

Hence, although hydrogen is considered to be the ultimate fuel
of the future, its efficient production remains a challenge.8−11

Recently, theoretical studies have suggested that the over-
potential required to split water into hydrogen and oxygen
stems from electrons’ spin restrictions in forming the ground-
state triplet oxygen molecule.12 When nonmagnetic electrodes
are used, the reaction involves contribution from the singlet
potential surface, which correlates with the excited state of
oxygen, and hence a barrier exists. It has been proposed that
magnetic electrodes, in which the electrons spins are coaligned,
might overcome this problem;13 however, magnetic electrodes
introduce new challenges, both economically and technologi-
cally. Here we managed to overcome the spin-restriction
problem by introducing anodes coated with chiral molecules.
Indeed, we observed a significant reduction in the overpotential
required for hydrogen production. This observation can be
explained by the spin-selective electron conduction through
these chiral molecules.14,15 This finding on the one hand opens
the way for efficient production of hydrogen and on the other
hand points to the possible importance of chirality and spin
selectivity in multiple electron reactions in biology. In the
present study, two different cell configurations for hydrogen
production were tested; in both, the chiral-molecule effect was
verified. The efficiency of these chiral molecules as spin filters
was correlated with the reduction in the overpotential measured
in cells where the anode is coated with them.
We use photoanodes functionalized with chiral molecules. At

the photoanode, oxygen molecules in their triplet ground state
are formed. In the process, four electrons are transferred. The

formation of the triplet requires a specific spin correlation
between the transferred electrons. This issue has been
intensively debated for the similar bioprocess of oxygen
formation by photosystem II.16−19 The detailed mechanism
underlying the final stage of the O−O bond formation and O2
evolution remains unsettled despite extensive theoretical
studies and will not be discussed here.20−23

The chiral-induced spin selectivity (CISS) effect,14,15

discovered in recent years, indicates that molecular chirality
and the spin of electrons transported through these molecular
systems are correlated. Moreover, it was found that electrons
transferred through photosystem I are spin polarized.24 This
spin polarization may provide the required spin correlation
between the electrons transferred from the oxygen/sulfur atoms
into the holes in the semiconducting electrode. It will be shown
here that by using chiral molecules for electron transfer it is
indeed possible to lower the overpotential for hydrogen
production.

■ EXPERIMENTAL METHODS

Preparation of TiO2 Electrodes. TiO2 nanoparticulate films were
deposited on fluorine-doped tin oxide (FTO, surface resistivity
of ∼7 Ω/sq) coated glass, purchased from Sigma-Aldrich, using
the electrophoretic deposition (EPD) technique. This
technique has been previously used to deposit uniform TiO2
films.25−29 A suspension of TiO2 nanoparticles (NPs) was
prepared by dispersing 0.4 g TiO2 NP (<25 nm in diameter and
99.7% trace metals, from Sigma-Aldrich) in 40 mL of deionized
water. Prior to making dispersions, TiO2 nanoparticle powders
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were heated at 300 °C for 1 h. The mixture was stirred
overnight to ensure homogeneity. Prior to nanoparticle
deposition, the FTO substrates were boiled in isopropanol
for 15 min, followed by 15 min of boiling in ethanol and finally
rinsed with deionized water. After having been rinsed, the
substrates were dried using nitrogen gas and annealed for 15
min at T = 570 K. EPD was then performed with a Princeton
potentiostat using the galvanic pulses mode technique with two
pulses (Pulse 1 and Pulse 2).
Pulse 1 was set to 0 mA for 200 s for depolarization. Pulse 2

has current values ranging from 0.50 to 0.95 mA (producing a
maximum potential of 7.0 V). Pulse 2 was applied for 1000 s in
each cycle for polarization, and the number of iterations (pulse
1 followed by pulse 2) was set to 750. Various cycles were used
to prepare films of required thicknesses. The samples were
annealed in between cycles at 570 K for 15 min in air. During
EPD, the suspension was continuously stirred using a magnetic
stirrer. After completion of the last cycle, the electrodes were
annealed again for 8 h.
To confirm the surface coverage of the EPD-deposited TiO2

