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ABSTRACT: Photoelectrochemical (PEC) water splitting is a
promising approach for generating hydrogen from water. In
order to enhance PEC water splitting efficiency, it is essential to
inhibit the production of the hydrogen peroxide byproduct and
to reduce the overpotential required by an inexpensive catalyst
and with high current density. In the past, it was shown that
coating TiO, electrodes by chiral molecules or chiral films
enhances the hydrogen production and reduces the production
of H,0, byproduct. This was explained to be a result of the
chiral-induced spin selectivity (CISS) effect that induces spin
correlation between the electrons transferred to the anode.
However, typically the current observed in those studies was in
the range of 1-100 yA/cm?® Here we report currents in the
range of 10 mA/cm’® obtained by adsorbing chiral molecules on
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a well-established Fe;O, nanoparticle (NP) catalyst deposited on the anode. The results indicate a new strategy for
designing low-cost earth-abundant catalysts where the advantages of the CISS effect are combined with the large effective
area provided by the NPs to promote PEC water splitting with high current density.

attempting to produce hydrogen efficiently by splitting
-3

F or decades, alternative energy research has focused on

water in a photoelectrochemical (PEC) process.'
Despite the impressive progress made over the years,” the
obtained properties are still below what is considered sufficient
for practical applications." ™ Three main obstacles currently
exist in order to make PEC processes practical. The first is the
overpotential required, which is typically about 0.6 V above the
thermodynamic minimum potential of 1.23 V. The second is
the production of the hydrogen peroxide byproduct, which
poisons the electrodes, reduces the anodes’ current, and
shortens their lifetime.*”' The third obstacle is the relatively
low current densities obtained.

Recently, we found experimentally that the H,O,
production, the overpotential, and the anode current are
correlated and can be modified by controlling the spin of the
electrons injected into the anode. It has been proposed that
this spin control produces spin alignment in the unpaired
electrons of the intermediate radicals (*OH) that combine to
form the ground-state triplet oxygen molecule (*0,). This
model also rationalizes the suppressed production of hydrogen
peroxide, which is a singlet species and therefore cannot be
formed by combining OH radicals because the spins of their
unpaired electrons are aligned parallel to each other.'' ™"
Hence, polarizing the spin of *OH prevents H,0, evolution
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and reduces the overpotential. The spin control in the PEC
process was achieved by applying the chiral-induced spin
selectivity (CISS) effect, which allows spin selectivity in
electrons transferred through chiral molecules."”™"" In
previous studies, the TiO, anode was coated with a monolayer
of chiral molecules or with a chiral film to achieve the spin
selectivity. However, those studies failed to achieve high anode
currents and usually the current density obtained was below 1
mA/cm?, as is often found for anodes coated with organic
molecules.'®

Here, we report the application of the CISS effect with a
well-established and efficient catalyst in order to enhance the
anode current, to suppress hydrogen peroxide production, and
to reduce the overpotential for PEC water splitting. Chiral
molecules were chemisorbed on Fe;O, nanoparticles (NPs)
that were deposited on a (fluorine-doped tin oxide) FTO
anode. The Fe;O, NPs are smaller than 20 nm and therefore
exhibit large surface areas and abundant reactive sites on the
anode. In addition, the chiral molecules induce chirality in the
NPs, and as a result, the electron transfer from a solution to an
anode is spin-selective, and therefore, the formation of H,O, is
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Figure 1. (a) XRD pattern of Fe;O, NPs; (b) scheme for assembling chiral and achiral molecules on Fe;O, NPs and coating the chiral and
achiral Fe;0, NPs on the surface of FTO glass as an anode for water splitting; (c1) SEM images of an Fe;0, layer deposited on FTO glass,

cross-view; (c2) SEM images of Fe;0, (NPs), top-view.

suppressed and the triplet oxygen evolution is enhanced.
Compared with an achiral anode, an anode coated with chiral
Fe;0, NPs exhibits larger current density while being stable.

An X-ray diffraction pattern of the Fe;O, NPs is shown in
Figure la. The diffraction peaks could be indexed to the (220),
(311), (400), (440), and (533) planes of cubic Fe;O,
(JCPDS# 65-3107). To investigate the CISS effect, the
Fe;0, NPs were coated with four kinds of chiral molecules:
L-tryptophan, p-tryptophan, L-A3, and L-A11 (see Tablel), as
well as two kinds of achiral molecules: MPA and AIB,, (see
Table 1). These NPs are respectively denoted as Fe;O,@L-
tryptophan, Fe;O,@p-tryptophan, Fe;O,@L-A3, Fe;O,@L-
All, Fe;O,@MPA, and Fe;O,@AIB|,. They were coated on
the surface of FTO glass that was used as the anode for the
water splitting reaction, as schematically shown in Figure 1b.
Figure 1cl shows that the thickness of the Fe;O, layer is about
2 pm.