NP on FTO, high-resolution scanning electron microscope
(SEM) measurements were performed using In-lens-detector
imaging with a LEO-Supra 55 VP. The SEM images in Figure
S1 show a high surface coverage of the TiO2 NP on FTO
substrates deposited using the EPD technique. An average film
thickness of ∼6.8 μm was measured using the Dektak stylus
profilometer.
Functionalization of the Electrode by the Linker Molecules. TiO2

films were functionalized using organic linker molecules in
order to attach the CdSe NP. In this study, (COOH)-(Ala-
Aib)5-NH-(CH2)2-SH (Al5), (COOH)-(Ala-Aib)7-NH-
(CH2)2-SH (Al7), 11-mercapto-undecanoic acid (MUA), 3-
mercaptobenzoic acid (3 MBA), 4-mercaptobenzoic acid (4
MBA), and 3-mercaptopropionic acid (MPA) were used as
linkers. The oligopeptide was dissolved in dimethylformamide
(DMF) to afford a 0.10 mM solution, whereas MPA and MUA
were dissolved in ethanol to afford 5 and 1 mM solutions,
respectively. 3 MBA and 4 MBA were also dissolved in ethanol
to afford 1 mM solutions. The 1.0 × 1.5 cm2 electrodes coated
with TiO2 were then immersed into the linker molecule
solutions for an incubation period of 48 h. The linker molecules
are attached to the TiO2 surface by their carboxylic group.

30−32

Modif ication of Electrodes with dsDNA. We used single-
stranded DNA, a 40-base oligonucleotide (40 bp) with the
following sequence: 5′-AAA GAG GAG TTG ACA GTT GAG
CTA ATG CCG ATT CTT GAG A/3AmMO/ -3′ and
complementary DNA (comp-DNA) oligomer with the
sequence 5′- TCT CAA GAA TCG GCA TTA GCT CAA
CTG TCA ACT CCT CTT T/3ThioMC3-D/ -3′. 200 μL of
double-stranded DNA was prepared by mixing 20 μL of the
HS-ssDNA with 22 μL of its complementary DNA from a stock
solution of 100 μM. The mixture was kept in PCR, which was
heated to a temperature of 372 K and allowed to cool to room
temperature overnight. Thereafter, 70 μL of the solution was
adsorbed on the TiO2 electrodes.
Prior to adsorption of the dsDNA molecules, the electrodes

were cleaned using ethanol and water. The surface was
functionalized using terephtalic acid. To this end, 10 mM
terephtalic acid solution was prepared in 10 mL of water and
100 μL of triethylamine. The electrodes were incubated in the
terephtalic acid solution for 12 h, followed by rinsing with
water. The previously functionalized surface for amide bond
formation with the dsDNA was then activated by incubating the

electrodes in a mixture of 60 mM N-hydrosuccinimide and 30
mM ethyl-N,N-dimethylcarbodiimide, which was dissolved in
0.8 M phosphate buffer. Electrodes were incubated for 15 h.
Finally, the dsDNA was adsorbed by keeping the electrodes

for 24 h in a controlled humidified environment, after which
the samples were rinsed with 0.4 M phosphate buffer and
deionized water to remove any excess of DNA and salts. They
were then blown dry using nitrogen gas. The electrodes were
then immersed into the CdSe nanoparticle solution for at least
3 h.
Adsorption of CdSe Nanoparticles. CdSe NP (∼7 nm diameter

from MK Impex) was used in this study. The MKN-CdSe-T640
nanoparticle dispersion was mixed with toluene to afford a
concentration of 22.5 mM. The functionalized TiO2 electrodes
were then incubated in the CdSe nanoparticle dispersions for at
least 3 h to ensure the adsorption of CdSe NP to the S-terminal
of the linker molecules. The electrodes were then rinsed
thoroughly in toluene to remove the physisorbed NP and
finally dried with nitrogen gas.
Photoelectrochemistry. To investigate the effects of modifying

the TiO2 electrodes with different linker molecules on the
photoelectrochemical process, we performed Mott−Schottky
impedance spectroscopy measurements. Photoelectrochemical
measurements were performed in a three-electrode electro-
chemical cell, with Pt wire used as a counter electrode and with
an Ag/AgCl (saturated KCl) reference electrode. A mixture of
0.35 M Na2SO3 and 0.25 M Na2S aqueous solution (pH 9.5)
was used as the electrolyte. The Na2S sacrificial reagent plays
the role of hole scavenger and is oxidized to S2

2− to prevent the
photocorrosion of CdSe.
To ensure efficient hydrogen production at the cathode,

Na2SO3 was added to reduce disulfides back to sulfides, S2
2− +

SO3
2− = S2− + S2O3

2−, which has been shown to significantly
increase the amount of hydrogen produced. A commercial Xe
lamp with an intensity of 80 mW cm−2 was used to illuminate
the photoelectrodes.
Two experimental configurations for hydrogen production,

which are characterized by multiple electron transfer processes,
were probed.33 In the first, water is split to produce hydrogen
and oxygen in an electrochemical cell in which a TiO2 anode is
coated with either chiral or achiral self-assembled molecular
layers. In the second configuration, the same anode was used,
but CdSe nanoparticles (NPs) were attached to the molecules
and hydrogen was photogenerated using sacrificial electro-
lytes,34 such as Na2S and Na2SO3. Namely, here the sulfide is
oxidized instead of oxygen via a multiple electron oxidation
process. In both configurations, a three-electrode electro-
chemical cell was used, with a Pt wire as the cathode and Ag/
AgCl (saturated KCl) as the reference electrode.
Table 1 presents the molecules studied in both experimental

configurations. The chiral molecules are either oligopeptides,
[L-(COOH)-(Ala-Aib)5-NH-(CH2)2-SH and L-(COOH)-(Ala-
Aib)7-NH-(CH2)2-SH] having an α-helix structure, or 40 base-
pair-long DNA (for details, see the Supporting Information).
The molecules are bound to the titania surface through a
carboxylic group, and in the second configuration CdSe
nanoparticles are bound to the molecules through a thiol
group. On this electrode, electrons are transferred from
solution during oxidation, whereas on the counter electrode
water is reduced to form hydrogen. To confirm the structure of
the electrode, we conducted TEM measurements (see Figure
S2 in the Supporting Information).
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In the first configuration (water splitting), the measurements
were performed in a solution of 0.1 M Na2SO4, pH 6.32 at a
scan rate of 50 mV/s.
Results and Disscussion. Figure 1 presents the current density

as a function of the potential versus the Ag/AgCl electrode
when the TiO2 electrode is coated with self-assembled
monolayers of either achiral (dashed lines) or chiral (solid
lines) molecules. Here the experiments were performed in the
dark. The scan was performed up to 1.5 V to avoid oxidation of
the molecules and destruction of the organic monolayer. The
gradients of the currents obtained with the chiral molecules at
1.5 V are much larger than those observed with the achiral

counterparts. It is important to realize that all achiral molecules
are much shorter than the chiral ones, and several of them are
highly conjugated (see Table 2). Hence, it is expected that the
achiral molecules will conduct better and exhibit higher current.
Interestingly, despite the larger molecular lengths of the chiral
molecules, significantly lower threshold potentials for oxygen
evolution, with a concomitant increase in the currents, with
respect to the achiral molecules were observed. The extreme
case is the 13 nm long DNA that exhibits high current despite
being longer by about more than an order of magnitude than
the MBA and MPA molecules. At a potential of 1.4 V, namely,
an overpotential of <0.2 V, the current in the cells in which the
anode is coated with chiral molecules is higher than that for
cells containing the achiral molecules.
Figure 2 presents a cartoon of the photoelectrochemical cell

and a qualitative scheme of the energy levels involved in the

photoexcitation/oxidation process occurring at the anode. The
setup follows former studies in which CdSe nanoparticles (7
nm in diameter) were used as the photocatalyst.35−37 On one
side, TiO2 particles are attached to a fluorine-doped tin oxide
(FTO surface resistivity −7 Ohm/sq) conductive electrode.

Table 1. Molecules Studied

Figure 1. Current density as a function of the potential versus the Ag/
AgCl electrode when the TiO2 electrode is coated with self-assembled
monolayers of either achiral (dashed lines) or chiral (solid lines)
molecules. The experiments were performed in the dark.