The prepared Fe;O,NPs are smaller than 20 nm (Figures
1c2 and S2). It is known that the surface area and surface
energy increase vastly when the NP’s size decreases.'””’

Figure 2 presents the absorption and the circular dichroism
(CD) spectra of the Fe;O,@L-A3 NPs. As is well-known, the
Fe;O0, NPs absorb almost continuosly through the visible
region of the spectrum; hence, they are ideal for a solar-based
PEC device (Figure 2a). The CD spectrum provides an
interesting indication of the chiral molecule-induced chirality
in the NPs themselves. As shown in Figure 2b, the chiral L-A3
molecules exhibited two CD peaks at 201 and 226 nm, which
stem from the a-helixcon formation of L-A3 chains. Attaching
L-A3 to Fe;O, results in a CD spectrum in the range of the
Fe;O, NPs’ absorption. This effect of induced chirality in NPs,
as a result of the adsorption of chiral molecules, is well
documented for both metal and semiconducting NPs*'~** and

Table 1. Chiral and Achiral Molecules Used

Chiral molecules

Molecular formula

Structural scheme

H
H o NHy N
a
HO 72\

D-tryptophan CH N0
a
H
l'k MNH; |
L-Tryptophan CyHizN 0,
L-_.\Il Aib T
SH-(CHa),-NH-(Ala-Aib)y- 2 Hiyr 9
LA COOH Y R
H o H
T !.“\ll Aib
9 Hoar
L-All SHA(CH)NH-(Ala-Aib)u-NHy | s, u-‘é\ L u
= o Hj,

Achiral molecules

Molecular formula

Structural scheme

MPA

SH-(CH3)>-COOH

HS- o~ 20
1
OH

AlByy

SH ~(CHz)a-NH-(Aib)yp-NHa

is demonstrated here for the Fe;O, NPs.

24,

%5 Tt was observed

for all chiral molecules studied in the present work. In the past,
it has been shown that electron transfer through semi-
conducting NPs coated with chiral molecules is spin-depend-

26
ent.

The catalytic activities of different anodes were evaluated by
comparing their electrochemical performance in water
splitting. As shown in Figure 3a—c, under a voltage of 1.23
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Figure 2. (a) Absorption spectra of a 1 mM L-A3 solution (blue line) and Fe;O,@L-A3 (red line); (b) CD spectra of a 1 mM L-A3 (blue

line) solution and Fe;0,@L-A3 (red line).
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Figure 3. Photocurrent density (marked as light) and dark current density (marked as dark) of different samples (applied potential plots
with respect to the normal hydrogen electrode (NHE)). The photocurrent was measured under visible light irradiation (power 8 W), and
dark current was detected without light irradiation. Electrochemical measurements were conducted with a 0.1 M KOH solution (pH 13) as
the electrolyte solution, with a scanning speed of 20 mV/s, and with a saturated calomel electrode as a reference. E(NHE) = E(vs calomel) +
E°(calomel), where E°(calomel) = 0.241 V.(a) Photocurrent density (light) and dark current density (dark) of Fe;O, NPs linked to p-
tryptophan (chiral), Fe;0, NPs linked to L-tryptophan (chiral), Fe;O, NPs linked to MPA (3-mercaptopropionic acid, achiral), pure Fe;0,
NPs, and Fe;0, NPs linked to AIB,, (NH—(CH,),—SH—(AIB),,—NH,, achiral); (b) Fe;O, NPs linked to L-A3 (SH—(CH,),—~NH—(Ala-
AIB);-COOH,chiral) and pure Fe;O, NPs; (c) Fe;O, NPs linked to L-A11(SH-(CH,),—NH—(Ala-AIB),,—NH,, chiral) and pure Fe;O, NPs.

V (vs NHE), the anode currents of Fe;O,@L-tryptophan,
Fe;O,@p-tryptophan, Fe;O,@L-A3, and Fe;O,@L-All are,
respectively, 3.5, 3.1, 3.0, and 2.7 times higher than that of
pristine Fe;O, NPs. In addition, the anode currents of Fe;O,
NPs coated with chiral molecules are much larger than those
for Fe;O, NPs linked to achiral molecules of MPA and AIB.
These results provide strong evidence that chiral molecules
play a significant role in enhancing anode currents for water
splitting. As expected, there is no difference regarding the
activity of L or D enantiomers because in both cases the
electrons’ transfer is spin-selective and the main parameter is
the correlation of the spin alignment among the electrons and
not the specific direction of the spins in the laboratory frame.

Another interesting behavior characterizing Fe;O,@L-
tryptophan, Fe;O,@p-tryptophan, Fe;O,@L-A3, and
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Fe;0,@L-All is their sensitive response to light illumination.
As shown in Figure3a—c, the anode current of these four
anodes increases under visible light irradiation of an LED lamp,
which has quite low power (8 W). Meanwhile, a stability study
showed that the chiral NPs coated on the anode have robust
catalytic performance for splitting water, as seen in Figure S3.