Table 2. Molecules, Their Lengths, and the Potentials Measured in the Photoelectrochemical Cells Containing Them

electrode molecular length/Å
Eapp (V) versus
Ag/AgCla Efb flat band potential versus Ag/AgCl (V) Eapp − Efb (V)

η effective
overpotentialb

chiral TiO2/Al7 25 0.25 −0.83 1.08 0.17
TiO2/Al5 22 0.25 −0.68 0.93 0.02
TiO2/DNA 130 0.30 −0.61 0.91 0

achiral TiO2/MUA 14 0.70 −0.95 1.65 0.74
TiO2/MPA 6 0.70 −0.94 1.64 0.73
TiO2/4MBA 8 0.30 −1.11 1.41 0.5
TiO2/3MBA 7 0.30 −1.20 1.50 0.59

aPotential applied to the TiO2 electrode vs the Ag/AgCl reference electrode to produce H2
bEffective overpotential is calculated with respect to the

Eapp − Efb value of the TiO2/DNA system.

Figure 2. (A) Scheme of the photoelectrochemical cell used in the
present study for water splitting. CdSe nanoparticles (red) are bound
to the TiO2 nanoparticles through chiral molecules. The TiO2
nanoparticles are attached to the FTO conducting electrode. On the
Pt electrode, the H+ ions are reduced to form H2. (B) Scheme of the
electron transfer between the S2− and the TiO2 nanoparticles. Upon
excitation of the CdSe nanoparticles, the excited electrons are
transferred through the chiral molecules to TiO2 (from there to the
external circuit). This is a spin-specific electron transfer because the
transfer through the chiral molecule is preferred for one spin over the
other. Thus, the hole in the CdSe has a well-defined spin alignment;
therefore, electrons with this spin will be transferred from the anions
in the solution to CdSe.
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Our specific addition was the attachment of the CdSe
nanoparticles to titania (TiO2) by various molecular linkers
including chiral ones. A mixture of Na2SO3 and Na2S aqueous
solution (pH 9.5) was used as the electrolyte. The Na2S plays
the role of both a hole scavenger and a sacrificial anodic
electroactive species and is oxidized to S2

2− and eventually to S2
sulfur dimer (3Σg ground state),38 thus preventing the
photocorrosion of CdSe and enhancing the hydrogen
production.37 An Xe lamp with an intensity of 80 mW cm−2

was used for illuminating the photoelectrodes. Hydrogen gas
evolution was monitored at various potentials using a
potentiostat in the chronoamperometry mode under illumina-
tion. The evolved hydrogen gas was measured in an airtight H
cell.
The cell operation is based on photoexcitation of the CdSe

NP (see Figure 2B), while a potential is applied to the TiO2
electrode versus the saturated Ag/AgCl electrode. A potential
difference is established between the TiO2 and the Pt
electrodes. Upon photoexcitation, an electron is transferred
from CdSe NP to the TiO2 electrode, leaving a hole in the NP.
Electrons from the sulfide oxidation process are then
transferred to NP, and S2

2− is produced. Thus, the cell overall
current depends on the efficiency of the electron transfer from
the photoexcited CdSe NP to the titania substrate. The
molecules used as linkers between the NPs and titania and their
respective lengths are listed in Tables 1 and 2.
To evaluate whether the electron-transfer efficiency controls

the overall current of the photoelectrochemical cell, we
measured room-temperature photoluminescence (PL) for the
titania functionalized electrodes (i.e., titania functionalized with
CdSe NPs attached via the linker listed in Table 1) using a
green laser (wavelength of 514.5 nm) as an excitation source.
The density of the NP on the surface was found to be the same,
within 10% variation, for all of the different linkers (Figure S3
Supporting Information). The PL intensity from the adsorbed
NP is inversely proportional to the efficiency of the
fluorescence quenching due to electron transfer from the NP
to the substrate. Indeed, the strongest signal is obtained for the
long alkyl chain; the second in intensity is the signal from the
electrode that is fabricated using the oligopeptide, and the
weakest intensity results from the electrode with the shortest
alkyl molecule (Figure S4, Supporting Information).
The electron transfer rate, k, is expressed by k = β−k e0 ,

where β is the decay coefficient and is the length of the
molecule. For alkyl chains β ≈ 10/nm; therefore, it is expected
that the electron transfer rate in the short alkyl chain will be
about an order of magnitude faster than that in the longer one,

as reflected in the PL intensity. For the oligopeptide used here,
it was found that β ≈ 7/nm,39 and therefore, as expected,
despite being longer than the MUA, electron transfer through
the oligomer is more efficient; however, it is less efficient than
the electron transfer through MPA.
To verify the spin selectivity of electron transmission through

the oligopeptide, we conducted spin-specific conductive AFM
measurements (see Figures S5−S8, Supporting Information)
following the previously reported procedure.40−42 The spin
polarization measured is 18 ± 5, 25 ± 5, and 80 ± 5% for the
Al5, Al7, and DNA samples, respectively. The polarization is
defined as the difference in the current of the two spins over the
sum. This amounts to ratios in transmission between the two
spins that are 1:1.4, 1:1.7, and 1:6, respectively.
Figure 3 presents the photocurrent density versus the electric

potential when measured through illuminated electrochemical
cells. All chiral molecules feature a maximum photocurrent
appearing at lower potentials (vs Ag/AgCl), as compared with
the achiral molecules, in which the maximum photocurrent is
observed at high potentials, with the exception of 4 MBA,
which will be discussed later.
The actual potential required for driving the photo-

electrochemical process depends on the flat-band potential
(Efb) of the semiconductor electrode.43 This quantity is a
measure of the potential that must be applied to the
semiconductor, relative to some reference electrode, so that
the bands remain flat as the interface is approached. Thus, the
overpotential (η) is given by

η = − −E E Eapp fb th (1)

where Eapp is the potential at which hydrogen appears and Eth is
the thermodynamic value for the potential at which the reaction
takes place. Table 2 presents the results obtained for all of the
molecules. The values for Efb were obtained from the Mott−
Schottky plot, as measured from impedance spectroscopy (see
Figure S9, Supporting Information). Here we refer to the
effective overpotential, when Eth is taken as the value of Eapp −
Efb obtained with DNA molecules as a linker, which has the
lowest value for Eapp − Efb. The 4MBA molecule is special
because it is an exceptionally efficient electron conductor and
has a highly negative flat band potential (Efb), as discussed later.
As shown in eq 1, if the value of Efb is highly negative for the
same overpotential, Eapp is very low compared with other
achiral molecules; however, Figure 3 confirms the general
observation of high catalytic efficiency in cells with chiral
molecules and especially the very low value for the potential
needed in the case of DNA.

Figure 3. (A) Photocurrent density as a function of the potential versus the Ag/AgCl electrode. (B) Normalized photocurrent density as a function
of the potential versus the Ag/AgCl electrode. The normalization was performed by taking the highest current in the range to be 1. The potential
was not corrected to present the effective overpotential. The solid and dashed lines present cells with chiral and achiral molecules, respectively.
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The effect of the chiral molecules on the hydrogen
production is presented in Figure 4 and Table S1 in the

Supporting Information. At low effective overpotential (η < 0.5
V vs Ag/AgCl), hydrogen is produced only when the working
electrode includes the chiral molecules. At higher over-
potentials, hydrogen is produced even when achiral molecules
are used. Figure 4A shows that the overpotential is lower for
the molecule with the higher spin selectivity, and thus the cell
that includes DNA exhibits the lowest effective appearance
potential.
The open-circuit potential (OCP) was measured in the dark

and when the cell was illuminated. Besides 4MBA, the light had
a relatively small effect on the OCP, as expected because most
of the molecules are poor conductors. Because 4MBA is
relatively a good conductor, it indeed shows a large effect of
light (see Table S2 in the Supporting Information). In general,
there is no significant difference between the OCP of the chiral
and achiral molecules.
The spin polarization of electrons conducted through the

chiral molecules is scaled by the molecular length. The yield of
hydrogen production also depends on the molecular con-
duction, however in general, it decreases with increasing
molecular length because of the increased resistance. Because
all of the chiral molecules used are longer than the achiral ones,
the results clearly prove that the overpotential is dramatically
reduced in the case of chiral molecules and that it is minimum for
the molecule with the highest spin selectivity.
Although a detailed mechanism for the formation of oxygen