To verify the role of the CISS effect in this process, we
investigated the formation of hydrogen peroxide during the
water splitting reaction using anodes coated with different NPs.
In these studies, o-tolidine was used as a redox indicator for the
presence of H,0,. The reaction was carried on in a 0.1 M
Na,SO, electrolyte solution by applying a potential of 2.04 V
vs NHE for 2 h.””**When H,0, is present, a yellow color
appears with an absorption peak at about 436 nm due to the
oxidative reaction of o-tolidine with H,O,. As shown in Figure
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4, a large absorption peak appeared at 436 nm when the anode
was coated by achiral Fe;O, NPs, namely, the Fe;O,@MPA
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Figure 4. Visible absorption spectra from titration of the
electrolyte used (0.1 M Na,SO,) with o-tolidine of bare
Fe;0,,Fe;0,@L-A11 (chiral), Fe;0,@L-A3 (chiral), Fe;0,@
MPA (achiral), and Fe;0,@AIB,, (achiral).

NPs and Fe;O,@AIB;(NPs. Only a very small peak appeared
at 436 nm when the chiral Fe;0, NPs (Fe;O,@L-All and
Fe;0,@L-A3) were used on the anode. This result provides
strong evidence that chiral Fe;O,@L-All and Fe;O,@L-A3
NPs play a significant role in inhibiting the formation of H,0,.
Moreover, Figure 4 shows that, compared with Fe;O,@L-A3,
L-All exhibited better performance in suppressing the
production of H,0,. This phenomenon demonstrates that
the L-A11 molecules have a stronger CISS effect than the L-A3
mo}gcllélles. Their longer chains induce higher spin selectiv-
ity.'>

Compared with achiral Fe;O, NPs, the chiral ones show a
CD response, larger anode currents, and low H,O, production.
Therefore, we can conclude that the CISS effect plays a
significant role in enhancing water splitting efficiency. Namely,

when the electrons are transferred from OH™/H,O to the
anode, the chiral Fe;O, NPs filter them, so that only one spin
state can be transferred to all electrons. This ensures that all
newly generated *OH radicals are left with their spins aligned
parallel to each other. Those parallel-aligned *OH radicals
interact on the triplet potential surface to form ground-state
oxygen molecules (328(302)), as illustrated in Figure Sa2).
Here, it should be noted that H,O, will not be produced
together with *0,, because the formation of H,O, is spin-
forbidden on the triplet potential surface.

In contrast, when Fe;O, NPs are linked to achiral molecules
(like MPA and AIB,,), they do not filter the spin state of
electrons; thus, the newly generated *OH radicals are formed
with randomly oriented spins, some of which are aligned
antiparallel to each other. The antiparallel-aligned *OH radicals
interact on the singlet potential surface, leading to the
formation of singlet hydrogen peroxide or singlet-state oxygen
('A4('0,), Figure Sal), which lies about 1 eV above the triplet
ground state (Figure Sb). The overpotential observed is a
result of the system developing on the singlet potential energy
surface to the point that intersystem crossing occurs and the
system switches to the triplet surface. The energy at which the
intersystem crossing takes place is below the energy
corresponding to the 'O, formation but is above the energy
required for the formation of the singlet hydrogen peroxide.
Hence, oxidation of water to O,, when occurring without spin
restriction, results in a large overpotential and the formation of
kinetically favorable H,0, (Figure Sc). The newly produced
H,0, may be adsorbed on the electrodes and poison them,
thus resulting in a low anode current and poor catalytic
stability for water splitting.

In summary, chiral Fe;O, NPs were synthesized by utilizing
adsorbed chiral molecules to induce their chirality. In a PEC
water splitting cell, the spin filtering properties of the chiral
Fe;O, NPs induces spin alignment of electrons in the
generated hydroxyl radicals, thus effectively inhibiting the
formation of hydrogen peroxide while promoting the
production of triplet oxygen. Owing to the CISS effect, the
large surface area, and the abundant reactive sites, the anode
coated with chiral Fe;O, NPs exhibits large currents of
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Figure 5. (al) Scheme of a molecular orbit of a singlet-state oxygen molecule; (a2) scheme of a molecular orbit of a triplet-state oxygen
molecule; (b) energy scheme of different mechanistic pathways for spin-parallel (blue) and spin-antiparallel (red) photogenerated holes (or
*OH radicals) when water is oxidized to produce oxygen and hydrogen. (c) Scheme of H,0, production in the water splitting reaction.
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aboutl0 mA/cm? a lower overpotential, and a much lower
yield of H,O, than the anode coated with achiral NPs does.
This finding provides a rational strategy for designing highly
active anode material composed of earth-abundant elements by
taking advantage of the CISS effect and combining it with NPs.
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