is not yet available, the experimental observations in the present
study are consistent with the concept that the constraint of total
spin conservation during the reaction process is responsible for
the high overpotential observed in achiral systems. A plausible
explanation to the result is that when electrons are conducted
through chiral molecules the conduction is intrinsically spin-
selective; therefore, the spins of the reacting atoms are
coaligned. If the spin orientation of the two atoms is not the
same, upon approaching each other, the atoms are situated on
the repulsive singlet potential energy surface and therefore the
reaction that forms oxygen molecules will have a barrier. Hence,
spin alignment (in the laboratory f rame) should reduce the
barrier of the reaction.
In the second experimental configuration, upon photo-

excitation of CdSe NP, a singlet state is formed in which the
electrons in the ground state and excited state are
anticorrelated; however, the spin orientation in the laboratory

frame is isotropic. With chiral molecular linkers, electrons
transferred through molecules from NP to titania are spin-
dependent; namely, the isotropic distribution of the spin
alignment, following photoexcitation, collapses to a well-
defined spin orientation of the excited electrons. This is
because only those electrons featuring one (up or down) spin
state can be transferred efficiently through chiral molecules.15

The electron in the ground state is therefore left with a spin
orientation that is antiparallel to that of the transferred spin.
Hence, when an electron with a well-defined spin alignment is
transferred from NP, it leaves a hole in CdSe with the same
spin direction. As a result, the electrons being transferred from
the hole scavengers in solution are all transferred with the same
spin alignment, leaving all atoms with the same unpaired spin
direction in the laboratory frame. Therefore, the formation of
the disulfide or the oxygen molecule can occur with a large
cross-section. If spin alignment does not exist, as it occurs with
nonchiral molecules, the formation of the ground-state
molecules requires the two atoms (sulfur or oxygen) to be in
proximity, so that the exchange interaction between the spins
will be strong enough to define the spin alignment, whereas if
the spins are already aligned, the reaction can take place at a
larger distance. Of course some spin randomization occurs in
NP, owing to spin−orbit coupling; however, the rates of the
electron-transfer processes compete well with the spin
relaxation time, which is on the order of picoseconds.44

The present work clearly supports the notion that electronic
factors play a fundamental role in the origin of the
overpotential. The results obtained with DNA and the
oligopeptides are consistent with them being spin filters.
With the very long DNA, in which the appearance potential is
the lowest, the yield of hydrogen production is lower than that
for the shorter oligomers. These results are consistent with a
40-base-pair DNA sequence being the best spin filter, as
compared with the oligopeptides that have lower spin
polarizations;41 however, the electron transfer is more efficient
through the shorter oligomers. This explains the high hydrogen
production yield in cells in which the latter is used compared
with a cell containing the DNA.
We suggest, based on the present study, that important

contribution to the over potential observed in water splitting
results from the barrier caused by the requirement that the
atoms of the hole scavenger (oxygen or sulfur) have to be
extremely close for the ground state of the molecule to form. By
having “aligned spins”, however, this requirement is relaxed and
the barrier for the reaction is reduced; hence, the overpotential
is reduced. Because key biochemical reactions in nature involve
multiple electron reactions, like respiration, the results
presented here indicate that spin selectivity may also be of
paramount importance in other biological processes as well as
in multiple electron processes used in industry, such as oxygen
reduction.45,46
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.5b02419.

Details of the preparation of TiO2 electrodes, the
functionalization of the electrode by the linker molecules,
and the adsorption of CdSe nanoparticles and structural
characterization of the electrodes using SEM and TEM.
Absorbance, room-temperature photoluminescence, and

Figure 4. Hydrogen production as a function of time for (A) the chiral
molecules and (B) for the achiral molecules. The potentials in the
brackets refer to the overpotential as defined in Table 2. The
measurements were conducted at Eapp for each of the molecules.
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electrochemical impedance spectroscopy data are also
presented. Information is provided on spin selectivity in
electron transmission through the oligopeptide. (PDF)
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